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FOREWORD

This final report describes the effort under U.S. DOE Contract
No. DE-AC-21-8IMC 16333 with The Ohio State University for the period
April 30, 1981 to July 30, 1983. Details pertaining to advanced hy-
draulic fracture ané stress trajectory simulations associated with
the Eastern Gas Shales Project are presented.

Dr. S.H. Advani and Dr. J.K. Lee served as Co-Princi;al Investi-
gators in the program with contract monitoring by Mr. C. Komar and
Mr. J. Mercer of the Morgantown Energy Technology Center. Major con-
tributions to this program were made by Dr. M.S. Hamid, Mr. H. Khattab,
Mr. O. Gurdogan, Mr. K-S Chen, and Mr. A. Andrews. Professor B. Kulander
of Wright:State University served as a consultant on the stress tra-
jectory simulations and Professor D. Mendelsohn conducted preliminary
formulations on the effects of vertical fracture height on transient

well flow behavior.
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;E Part A

~§ ADVANCED HYDRAULIC FRACTURE SIMULATIONS

ABSTRACT

A summary review of hydraulic fracture modeiing is given., Advanced
{ hydraulic fracture model formulations and simulations, using the finite
element method, are presented. The numerical examples include the deter-
mination of fracture width, height, length, and stress intensity factors
with the effects of frac fluid properties, layered strata, in situ stresses,

and joints. Future model extensions are also recommended.
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1.0 INTRODUCTION

Several general purpose as well as custom tailored hydraulic fracture
models with varying complexities have been developed by industry and
university investigators over the last three decades. The sophistication
of recently developed models is often incompatible with the limited data
available on thg reservoir properties and hydraulic fracture treatment
variables. ‘

One of the earliest rigorous hydraulic fracture modeling efforts is
due to Kristianovich and Zheltov [1] with the plane stréin assumption of a
vertical fracture induced by a highly viscous fluid and the frac fluid flow
models introduced by Carter [2]. Subsequent coupled flow-structural models
by Perkins and Kern [3], Nordgren [4], Geertsma and De Klerk [5], and
Daneshy [6] have provided fundamental information on fracture width, length,
and leak-off characteristics. Critiques of these models, pertinent
assumptions, and numerical comparisons have been presented by Geertsma and
Haafkens [7]. Related research on hydraulic fracture mechanisms is due to
Haimson and Fairhurst [8], Seth and Gray [9], Wang and Farmer [10], and
Shuck and Advani [11].

Incorporation of the effects of elasto-diffusive coupling for inves-
tigating hydréulic fracture propagation is due to Rice and Cleary [12] and
Ruina [13]. Numerical studies on models with discrete variations of in
situ stress have been conducted by Simonsen et al, [14] and Advani et al. [15].
The effects of multi-layering have been investigated by Cleary [16], Advani
and Lee [17], Daneshy [18], van Eckelen [19], and Hanson [20]. Recent
research applicable to vertical hydraulic fracture design and configur-

ation prediction has been reported by Clifton and Abou-Sayed [21], Cleary



[22, 23], Mastrojannis et al. [24], Palmer and Carroll [25, 26], Warpinski
et al. [27], Rubin [28], Settari and Cleary [29, 30], Cleary et-al. [31, 32],
McLeod [33], and Nilson and Griffiths [34]. Of particular note is a
basic theory of two dimensional fracture propagation, using a Lagrangian
formulation, developed by Biof et al. [35]. This theory has been
successfully used for the design of fracture treatments in 0il and gas
reservoirs in Cana;a, California, the mid-continent and Rocky Mountains,
the North Sea, Gulf Coast, and in northern Germany. A recent overview
of current hydraulic fracturing design and treatment technology has been
presented by Veatch [36].

Various field tests associated with the Eastern Gas Shales Project
and Western Gas Sands Project [37, 38] along with mine back experiments
[39, 40] have been performed. A Multi-Well Experiment MWX) is currently
being conducted by Sandia National Laboratories [41] to enhance technology
and energy recovery related to the low permeability, lenticular gas sands
in the West. A mine back program in the East is currently in the planning
stages [42]. Results of séveral small scale experiments have been presented
by Teufel and Clark [43], Anderson [44], Rubin [45], Ingraffea[46], Biot et

al. [47], Kenner et al. [48], Schmidt [49] and Papadopoulos et al. [50].

These laboratory experiments have investigated the roles of fracture toughness,

multilayering, in situ stresses, friction across interfaces and fracture
growth. Interpretations of field fracture parameters from pressure decline
curves have been made by Nolte [51]. Research on proppant transport has been
reported by Novotny [52] and a related summary of proppant transport models
and settling velocity correlations has been presented by Clark and Quadir

[53] and Clark and Giler [54].
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In this report, finite element hydraulic fracture simulations associated
with fracture width, length, height, and stress intensity prediction
along with leak-off characterization are reported. In addition, various

extensions and applications of developed models are reported,



2.0 ADVANCED HYDRAULIC FRACTURE MODEL FORMULATIONS

In this section, finite element formulations for the prediction of
hydraulic fracture geometry, stress intensity factors, and frac fluid leak
off are presented, The initial analysis is conducted for an isotropic,
homogeneous elastic medium subjected to uniform tectonic stress. Subsequent
extensions to cases with layering, differential tectonic stress, and joint

effects are also presented with numerical examples in Section 3,0.

2.1 Fracture Width, Length, and Stress Intensity Model Formulations

The idealized vertical fracture configuration is selected to have constant
height H (Figure 1). In addition, for each vertical cross section perpen-
dicular to the propagation direction, the crack fluid pressure p is assumed
constant with its magnitude equal to the minimum horizontal stressd, HMIN at
the fracture front x = L. The vertical elliptic cross section width w can

then be characterized by N

2 1/2
w(x,z,t) = (l—v)Hép(x,t) (1 —(%) ) (1)

where G, v are the formation shear modulus and Poisson's ratio respectively

and Ap = P - Opuin is the effective crack opening pressure. From the
definition of the maximum width W(x,t) = w(x,0,t) and Eq. 1, we have

G
AP = H(1-v) W(X.t} (2)

For a non-Newtonian power frac fluid, the shear stress rij—shear rate Vi

relationship is characterized by

T = K° n'

13 ;ij (3)

i
!

oS

3
peesisninrts



UOTIBZTTEOP] TOPOW 2In3dEIj TEBOTIIBA a 2anstg

N304N8y3aNN

-
tood

bl Y

!
!
!
]
i
]
1
3
| gl

b wwm o o

anels OB @® =@ ong

P P
Rl P

e

U
1>

N3QYNEY3IA0 b

; . - . s - r—
) - Sy e e m%} g gy o 3 : E ¢ k] S E ¢ : 3
vaohe e o 5 H p i E : : H ¥ t ' )

3 H oL TS : “ ¢ -



where K' is the consistency index and n' is the flow behavior index. For
n'=1, the fluid behaves Newtonian and K'su is the conventional fluid vis-

cosity. The pressure gradient for flow in an elliptical channel, from mo-

mentum considerations, is

2 __eux [a [z )™
3x (8p) r W [HWZ( n' )] (&)

»

where Q is the flow rate. For an incompressible fluid, the continuity

equation is

29 IH W =0 (5)
ax + 4 at QL
2HC .
Where Q, = ——=————— 1is the fluid leak-off rate, C is the combined fluid
L (-2

loss coefficient, and T(x) is the elapsed time when the frac fluid reaches
coordinate x. The loss coefficient, for an incompressible fluid with

constant crack pressure, from Darcy's law is given by

1/2 (6)

C = [¢ Kap/2u]
where ¢ is the formation porosity and K is the formation permeability.
Different representations of‘C including the effects of compressibility,
wall building, filtrate displacement along with their combined form have

been recently developed by Settari [55].

From Eqs. (2), (4) and (5), we obtain the width equation, for 0<x<L(t) and

t>0, 1
n

1
1\n* 2 [7_3  2n'+2\0" TH W 2HC  _
("ﬁ) 'a';[(axw ) ]+ 6 3 T 1T o M

n'

]
1] - - ] 2 |+ o
where M = 128!;“61 v) H1 n (n'+1)( n 1) .
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Equation (7) is subjécted to the initial condition W(x,0) = O and the

boundary condition W(x,t) = 0 for x > L(t). For a two-sided fracture

Q i
QZ(O,t) = —%-and the appropriate boundary condition is
) ¥
3 w2n +2 - - MQn (8)
ax 2
_x=0

The coupled length magnitude at a given instant, for the case of the
frac fluid residing at the fracture tip, can be obtained from the volume
balance associated with the pumped fluid, fracture volume, and leak-off

volume. For a uniform flow rate Qo’ we have

L=) t

wH d dL dt -

—_— — W(x,t) dx + 2HC f -— = =10Q - (9)
4 d £ p dt (t_t)l/2 | 2 .

Various finite element formulations can be provided for the set of
governing equations (7) and (9). An attractive way is to introduce a simple
transformation £ = x/L(t) to minimize difficulties associated with the
free boundary in Equation (7), which permits Equations (7) and (9) to be

rewvritten as

CL)TL 2 fa 2t r+ mH AW, 2HCf(t,T)= 0 o)
and ’
i T dL .
E% ‘E% L [ wW(,t)dg} + 2HC £ f(t,1) T dt = QZ (1)
o

1/2
respectively, with g£¢[0,1], r = 1/n' and £ = 1/(t-1) / . Now the width

equation can be discretized on the fixed interval [0,1] by taking, with



the usual summation convention on repeated indices,

W(E,£) =~ W (E) N, (6) - (12)

and use of the Galerkin approach to yield

IO ) -
Kij(W(g,t), L(t)) W (t)+ Cij W/ (t) + Fi =0 (13)
where
1 9N, 2+r 3N£
_ 1t 2(m'+1) i Wk : .
K..(W,L) L[ o } £ 5% ) )
aNj
F
_
c_ij == ({ NideE
Joen a2 |
= 2HC N. dE -
i o i L(t) £=0

The usual two-point time stepping method along with the Newton-Raphson iter-
ation can be used to solve (13) when the fracture length L(t) is known.

As for the prediction of the fracture length, we let
1
g(t) = [ W(E,t)de
o}

and rewrite Eq. (11) as

t 4q,
TOR SRIOR S I LR b g = — (14)
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The third term in Eq. (14) dominates and this results in numerical insta-
bility when the Galerkin approach is used, similar to the case of convection
dominant diffusion problems. The weighted residual method één be applied

to the integro-differential equation (14) by modifying the procedure out-

lined by Reddy and Murty [56] . The upwinding functions y, are expressed

in the form [57]

v () = Nj(E) + aF(&)

(15)

) = NylE) - aF(E)

where Ni(g) are the usual isoparametric shape functions used in Eq. (12) and

FE) = -3 (1-E)(1+E)

The length equation (14) can now be discretized in the fluid injection

time interval [0,T] by taking
L(t) = L%5(t)

to obtain

(65500 + S3;(0) 1) - ¢ =0 (16)

where the elements are taken in the time domain and

T k i dé.
= —_—d
6,5 [ (e N, (£)de)—L at
o]y (%4
+r£ v, £ . fd-r) dt
T w1
.= . . d
le £ v; W £ N, dE) 4 t
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The strongly coupled semi-discrete equations (13) and (16) must be
solved simultaneously to uhtajn fracture width and length at a given time. -
For convenience in computations, the number of time steps used to solve
(13) can be considered as the numbers of time elements in (16) having nodal
points at the same time stations. The following steps can be taken)%or a
successive approximation:
i) set m = 0 and initialize
ii) compute gm(t)‘according to (43) for each time node t ¢ [0,T]
iii) solve(13) with Em for each time step to obtain wm and @m
iv) solve (16) with W_ and @h to obtain L., containing new time nodal

values

v)  if max ]L;+l - L;I > €401 8O to step 1ii) with m = m+l
vi) print and stop
The Newton-Raphson method used in step iii) requires 10-20 iterations while
the successive approximation involving steps iii) and iv) converges within
2.5 jterations, indicating that the fracture length estimate (43) is fairly
good.

The instantaneous crack opening mode stress intensity factor Ky during
fracture extension is given by

€ = —_1177 L}t) . (%:_:) 1/2 i -
(mL) ~L(t)

Using the effective pressure width relation for the horizontal plane,

equation (17) yields

10
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L(t) 1/2
K;(2) = G s f W(x,t) (-E—;%) dx (18)
200-0L@ e L

Introducing the coordinate transformation £ = x/L in equation (17), following
symmetry simplifications, we get

1

: G W(E, 1) A
K. (t) = = f dg (19)
Y aemyen 2 aehl/?

o)

Equation (19) can be numerically integrated using the Gauss-Legendre procedure

after solving for W(§,t) at each time step.

In lieu of the leak-off representation governed by Eq, 7, a refinement
entailing an iterative scheme based on the local and global frac fluid mass

balance has been developed as follows:

i) Assume an initial fracture length Lo and select the facture width
profile based either on the previous one dimensional formulation
or the classical models [7 ].

ii) Evaluate the trial crack pressure profile from Eq. 1.

iii) Compute the fracture volume and pertinent time interval from
the injected flow rate.

iv) Using the pressure distribution AP(x,t) along the fracture length,
simulate the two dimensional transient Darcy flow equation (with
frac fluid compressibility) using the finite element method,

) From the pressure distribution in the formation, the 1eak—off
velocity is determined from Darcy's law and hence the leak-off
value is obtained. Global mass balance is employed and the
appropriate time is determined by iteratiom.

vi) The local balance Eq, 5 is used and the crack pressure gradient

is determined from Eq. 4.



vii) The pressure profile is then recomputed from the previously
determined pressure gradient and the corresponding width -.
profile is evaluated.

viii) The evaluated AP is compared with steps (ii) and steps (iii)
through (vii) are repeated with a revised width until the "correct"
AP with a specified tolerance is obtained. |

ix) The crack lenéth is advanced until injection ceases and the

above procedure is repeated.

The flow chart for this computational procedure is illustrated in
Fig. 2. It is noteworthy that a pressure dependent compressibility and
shear rate dependent viscosity effects can be introduced in the preceding
formulation. A more comprehensive formulation involves utilization of the
Navier - Stokes flow equations in the crack which is coupled with the
Darcy flow equation in the formation. Appropriate coupling at the frac
fluid front - virgin formation interface involves continuity of pressure
and flow intensity. The associated numerical effort involving the interface

coupling is formidable.

2.2 Fracture Width and 2D Vertical Fracture Configuration Model Formulations

As indicated in the introduction, various advanced models for predicting
vertical hydraulic fracture geometry have been presented in the literature.
In particular, Clifton and Abou-Sayed [21] have reported a variatiomal
methodology for the prediction of three dimensional geometry. The associated
elasticity and flow problems are reduced to a 2D formulation by meané of an
iﬁtegral equation relating crack width and pressure and by considering crack
fluid flow in the plane of the crack. Cleary et al. [32] have recently

developed approximate lumped and P3DH models for use on a micro-computer.
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"READ INPUT DATA

COMPUTE Wi(o,t), APi, Ti

sowe v2p = i (22)

COMPUTE LEAK OFF
CHECK EQUILIBRIUM (Eqn. (5))

FIND APi+1, Ti+1’ Wi+1

Y

GUESS NEW LENGTH LN

No——— gsrop

Yes

SETUP NEW BOUNDARY CODES

Figure 2:

NODAL DATA ETC

Schematic Flow Chart for Undefined Leak-Off
Function Simulation
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These models combine the characteristics of the Perkins-Kern-Nordgren and the
Geertsma-DeKlerk models for propagation in the length (height) and-height
(length) directions, respectively. More complex pseudo-three-dimensional
(P3DH) models have also been simulated as special cases of the work by
Settari and Cleary t30] and Clea¥y et al. [31].

Here, finite element model formulations for fracture width, 2D vertical
fracture configuratioﬁ, and stress intensity factor are presented using the
basic framework reported in Section (2.1).

A schematic of the fracture geometry is illustrated in Fig. 3. The

approximate fracture width (w)-effective crack pressure (Ap) relation is

given by
1 su(s) ds
w(x,y,t) = c(x) f 5 5172 (20)
y/hx) (s™=(@/h(x)7)
where
s
Ap(f,t
u(s) = | 2o df (21)
. A (Sz_fz)l/z
c(x) = —2-(-11r—;\-’)— h(x)
The momentum equations for fluid flow in the crack are selected in the form
3_ (ap) n' 2n _ _
ox + w4n+3 1l 9 =0 (22)
5 (sp) ., 7 2n _ _
3y Y 14 Gy T 0 (23)

where Qs qy are flow rates in the x and y directions, respectively,
2)1/2
Yy

and n' are related to the conventional non-Newtonian frac fluid properties

ia] = (q§+q

is the resultant flow rate magnitude, and parameters n

as follows:

®

]
{
i

[A—
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H(t)

H(t)

Figure 3a: Schematic of Vertical Fracture Configuration

W(x,y,t)

W(x,0,t)

Figure 3b: Vertical Fracture Width Profile
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o' = K'[(2 +%,—)z n 0 | | (24)

n'-1 - (25)

In the above, K' is the consistency index of the fluid and n' is the flow

behavior index.

For an incompressible fluid, the continuity equation is

9q 9q |
e S A dw |
e T 5y +q +5¢ 0 (26)
where q, = 2C is the fluid leak-off rate per unit area, C is the
L 1/2
(t=t(x,y)

lumped fluid loss coefficient, and (x,y) is the elapsed time when the frac
fluid reaches the créck surface coordinates X, Y.

Suitable manipulation of Egs. (22) and (23) yields

m AT 2 3 )
la] ** = E™ [GzeeN” + Gylee)”] (27)

Substituting Eq. (27) in (22) and (23), and defining £ = x/L and n = y/H,

we obtain the following expressions for qg and qn

2 2 r-1
= _y y2tr 128py 1 _3Ap 1 _34apy7y 2
S ¢l i (28)
2 9 =1
= oy 2T l3apy 1 94p 1 _34apy4 2
q, = -2 v HGT )[LZ(BE ) + Hz(an ) ] (29)
with r = }—'— and A = (.1_'.'_)1..
n n

The governing coupled equations for pressure (Ap) and width now reduce to

the following:

1" 1 ™ v
I +q +q + 0 (30)

RIPIRS §

. a
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w(Esm,t) = c(s)'£1-2—~§if;i7§<f 2425§-§%7§ df) (31)
where
- TH _
n(E)
and

e(e) = 2D (e

H

Although the above formulation is presented for an elastic isotropic
medium, subjected to a uniform tectonic stress, it can be extended to cases
with layering and in situ stress variation across the layers. For a symmetric

vertical fracture, the following boundary conditions are assumed for Eqs. (30)

and (31)

QO
qg(osﬂ’t) = -3 = Qz

P
aA +——(g,0,t) =
w(g,nst) = 0 outside the fracture domain

The weak form of Eq. 30 after use of the Green's theorem, boundary

conditions and Eqs. (28) and (29) is

2 1/2(r-1)
2+r__QAP_ ﬁA_ 1 AP 3v 1 sm_a_
+.—.—
A TER i+ D 70 Bt 2 o u) dedn
+ 2C v QZ
f——']T/-E vdgdn + f ot vdEdn - I J‘ vds = ( (32)
Q (t=¢) Q s

where v(&,n) is a pre-multiplying smooth function. Similarly, the weak

form of Eq. (31) is



sds £ Ap(f t) ag) Iv d.gdn

1
Jwv dagdn = [ [c(®) > 82)1/2 ( 2.1/2

Q Q B (s o ( -f )
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(33)

Eqs. (32) and (33) can now be discretized in the domain @ by expressing

ARE,t) = ¢, €.nAPH(E)

wEn,t) = ¢ €. (E)

and use of the Galerkin approach to obtain
3 ~J =
Kij(AP(t),W(t))AP (t) + Gijw (t) + Fi(t)

ey - ey =
Gijw (t) CijAP (t) =0

where

a‘b 3¢ 2 1/2(1‘: -1)

;_?i;
LE

IH

x {

ol w
™ | e

L 364 9%
+—2- a—i}dadn

QU

n

c

1 s ¢
: ds i
=] [Cc®) 2 ( df)]¢ .dgdn
ij SJ; £ (32“82)1/2 £ (82_f2)1/2 |

Gij =£ ¢ 194 dg dn

and

Q

2C 2

F=f______..¢ dgdn-——fq)ds
i a (t—'r)l/z i L i

For the solution techniques, a one-step integration scheme is con-
sidered, i.e. a discrete algorithm which couples only two successive time

values of the unknown. 1In this scheme, for each time interval, the time

rate of change of W at a particular time t, is given by

W (~n+l ~n)

(34)

(35
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o e (0,1) .

with t, = (-9t + ot ..

Moreover, the dependent variables at t, are expressed by

AR, = (1—a)A§n + aAgn+l

W, (1—a)W + d ~n+1

Re-writing Eqs. (34) and (35) with the preceding approximations
and a=1l, we hé%re

3 ij 3 i 2 36
Kij AP * Ath+l Bw =0 - (36)

3 h|
G5 o4 ~ C44%Pp4 =0 (37

Hence, Eqs. (36) and (37) at the (n+l) time step are given by

G

U R
g = Kyt + =50 W +ul =0

<
|

R, =G, W ~ ¢, apd

i ij ij
1_ cyy W
where H™ = F(t) - —-Ajt—
Using the curtailed Taylor series expansion for Y 1 and Ri in the above, we
obtain
3Y, oY, (AW g v
awz B(APR') ~4 ~1
= - (38)
R R
i i
A(AP,) R
L BWR' o (AP 2) i A ') ] 1

Solution of Eqs. (38) yields A[Iz and A(Al:z), and hence Vgg' and A‘Ijz can be
obtained from ij‘l =W+ A&Jm, and AP™'1 = AR™ + A(AR™).
After obtaining the nodal values of the pressure, either the critical

stress intensity factor approach or the concept of equilibrium fracture
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propagation, advanced by Barenblatt, and used by Geertsma and De Klerk [5]
can be used to establish the equilibrium height profile h(g) for a specified
fracture extent L at a given time t. The iterative procedure, therefore,
entails the solution of W and AP for a specified initial length Lo and
selected height h(Z) equilibrium profile (based either on the Geertsma-

De Klerk formulation or specified fracture toughness). The correct profile
h(&) is then determined iteratively and the solution process then marches

with time.

2.3 Formulations for Fracture Height Prediction - Bi-material Cases

The preceding formulations are applicable to homogeneous, isotropic
elastic media. To extend this work to bi-material fracture response pre-
diction with an arbitrary variation in tectonic stresses and/or joint effects,
sophisticated finite element simulations are necessary.

When the crack front terminates at a bi-material interface, the power
of the stress/strain singularity is no longer (-1/2) but (-p), (0<p<l),
where p is a function of the elastic constants and the crack orientation.
The procedure proposed by Akin [58 ] has been modified to solve various
bi-material fracture problems, wherein the original eight-noded quadratic
quadrilateral element is degenerated to quadratic triangular element. To
maintain the correct degeneration, the shape function of the mid-side node
across the collapsed corner is modified. This procedure utilizes a local

~is the

function, ¢p where ¢(€,u)=l—Nl(g,u), E,u are local co-ordinates, N,

regular interpolation function associated with the singular point, and
the element family is derived from standard isoparametric elements. The

singular element displacement field u is

[ —

[ .

2 <
IR
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u(gw) = ) HE(E,wuy (39)
i=1

where

Hi(E,u) = 1"W1—p(g’l-l) ’ H’{(gxl‘l) = N;‘.‘_(E,U)W_p(i,u) 2.5158

1 - _ .
Np =5 N (4R + (L)) o Ny=Ny 37k

and k is the mid-side node.

The above formulation has been numerically calibrated for crack opening
displacements and stresses by considering several-bi—material crack problems’:
in fracture mechanics literature for composites prior to its application
to problems in hydraulic fracturing [59].

In addition, finite element formulations for the J integral [60] and
associated path independent integrals [61,62] for bi-material problems
have been developed to predict fracture containment, penetration, and inter-

facial crack propagation for several models [63].
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3.0 NUMERICAL EXPERIMENTS

In this section, numerical simulations for the prediction of hydraulic
fracture geometry and associated response variables, based on the preceding
finite element formulations, are presented. Selected results are also pre-
sented in Appendix A titled "Finite Element Model Simulations Associated

with Hydraulic Fracturing."

3.1 Fracture Width, Length, and Stress Intensity Model Simulations

Prior to presenting the numerical results from the formulations in
Section 2.1, previously deduced expressions for the fracture width and half
fracture length are presented for j1lustration and numerical comparison.

The Perkins-Kern [3] - Nordgren [4] formulations, with vertical plane

dominating stiffness and elliptical vertical cross-section, yield

, 7174
20(1-9)Q 1/8

W(0,t) = 4| —3 t (42)
v GHC

L) = Q 12/ aHc - ' (43)

for large t and/or C.

On the other hand, the equations derived.by Geertsma and De Klerk [5]
based on horizontal cross-sectional analysis and the concept of equilibrium

fracture propagétion is

2 1/4
84 (1-v)uQ,L"(t)
W(o,t) = 7GH (44)
Q. W(0,T) 2
L(t) = 2 5 [i?/z -1+ eB erfc B] (45)
167C

%
®,
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where W(0,T) = 1.5W(0,t), B = SCtUZ/wl/2 W(0,T), and W(0,T) designates
the bore hole fracture width when the pump stops at time T. P

Figure 4 illustrates the maximum width versus time comparisons at
the bore hole for Newtonian and non-Newtonian frac fluid properties using
the hydraulic fracture data indicated in Fig. 6. Computed crack pressure
profiles, transient fracture lengths, and stress intensity factors are
revealed in Figé. 5, 6, and 7, respectively.

Selected resulté, using the iterative leak-off modification presented
in Section 2.1, are presented in Reference [65]. Using this refinement,
comparisons for the Ostego, Michigan Welch #1-15 experiments have been

made with the following parameters:

Q = 6.4BPM (1.02 m3/min), C = 0.002 ft/Vmin (0.00061 m/min), H = 72 ft
(21.95 m), v = 0.2, G = 1.2 x 10° psi (8.27GPa), u = 46 cp, n' = 1

(0.000767 Pa min), K = 1 mD, and injection time T = 45 minutes.

The fracture widths, lengths, and leak-offs using the (':/(t—'r)l/2 and
unspecified leak-off representations compare favorably (within 10%) for
this case with the cumulative leak-off approaching 80% of the injecteé volume.

A comparison of the leak-off results from the Perkins-Kern [3] - Nordgren[4]

formula tion and the unspecified leak-off case is shown in Fig. 8.

3.2 Fracture Width and 2D Vertical Fracture Configuration Model Simulations

The finite element formulations presented in Section 2.2 are applicable
to general hydraulic fracture configuration prediction with either the
critical stress intensity factor approach or the concept of equilibrium
fracture propagation incorporated. To simplify presentation of the numeri-
cal results, the vertical fracture configuration is assumed to be elliptical
with simultaneous critical stress intensity criteria posed at extreme

locations of the major and minor axes of the elliptical crack in a manner
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similar to Palmer and Carroll [26]. After obtaining the nodal values of
the pressure and width with an initially assumed geometry, a least squares

technique is used to fit the crack pressure p(x,y) to the cubic equation,

in the form
(x.y) = A +A x+ A y+A x>+A xy+A 2 A x3 + A, %2
PiX,y oo 210 o1y 20 11*7 02Y 30 21% Y
2 3
+ Alzxy + A03y

This pressure distribution is supplied as an input for the analytical
computations of the crack opening mode stress intensity factors at the inter-
section points of the major and minor axes with the ellipse. An iterative
procedure with modified fracture geometry, using the governing field equa-
tions, is adopted until these stress intensity values are equal to the
critical stress intensity factor.

For purposes of numerical comparison, the hydraulic fracture parameters
used here are the same as those selected in Section 3, namely:

Flow rate Q = 1.58 m3/min (10 BPM), loss coefficient C = 0.00046 m/minl/2
(0.0015 ft/minllz), Poisson's ratio v=0.15, Shear modulus G = 17.9 GPa

(2.6 x 106psi), Consistency index K' = 0.0006 Nmin/m2 (36 cp), flow behavior
index n' = 1. In addition, a fracture toughness of 2.2 MPa’m (2000 psi/Ih)
is employed in the preliminary numerical simulations.

Figures 9 and 10 illustrate the time dependent growth of the minor and
major axes of the elliptical crack. The.corresponding transient configurations
are revealed in Fig. 1ll.

Figures 12 and 13 show the width profiles at three time instants along
the minor and major axes, respectively, and the corresponding pressure plots

are shown in Figs. 14 and 15. It should be emphasized that these presented

_evaluations are preliminary in nature and refinements of the model formulations

and numerical techniques are in progress.
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3.3 Bi-Material Response Simulations

Pertinent finite element results for vertical fracture height predic-
tion including the effects of multi-layering and differential in-situ stresses
across the layers along with dendritic fracture applications are presented i;
Appendi# A. In addition, the analytical development of an interface element,
for potential use in problems dealing with the interaction of induced fractures
with joints, is bresented in Appendix B. 1In this section, calibrgtive results
for bi-material interface problems are initially presented along with associ-
ated design data for predicting crack tip stress intensity factors. Also,
the problem of interaction of a vertical fracture with a horizonmtal joint is
numerically investigated using the finite element methodology presented in
Section 2.3.

Current research and experimental studies have shown that in situ
stresses, interface bond strength, internal friction coefficient, and rela-
tive fracture toughness are important factors in fracture containment design.
Calibrative response results, with a perfectly bonded bi-material interface,
for a pressurized crack terminating at the interface are compared against
known solutions [65] for an epoxy-aluminum pair (Figs. 16,17). Similarly,
for the interfacial crack model, a calibrative comparison of the strain
energy release rate (3U/3a) versus crack shear modulus ratio m is shown in
Fig. 18. The energy release rate is computed by evaluating the associated
path independent J integral. Good estimates for the crack opening displace-
ment and the stress intensity factors KI and KII have also been obtained.
With these basic models, the computed stress intensity factors or associated
energy release rates provide design information for vertical fracture pene-
tration, arrest or interfacial propagation.

The effects of the differences in in situ stresses and material pro-

perties are studied by utilizing the geometry in the above calibrative
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examples with plane strain conditions. Figure 19 illustrates the super-
posed normalized stress intemsity factors at the bi-material tip induced
by a pressurized crack and different in situ stresses in the payzone and
adjacent layer for different shear moduli ratios m. Corresponding stress
intensity factors for different ratios of 0,/0, are revealed in Fig. 20.

An application of the stress intemsity and J integral results for a
pressurized crack plane strain coal-overburden model has been pr%sented in
Reference [65]. Effective critical bottom hole pressure ratios p2/p1 (i.e.
pressure for bi-material penetration/pressure for isotropic material propa-
gation) have been obtained using the criterial stress intensity factor and
bi-material J integral criteria. For a plexiglass-resin sandwich model with
the crack in the plexiglass layer, Biot et al [47] have permanently demon~
strated that the ratio p2/pl is approximately 2.0. TFrom their simplified
elasticity theory solution, a pressure ratio of 1.24 can be deduced. The
J-integral analysis for this bi-material case yields a comparable value of

1.31, also considerably lower than the exper imental case from the condition

(3;.) |
Z2 _ [ le 2 Jhomogeneous]l/2
Py (ch)l Jbi—-material

Additional refinements of the J integral approach and comparisons with
available data are being conducted by Gurdogan [63].

As a final application, the response of a pressurized crack intersecting
a joint (Fig. 21) is evaluated. The joint is assumed to behave as an inter-
facial crack and the pressurized crack runs perpendicular to the joint at
its midpoint. Triangular quarter point elements are used to model the lower

crack tip, and subparametric semi-radial singularity elements are employed
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Figure 21. Pressurized Crack Intersecting a Joint.
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at the interfacial crack tip region. Following Keer and Chen [67], rela-
tive slip is assumed to occur in the joint and the shear tractions in the
joint are assumed to have the form t(x) = T X- This linear behavior reflects
the loss of frictional resistance due to the frac fluid leakage in the joint.

The crack opening pressure,. q(y) is assumed to have the form
q(y) = d + ey 0>y2>-L

where d is the effective crack pressure and e is the effective pfessure gradient.
For certain values of d, e and Tos the crack may propagate at the lower

tip and/or be accompanied by interfacial slipping. For zero stress intensity

factors at the lower tip, these values are [67]; d=1.0000, e=0.3333, and

= 0.5920 with (a,B) = (0.5, 0). Here, o and B are Dundurs' material

constants defined by

m(l-vl)—(l—vz) m(l—2v1)—(l—2v2)
= B=
m(l-v1)+(1+v2) ’ 2(m(1-v1)+(1-v2))

The case (a,B) = (0,0) represents the homogeneous case.

A comparison of the obtained non-dimensionalized crack opening dis-
placement profile with the results presented by Keer and Chen [67] is
illustrated in Fig. 22. The analysis for predicting the joint crack tip
propagation is conceptually similar to that presented in Appendix A for
the primary-secondary crack interaction problem associated with dendritic

fracturing.



u_ = ux/A

— Keer & Chen's Model
© Finite Element Model

(a,B)=(0,0), A=62

1 1 1 1 1 =y

0.0 0.1 0.2 0.3 . 0.4 0.5 0.6 0.7 0.8 0.9
Figure 22: Non-Dimensionalized Crack Opening Profile




PR

47

4.0 DISCUSSION AND CéNCLUSIONS

The elliptical fracture numerical simulations for the isotropic case
demonstrate the influence of fracture height growth as a result of two-
dimensional crack fluid flow. Figure 23 reveals the cumulativerfrac
fluid leak off for the constant height and elliptical fracture models for
the parameters employed in Sections 3.1 and 3.2. For the same injected
fluid volume, thé fracture volume for the elliptical crack case is larger
than the corresponding constant height model. Also, the crack effective
pressure for the constant heigﬁt case increases with elapsed time while
it decreases with time for the elliptical crack model. These finite element
simulations can be extended to cases with multilayering and differential
in situ stresses across layers by employing the methodology and finite
element results in Sectionms 2.3, 3.3 and Appendix A. The judicious use
of the developed "anisotropy" scaling factors in terms of in situ stress
differentials and adjacent layer property ratios can provide realistic
design predictions for fracture configurations in three layered media.

Problems associated with induced vertical crack interaction with
natural joint and fracture systems present a formidable challenge. In
particular, interface/joint characterization expefiments with well defined
local friction properties are necessary for a detailed prediction of
vertical fracture arrest, penetration or interfacial propagation. The
studies presented in Sections 3.3, Appendix A and Appendix B provide
numerical strategies for potential incorporation in generalized hydraulic
fracture simulation models with complex geometry prediction capabilities
in multi-layered media. To the authors' best knowledge, state-of-the-art
simulators are in their infancy from the vantage point of modeling layers

with multiple inclusions (such as sand lenses) with variable formation
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permeabilities, mechanical properties, in situ stress fields, and fracture
systems. -

In conclusion, the coupling of a hydraulic fracture simulator with a
reservoir flow simulator is highly desirable. 1In this context, a pre-
liminary formulation dealing with the effect of vertical fracture height
on transient well flow behavior is presented in Appendix C. Detailed
studies incorﬁérating the effects of the induced fracture(s), natural fre-

quencies, and reservoir flow are essential for the development of compre-

hensive simulators and commercial stimulation treatments.

49



. 10.

11.

12.

13.

14,

50

5.0 REFERENCES

Yu.P. Zheltov and S.A. Kristianovitch, "The Hydraulic Fracturing of an
0il-Producing Formation," Isvest. Aked. Nauk SSSR, Otel Tekh Nauk, No. 3,
41, 1955.

R.D. Carter, "Derivation of the General Equation for Estimating the Extent
of the Fractured Area," Appendix to "Optimum Fluid Characteristics for
Fracture Extension,'" by G. Howard and C. Fast, Drill. and Prod. Prac.,
AP1, pp. 261-270, 1957.

T.K. Perkins and L.R. Kern, "Widths of Hydraulic Fractures," J. Pet. Tech.,
937, 1961.

R.P. Nordgren, "Propagation of a Vertical Hydraulic Fracture," Soc. Pet.
Eng. J., 12, 306, 1972.

J. Ceertsma and F. deKlerk, "A Rapid Method of Predicting Width and Extent
of Hydraulically Induced Fractures," J. Pet. Tech., 1571, 1969.

A.A. Daneshy, "On the Design of Vertical Hydraulic Fractures," J. Pet.
Tech., 83, 1973.

J. Ceertsma and R. Haafkens, "A Comparison of the Theories for Predicting
Width and Extent of Vertical Hydraulically Induced Fractures,'" Journal of
Energy Resources Technology, ASME, 101, 8, 1979.

B. Haimson and C. Fairhurst, "Initiation and Extension of Hydraulic
Fractures in Rocks," Soc. Pet. Eng. J., 7, 310, 1967.

M.S. Seth and K.E. Gray, "Transient Stresses and Displacements Around a
Wellbore due to Fluid Flow in Transversely Isotropic Porous Media: I, IT,
Infinite Reservoirs," Soc. Pet. Eng. J., 8, 63, 1968.

H.Y. Wong and I.W. Farmer, "Hydrofracture Mechanisms in Rock During Pressure
Grouting," Rock Mechanics, 5, 21, 1973.

L.Z. Shuck and S.H. Advani, "Induced Stresses in Hydraulic Fracturing
Operations," Proceedings 15th Conference on Rock Mechanics, ASCE Publica-

tion, 93, 1975.

J.R. Rice and M.P. Cleary, "Some Basic Stress Diffusion Solutions for
Fluid-Saturated Elastic Porous Media with Compressible Constituents,"
Reviews of Geophysics and Space Physics, 14, 227, 1976.

A. Ruina, "Influence of Coupled Deformation-Diffusion Effects on the
Retardation of Hydraulic Fracture," Proceedings 19th U.S. Symposium on
Rock Mechanics, 274, 1978.

E.R. Simonsen et.al., "Containment of Massive Hydraulic Fractures,"
Society of Petroleum Engineers, Inc., Paper No. SPE6088, 1976.

i
......



3
P

#%

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

51

S.H. Advani et.al., "Hydraulic Fracture Modeling for the Eastern Gas
Shales Project,” Proc. 2nd Eastern Gas Shales Symposium, METC/SP-76/6,
Vol. I, Morgantown, 84, 1978. .

M.P. Cleary, "Primary Factors Governing Hydraulic Fractures in Hetero-
geneous Stratified Porous Formations," ASME Paper No. 78-PET-47, 1978.

S.H. Advani and J.K. Lee, "Finite Element Model Simulations Associated
with Hydraulic Fracturing," Soc. Pet. Eng. J., 22, 209, 1982.

A.A. Daneshy, "Hydraulic Fracture Propagation in Layered Formations,"
Society of Petroleum Engineers, Inc., Paper No. SPE6088, 1976.

H.A. Van Eekelen, "Hydraulic Fracture Geometry: Fracture Containment in
Layered Formations," Society of Petroleum Engineers of AIME, Paper No.
SPE9261, 1980.

M.E. Hanson et.al., "Theoretical and Experimental Research on Hydraulic
Fracturing," Journal of Energy Resources Technology, ASME, 102, 92, 1980.

R.J. Clifton and A.S. Abou-Sayed, "A Variational Approach to the Pre-
diction of the Three-Dimensional Geometry of Hydraulic Fractures,"
Proc. 1981 SPE/DOE Symposium on Low Permeability Gas Reservoirs, Paper
No. SPE/DOE 9879, 1981. ’

M.P. Cleary, "Comprehensive Design Formulae for Hydraulic Fracturing,"
Society of Petroleum Engineers of AIME, Paper No. SPE 9529, 1980.

M.P. Cleary, "Analysis of Mechanisms and Procedures for Producing
Favorable Shapes of Hydraulic Fractures,'" Society of Petroleum Engineers
of AIME, Paper No. SPE 9260, 1980.

E.N. Mastrojannis et.al., "Growth of Planar Cracks Induced by Hydraulic
Fracturing," International Journal of Numerical Methods in Engineering,
15, 41, 1980.

I1.D. Palmer and H.B. Carroll, Jr., "3D Hydraulic Fracture Propagation
in the Presence of Stress Variation," Proceedings Unconventional Gas
Recovery Symposium, Paper No. SPE/DOE 10849, 1982.

I.D. Palmer and H.B. Carroll, Jr., "Numerical Solution for Height and
Elongated Fractures," Proc. 1983 SPE/DOE Symposium on Low Permeability
Gas Reservoirs, Paper No. SPE/DOE 11627, 1983.

N.R. Warpinski et.al., "Laboratory Investigation on the Effect of In
Situ Stresses on Hydraulic Fracture Containment," Proceedings 1981 SPE/DOE
Symposium on Low Permeability Gas Reservoirs, Paper No. SPE/DOE 9880, 1981.

M.B. Rubin, "Experimental and Theoretical Study of Hydraulic Fracturing
in Impermeable and Permeable Materials," Final Report, SRI International,
Contract No. AC-21-79 MC11597, 1981.

A. Settari and M.P. Cleary, "Three-Dimensional Simulation of Hydraulic
Practuring," Society of Petroleum Engineers of AIME, Paper No. SPE 10504,
1982.



30.

31.

32.

33.

34,

35.

36.

37.

38.
39.
40.
4}.

42.

43.

52

A. Settari and M.P. Cleary, "Development and Testing of a Pseudo-
Three-Dimensional Model of Hydraulic Fracture Geometry," Society of
Petroleum Engineers of AIME, Paper No. SPE 10505, 1982. -

M.P. Cleary et.al., "Development of a Fully Three-Dimensional Simulator
for Analysis and Design of Hydraulic Fracturing," Proc. 1983 SPE/DOE
Symposium on Low Permeability Gas Reservoirs, Paper No. SPE/DOE 11631,
1983,

M.P. Cleary et.al., "Microcomputer Models for the Design of Hydraulic
Fractures," Proc. 1983 SPE/DOE Symposium on Low Permeability Gas
Reservoirs, Paper No. SPE/DOE 11628, 1983.

H.0. McLeod, Jr., "A Simplified Approach to Design of Fracturing
Treatments Using High Viscosity Cross-Linked Fluids," Proc. 1983 SPE/
DOE Symposium on Low Permeability Gas Reservoirs, Paper No. SPE/DOE
11614, 1983.

R.H. Nilson and S.K. Griffiths, "Numerical Analysis of Hydraulically-
Driven Fractures," Computer Methods in Applied Mechanics and Engineering,
36, 359, 1983.

M.A. Biot et.al., "A Two-Dimensional Theory of Fracture Propagation,"
Society of Petroleum Engineers of AIME, Paper No. SPE 11607, 1982.

R.W. Veatch, Jr., "Overview of Current Hydraulic Fracturing Design
and Treatment Technology," Parts 1 and 2, Journal of Petroleum Technology,
May 1983, 669-687, June 1983, 853-864.

A.I. Horton, "Comparative Analysis of Stimulations in the Eastern Gas
Shales," Morgantown Energy Technology Center Report DOE/METC-145, 1981.

"Western Gas Sands Project" Status Reports for FY 82/1, 82/2, 82/3,

Bartlesville Energy Technology Center, U.S. Department of Energy,
1982-83.

N.R. Warpinski et.al., "In Situ Stresses: The Predominant Influence
on Hydraulic Fracture Containment," Proc. 1980 SPE/DOE Symposium on
Unconventional Gas Recovery, Paper No. SPE/DOE 8932, 1980.

J.F. Cuderman, "Multiple Fracturing Experiments - Propellant and
Boreholée Considerations," Proc. 1982 SPE/DOE Symposium on Unconventional
Gas Recovery, Paper No. SPE/DOE 10845, 1982.

D.A. Northrop et.al., "Multi-Well Experiment: A Field Laboratory for
Tight Gas Sands," Proc. 1983 SPE/DOE Symposium on Low Permeability Gas
Reservoirs, Paper No. SPE/DOE 11646, 1983.

"Confirmation Field Tests Workshop,' Gas Research Institute, Chicago,
Illinois, Feb. 1983. ' .

L.W. Teufel and J.A. Clark, "Hydraulic Fracture Propagation in Layered
Rock: Experimental Studies of Fracture Containment," Proc. 1981 SPE/DOE
Symposium on Low Permeability Gas Reservoirs, Paper No. SPE/DOE 9878, 1981.




Bigmions

£

s

[ F—

j——1

[ S

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

53

G.D. Anderson, "Effects of Friction on Hydraulic Fracture Growth Near
Unbonded Interfaces in Rocks," Soc. Pet. Eng. J., 21, 21, 1981.

M. Rubin, "Experimental Study of Hydraulic Fracturing in an Impermeable
Material," in press, Journal of Energy Resources Technology, June 1983.

A. Ingraffea, "Mixed Mode Fracture Initiation in Indiana Limestone and
Westerly Granite," Proc. 22nd U.S. Symposium on Rock Mechanics, 186, 1981.

M.A. Biot et.al., "Laboratory Experiments in Fracture Propagation,'
Society of Petroleum Engineers of AIME, Paper No. SPE 10377, 198l.

V.H. Kenner et.al., "A Study of Fracture Toughness for an Isotropic
Shale," Issues in Rock Mechanics, 23rd U.S. Symposium on Rock Mechanics,
AIME, Chap. 60, 586, 1982.

R.A. Schmidt, "A Microcrack Model and Its Significance to Hydraulic Frac-
turing and Fracture Toughness Testing, The State of the Art in Rock
Mechanics," 21st U.S. Symposium on Rock Mechanics, U. of Missouri-Rolla,
581, 1980.

J.M. Papadopoulos et.al., "Laboratory Simulations of Hydraulic Fracturing,"
Proc. 1983 SPE/DOE Symposium on Low Permeability Gas Reservoirs,' Paper
No. 11618, 1983.

K.G. Nolte, "Determination of Fracture Parameters from Fracture Pressure
Decline," Society of Petroleum Engineers, Inc., Paper No. SPE 8341, 1980.

E.J. Novotny, "Proppant Transport,'" Society of Petroleum Engineers, Inc.,
Paper No. SPE 6813, 1977.

P.E, Clark and J.A. Quadir, "Prop Transport in Hydraulic Fractures:

A Critical Review of Particle Settling Velocity Equatioms,' Proc. 1981
SPE/DOE Symposium on Low Permeability Gas Reservoirs, Paper No. SPE/DOE
9866, 1981.

P.E. Clark and N. Guler, "Prop Transport in Vertical Fractures: Settling
Velocity Correlations," Proc. 1983 SPE/DOE Symposium on Low Permeability
Gas Reservoirs, Paper No. SPE/DOE 11636, 1983.

A. Settari, "A New General Model of Fluid Loss in Hydraulic Fracturing,"
Proc. 1983 SPE/DOE Symposium on Low Permeability Gas Reservoirs, Paper
No. SPE/DOE 11625, 1983.

J.N. Reddy and V.D. Murty, "Finite-Element Solution of Integral Equations
Arising in Radiative Heat Transfer and Laminar Boundary-Llayer Theory,"
Numerical Heat Transfer, 1, 389, 1978.

0.C. Zienkiewicz and J.C. Heinrich, '"The Finite Element Method and Con-
vection Problems in Fluid Mechanics," in Finite Elements in Fluids,

Vol. 3, Editors R.H. Gallagher et.al., John Wiley and Soms, Ch. 1, 1-22,
1978,




58.

59.

60.

61.

62.

63.

64.

65.

66.

54

J.E. Akin, "The Generation of Elements with Singularities," International
Journal of Numerical Methods in Engineering, 10, 1249, 1976.

D.M. Tracey and T.S. Cook, "Analysis of Power Type Singularities Using

Finite Elements," International Journal of Numerical Methods in Engineering,

11, 1225, 1977.

J.R. Rice, "A Path Dependent Integral and the Approximate Analysis of

Strain Concentration by Notches and Cracks," Journal of Applied Mechanics,

90, 379, 1968.

J. Knowles and E. Sternberg, "On A Class of Conservation Laws in
Linearized and Finite Elastostatics,” Archives for Rational Mechanics and
Analysis, 44, 187, 1972.

B. Budiansky and J.R. Rice, "Conservation Laws and Energy Release Rates,"
Journal of Applied Mechanics, 95, 201, 1973.

0. Gurdogan, Ph.D. Dissertation, Department of Engineering Mechanics,
The Ohio State University, in progress.

S.H. Advani et.al., "Fluid Flow, Structural, and Fracture Mechanics
Modeling Associated with Hydraulic Stimulation Operations," Proc. 1982
SPE/DOE Symposium on Unconventional Gas Recovery, Paper No. SPE/DOE
10846, 1982.

S.H. Advani et.al., "Fracture Mechanics and Structural Response Investi-
gations Associated with Energy Resource Recovery,' Final Report, Grant
No. G1115393, The Ohio State University Research Foundation, Dec. 1982.

L.M. Keer and S.H. Chen, "The Intersection of a Pressurized Crack with
a Joint," Journal of Geophysical Research, 86, 1032, 1982.

E [



& 1

[

[
S i

i

.

TABLE OF CONTENTS

PART B: STRESS TRAJECTORY SIMULATIONS FOR THE EGSP - ABSTRACT

1.0
2.0
3.0
4.0

5.0

INTRODUCTION

PRELIMINARY ROME TROUGH SIMULATIONS
KANAWHA COUNTY CROéé-SECTION SIMULATIONS
DISCUSSION AND CONCLUSIONS

REFERENCES

Page
56
57
61
67
83

86

55



Part B

STRESS TRAJECTORY SIMULATIONS FOR THE EGSP

ABSTRACT

A brief review of pertinent in situ stress studies and rationale for

stress trajectory characterizations for the EGSP is presented. Structural

cross sections representing the i{nfluence of the Rome trough are analyzed

and potential mechanisms for in situ stress reorientation and tectonic

relief are identified. Detailed stress simulations of cross-sections

through Southeastern Kanawha County extending from the Warfield anticline

to the Cabin Creek syncline are also reported. In addition, a discussion

of results and their correlation with salient structural features is given.
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1.0 INTRODUCTION

The phenomenological theories of gas production, from a rock mechanics
vantage point, are related to the inherent characteristics of the natural
fractures and their subsequent linking with induced fracturing. A detailed
knowledge of the prevaleni reservoir in situ stress fields and gradients
can provide fupdamental data regarding preferential orientations, governing
mechanisms, and optimum design of stimulation treatments [1,2].z Several
stress mediated mechanisms that generate endogeneous and exogeneous fractures
have been postulated in the literature [3,4]. A presentation of basic
conceptslfor the analysis of fracture and fault development has been
given by Bombolakis [5]. Considerable research has also been conducted on
various methods for mapping fractures/joints, surface measurements, direc-
tional physical property measurement of oriented cores, mini-hydraulic
fracture tests and their correlation with in situ stress magnitudes
and orientations [6,7,8,9]. A comprehensive compilation of pertinent
work related to the Eastern Gas Shales Project has been recently conducted
by Cliffs Minerals [10]. Representative relationships between structure
and stress ratio have been developed by Komar and Bolyard (Fig. 1) with a
modified form presented in Reference [10] (Fig. 2). Based on a study by
Lewin and Associates, Inc., the stress ratio index appears to serve as a
valid indicator for fracture spacing [11].

A study on the influence of burial history on subsurface horiéontal
stress variation formations with different material properties has been
reported by Prats [12]. This work demonstrates the effects of creep,
temperature, material property and strain alterations on the current

stress state. A related investigation, using laboratory determined material
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properties, correlates field measured horizontal stress data with over-
burden induced stresses associated with the slope of the confining stress-
axial stress curve and vertical temperature gradients [13], Use of this
in situ stress data base for granite, sandstone, limestone shale, and salt
as a tool for optimizing fracture containment design has been advanced
by Voegele et al. [14]. The stress difference (OOVERBURDEN - CHMIN) versus
TUMIN plots can be re-interpreted in terms of stress ratios and are more
realistic indicators than Poisson ratio deduced values.

In this report, representative structural cross-sections representing
the influence of the Rome trough are analyzed and potential mechanisms
for in situ stress orientation and tectonic relief are delineated. Sample
stress trajectory simulations of cross-sections through Southeastern Kanawha
County extending from the Warfield anticline to the Cabin Creek syncline

are reported. Based on these studies, a discussion of the results along

with the role of dominant structural mechanisms is presented.
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2,0 PRELIMINATRY ROME TROUGH SIMULATIONS

The preliminary stress trajectory simulations for an idealized model
of the region overlying the Rome Trough provide a basic understanding
of the structural mechanisms governing the in situ stress re-orientations
and potential tectonic relief. Fig. 3 illustrates the postulated stress
orientations i; the Appalachian basin, based on the study by Overbey [15].
The stress- trajectories in the region overlying the Rome Trough, a buried
rift system (Fig. &), are of particular interest [16], since they serve
és a diagnostic model for several gas producing regions. The maximum
horizontal stresses over the Rome Trough parallel the trend of the rift
system and appear to be related to the basement faulting. This behavior
tends to indicate that the subsurface Rome Trough is influencing the modern

state of stress at the surface. If this hypothesis is valid, the state of

stress within the Appalachian basin can be analyzed using realistic structural

models, i.e. with conditions of basement faulting, boundary conditions,
layering, and other geological influences incorporated. |

The application of the finite element methodology to the analysis of
in situ stresses in reservoir stratigraphic formations is relatively new
[17,18]. This approach, however, can be used as an engineering tool for
problems with defined boundary conditions, material property data, strati-
graphic descriptions, and layer interface conditions.

The geological structure within the Appalachian basin, for this study,
is modeled by rigid basement structures containing potentially active
faults overlain by passive sedimentary cover with potential slip zones
along bedding planes (Fig. 5). The basement faults form the boundaries

of the sedimentary cover, as shown in Fig. 5 [19]. The depths of the
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sedimentary cover are considerably smaller than the modeled horizontal
distances (Section AA in Fig. 4) and a plane strain model idealization

is appropriate for the analysis. A layered model with a sequence of
composite plate structures (i.e., layers of sandstone, shale, dolomite,
limestone, granite, etc.j has—£een previously studied to demonstrate the
effects of buttress and slip loadings [17]. Here, isotropic model character-
izations are investigated to provide preliminary trends for separaté
phenomenological cases characterized by (i) uniform tectonic stress

(ii) gravity and associated confining loads and (iii) basement fault slip.
These basic cases are illustrated in Figs. 6a, b, ¢, Selected non-
dimensionalized stress trajectories are revealed in Figs. 7a, b, ¢ with
resultant stress states shown in Figs. 7d, e. The presence of tenmsile
and/or tectonically relaxed zones is particularly evident in these models
and provides a plausible basis for characterizing fracture systems resulting
from this basement-cover interaction and resulting stress re-orientation
mechanism(s). Detailed studies of pertinent cross-sections are presented

in the subsequent section.
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Fig. 7a: Horizontal normal stress magnitudes for model in Fig. 4a for unit tectonic stress.
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3.0 KANAWHA COUNTY CROSS-SECTION SIMULATIONS

The simulations in the previous section, although not di;ected at a
specific locale, demonstrated the general applicability of the finite
element method in examining the Rome Trough's marginal abutments on over-
lying formation stress beh;§ior. This methodology, with prudently defined
geologic structural properties, can also serve as a diagnostic tool for
tht;_ exploration of naturally fractured gas reservoirs in the Devénian Shales
of the Appalachian basin. In this section, detailed stress analyses for
cross;sections through the southern part of Kanawha County overlying the
eastern margin of the Rome Trough is presented. Supplementary observations
and results are also reported in Appendix D.

The region selected for this study is the Cabin Creek district of
Kanawha County, West Virginia (Fig. 8). This is the largest district of
Kanawha County and occupies an area of 235 square miles. It is located
south and southeast of Louden, Malden, and Elk districts. Good gas produc-
tion has been found above the Devonian in the Big Lime and Weir Sand.

The exposed rocks throughout Kanawha County are nearly horizontal. The
rocks lie in broad gentle folds, modified only by a gentle monoclinical
trend which brings older rocks to the surface from the northwest to the
southeast. The gentle structures present a strike ranging between N30°E
to N45°E. Near the surface, Cabin Creek has two distinguishing structural
features; namely, the Warfield anticline to the northwest and the Wake
Forest anticline to the Southeast. These anticlines were selected as
bounds for the cross-sectional analysis.

Evidence to date suggests that the deepest section of the Rome Trough

lies in the Kanawha County. The eastern flank of the Rome Trough through
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this county is steebened by pronounced faulting (Appendix D-Plate 2).
Normal faults, down to the West, produce a maximum vertical sgparation of
7000 ft within a horizontal distance of several miles. Total relief along
the eastern margin of the trough in the county is approximately 10,000 ft
from the trough axis to the crest of the eastward lying central West
Virginia arch. The western trough is also undoubtedly faulted and a zone
of increased low amplitude folds in Paleozic strata lies between the.trough
and arch axis. "

The basement faults, including related structural style changes and
geophysical anomalies, separate two major fracture domains. Regionally
consistent systematic and non-systematic fractures in coal (face and butt
cleats) are well developed and alter trend immediately above the basement
faults delineating the eastern margin of the Rome Trough. Coal systematic
fractures over the Rome Trough trend N45°W.  The péedomiﬁant fracture
orientation within the domain southeast of the basement fault zone trends
is N70°E (Appendix D-Plate 1). The boundary separating the two major
fracture domains is marked and abrupt. Fracture trends common to one
domain change within two to ten miles to fracture trends characteristic
of the adjoining domain. The fracture domain boundary coincides exactly
with the zone of predominant basement faulting and related geophysical
anomalies that accéntuate the eastern Roée T;;u;Q m;rgin.. thﬁeii—formed
fracture sets differing from the regional trends are persistent everywhere .
along and within the domain boundary.

Kulander [20] assumes that if all systematic fractures formedvat
approximately the same time, then the basement fault zone would have served
as the boundary separating different stress fields responsible for frac-

turing. The fault zone may have, therefore, contributed to the two distinct



stress fields. If domain boundaries for systematic ffaciures in other
rocks lie over the basement fault zone, photolineaments related to fracture
trends and resulting topography could change orientations in this location.
The four cross-sections defined in Fig. 8 were constructed for this
study. Figures 9a, b, c, d, ildustrating thé major lithologic units,
indicate that the cross-sections are relatively similar. Hence, the com-
puted stress trajecfﬁries, for the same loading and boundary conditions
are nearly identical for all cross-sections. Detailed results for cross-
section No. 4 are, therefore, presented here. Figure 10a reveals the cor-
responding finite element discretization using é-noded isoparametric element
and the node numbering scheme is shown in Fig. 10b. The selected material
properties for the basic units are presented below in Table I with detailed

property data presented in Appendix D.

TABLE I: Selected Material Properties

Young's Modulus Poisson's Ratio Mass Density

Material 1b/£t2 v 1bm/£t3
Sandstone 1.345 x 10° 0.112 - 165.0
Shale 0.658 x 10° 0.210 165.0

9

Limestone/Dolomite 1.555 x 10 0.215 172.8

The considered loadings include (i) gravity, (ii) gravity and specified
slip along the fault, (iii) gravity with specified slip along fault and
tectonic loading and (iv) gravity with specified tectonic loading. For the
case of only gravitational loading, the boundaiy conditions are zero dis-
placement at the basement and roller supports on the vertical boundéries.
Figure 11 illustrates the principal stress magnitudes for this loading with

the bold lines indicating tensionin some upper shale and sandstone elements.
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The results for the case with a slip of 50 ft at the fault (node 816),

in addition to the preceding loading and boundary conditions, are shown

in Fig. 12, This slip, with nodes 815 and 817 free, introduces major
tensile zones in the vicinity of the fault with some elements near the
surface changing from compression to tension. The results for the case with
the preceding gravity and slip loading with a tectonic stress of 1000 psi
superimposed areAshéwn in Fig. 13. As expected, the tectonic relief gs
annuled by this applied compressive stress. Finally, Fig. 14 reveals the
case of specified horizontal stress on the southeast boundary of the cross-
section with gravitational loading prevalent. The computed horizontal
stresses, for zero normal displacements, on the northwest section are

also shown in Fig. l4. Corresponding cross-sectional principal stress

magnitudes are shown in Fig. 15.
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4.0 DISCUSSION AND CONCLUSIONS

The preceding preliminary Rome Trough and Kanawha County cross-sectional
simulations illustrate the facilitating characteristics of the finite element
method in predicting goverping stress mediated mechanisms and in situ stress
trajectories for idealized and layered geological formationms. The- applica-
bility of this ‘technique for even gross in situ stress predictions and corre-
lations with major domains'such as North America [21] can not, ﬁowever, be
demonstrated with the current state-of-the-art in view of the complexities
associated with the evolution, stress history, and boundary conditionms.
Cross-sectional analysis of a large section traversing two major fault zones
from Southeast Ashtabula County, Ohio to Central Clearfield County, Pennsyl-
vania (185 miles) was also conducted with various layers overlying the base-
ment. Qualitative stress trends parallel to those obtained in Section 3.0
were similarly obtained.

Towse [22] has discussed the evolution and stress history of the low-
permeability upper cretaceous gas reservoirs in the Rocky Mountains by con-
sidering the rock properties and associated structures. The development of
various faults (normal, overthrust, strike-slip) and reservoir fracture
pattern correlations, from the vantage point of the in situ stress fields,
is also presented. Similar analysis, in conjunction with finite element
evaluations, will be very fruitful in defining joint fracture orientations
and extent. |

Figure 16 presents the computed stress ratios in the Devonian shales
for cross-section #4 with loading defined on the southeést boundary. The
stress ratio magnitudes show a considerable variation across the cross-

section because of the buttress basement-layered cover interaction. It

83



84 j
should be noted that the stress ratios are relative and are normalized with ?
respect to the applied boundary loading. The presence of defined major J
fracture systems in the shales and adjacent layers will substantially alter . g
the state of stress. Computations using the singular fracture elements g
presented in Section 2.3 are recommended for future research. E

Finally, the use of the presented techniques as a tool in the selection

i

of mineback field sites [23] and related stimulation treatment design -and

£
S ot

evaluation can not be overemphasized.
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Finite Element Model Simulations
Associated With Hydraulic Fracturing

Sunder H. Advani, Ohio State U.
J.K. Lee, Ohio State U.

Abstract

Recently emphasis has been placed on the development
and testing of innovative well stimulation techniques for
the recovery of unconventional gas resources. The
design of optimal hydraulic fracturing treatments for
specified reservoir conditions requires sophisticated
models for predicting the induced fracture geometry and
interpreting governing mechanisms.

This paper presents methodology and results pertinent
to hydraulic fracture modeling for the U.S. DOE's
Eastern Gas Shales Program (EGSP). The presented
finite-element model simulations extend available
modeling efforts and provide a unified framework for
evaluation of fracture dimensions and associated
responses. Examples illustrating the role of multilayer-
ing, in-situ stress, joint interaction, and branched cracks
are given. Selected comparisons and applications also
are discussed.

Introduction

Selection and design of stimulation treatments for Devo-
nian shale wells has received considerable attention in
recent years. > The production of natural gas from such
tight eastern petroliferous basins is dependent on the ver-
tical thickness of the organically rich shale matrix, its in-
herent fracture system density, anisotropy, and extent,
and the communication-link characteristics of the in-
duced fracture system(s). The investigation of stimula-
tion techniques based on resource characterization,
reservoir property evaluation, theoretical and laboratory
model simulations, and field testing is a logical step
toward the development of commercial technology for
optimizing gas production and related costs.

This paper reports formulations, methodology, and
results associated with analytical simulations of
hydraulic fracturing for EGSP. The presented model ex-
tends work reported by Perkins and Kem,* Nordgren,’

0197:7520/82/0004-8941500.25

APRIL 1982

Geertsma and DeKlerk,® and Geertsma and Haafkens. 7
The simulations provide a finite-element model
framework for studying vertically induced fracture
responses with the effects of multilayering and in-situ
stress considered. In this context, Brechtel er al..®
Daneshy.® Cleary, ! and Anderson ef al.!' have done
recent studies addressing specific aspects of this prob-
lem. The use of finite-element model techniques for
studying mixed-mode fracture problems encountered in
dendritic fracturing and vertical fracture/joint interaction
also is illustrated along with application of suitable
failure criteria.

Vertical Hydraulic Fracture Model
Formulations

Coupled structural fracture mechanics and fracture fluid
response models for predicting hydraulically induced
fracture responses have been reported previously. 12,13
These simulations incorporate specified reservoir proper-
ties, in-situ stress conditions, and stimulation treatment
parameters. One shortcoming of this modeling effort is
that finite-element techniques are used for the structural
and stress intensity simulations, while a finite-difference
approach is used to evaluate the leakoff and fracture-
fluid response in the vertical crack. A consistent
framework for conducting all simulations using finite-
element modeling is formulated here.

The steady-state and transient fracture-width response,
governed by the fracture fluid variables, multilayering,
and minimum effective horizontal in-situ stress, is deter-
mined initially by combining the formulations and solu-
tions presented by Geertsma and Haafkens’ and Advani
et al.'> The plane-strain vertical-crack model is il-
lustrated in Fig. 1, with fluid coupling provided by the
crack interface pressure. The one-dimensional width
equation, as applied by Nordgren® on the basis of the
Perkins and Kern model,* for a porous-permeable
isotropic elastic medium is
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Fig. 1—Plane-strain idealization ot vertical-crack model.

E tws  aw

128(1~v%) QH)p  3x? ot

along with the initial condition W(x,0)=0 and the boun-
dary conditions

Wi(x,t) =0, forx>L()

and

(aw4) _'256u(1—u2)Q
ax #=0 7F

for a two-sided fracture.

The steady-state solution and finite-difference results
for the transient problem have been presented by Nord-
gren® and Geertsma and Haafkens. 7 The discretized
finite-element weak form of the extended version of Eq.
1, obtained by the conventional Galerkin approach, ' is

Kij@ad@+Cyd D +Fi(=0, .............. )
where

K@) =~ | NT (N;a*)>N; ,dx,

= [ N Vgt N e
and
8C N; N,
Fin=— | L :
«/t—r(x) TH ! x=0
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where N; is the selected interpolation function associated
with the ith node defined by

W(x,0) = N;(x)a'(s)

and commas designate differentiation.
For the steady-state problem, the appropriate equation
is ’

Kj@a +F(=0, ...........ccooiiiiiin. 3

with
E
K= 3
128(1 —v=) QH)u

ON; )
ANT N; dx——
S Nl *H | x=0
and
T |
T vi—7(x)

where N; is defined by
W4 (x,0) = N;j(x)a’ (1).

Eq. 3 is the familiar linear stiffness/force matrix for-
mulation. On the other hand, the nonlinearity inherent in
the stiffness matix for Eq. 2 requires the solution of a
nonlinear set of algebraic equations. The isotropic
medium steady-state and transient width profiles are
modified for the multilayered §eometry by introducing
the width scaling coefficient. ' Subsequent cumulative
leakoff computations are based on the width response.
The fracture height and length evaluations require deter-
mination of the vertical crack stress intensity factor and
application of the percentage leakoff volume. '* The ap-
propriate volume-balance equation for a two-sided frac-
ture with an elliptical cross-section is

_:_(21-1) [% OSL W(x,t)dx] +4HCOS‘ Z—: :1:1
e, @

Eqs. 1 and 4, coupling the transient width and length,
provide an iterative framework for computing W(x,r) and
L(#). Finite-element computations for several cases and
comparisons with the Perkins and Kem* and Geertsma
and DeKlerk® model results are given by Lee. !

Eq. 2 can be reduced to an approximate set of
nonlinear algebraic equations by dividing the time range
into intervals (¢,,, 5+ ). For each time interval, the time
rate of change of the width extended vector may be ap-
proximated by the finite ratio a* =(a,+;—a,)/ Arata
particular time ¢* where a* = a(t*), a,=a(t,),
Qpe; =a(tpy), and At=t,,| —t,. Eq. 2 then becomes

Y(a,,+|)=H(a,,+l)a,,+,+ﬂr,,+|), ............ (5

SOCIETY OF PETROLEUM ENGINEERS JOURNAL



§vhere
H@p+1)=Kj(@n+1)+Cyl Ot
and

Sens)=Fi(tns1)—Cyan/ At.

The Newton-Raphson method can be used to solve the
nonlinear Eq. 5, following formulation of a curtailed
Taylor series expansion, at each time step. of the com-
putation. Procedures and results for the simultaneous
computation of Eq. 1 and the integral Eq. 4 are given. 15

Vertical Hydraulic Fracture
Model Simulations

For the steady-state case, the width and comresponding
pressure profiles for specified parameters are compared
with the Perkins and Kem solution® in Figs. 2a and 2b,
respectively. The transient width profile for equal
elapsed propagation time intervals is illustrated in Fig.
2c. The parameters, selected from Geertsma and
Haafkens’ for model calibration, are: flow rate 0=10
bbl/min (1.6 m3/min), injected volume ¥'=200 bbl (318

m?3), fracture height 2H=100 ft (30.48 m), fluid loss
coefﬁcnent C=0. 0015 ft/min% (0.000 46 m/min*%),
Poisson’s ratio »=0.20, shear modulus G=
E/2(1+u)=2.6x106 psi (17.94 GPa), and viscosity
u=36.cp (36 Pa-s).

Maximum width comparisons using the one-
dxmensxonal finite element formulations and the Perkins
and Kem* and Geertsma and DeKlerk® models are il-
lustrated in Fig. 3.

The extension of the preceding simulations of the
- width profile to the case of a multilayered formation with
different prevailing layer in-situ stresses necessitates
development of width scaling curves. These curves in-
corporate layer elastic moduli ratio, vertical fracture
penetration, and in-situ stress differentials across the
layers. Figs. 4A and 4B reveal the developed fracture
width scaling curves obtained from finite element
simulations of the plane-strain model (Fig. 1). The
previously developed isotropic width magnitudes can be
converted to the layered case by multiplication with the
pressure and tectonic stress scale factors and appropriate
superposition.

The corresponding fracture height is obtained by use
of the stress intensity factor concept. For the layered
case, fracture penetration, arrest or interfacial propaga-
tion can depend on several factors, such as material
property ratio, in-situ stress differences, effective bot-
tomhole pressure magnitude, and interface friction/slip
characteristics. Figs. SA and 5B 1llustrate the computed
stress intensity factors based on an r** singularity and in-
duced by uniform crack pressure and differential tectonic
stress. The interface is assumed to be bonded perfectly.
The stress intensity trend in Fig. 5A departs considerably
from that of Erdogan and Biricikoglu'® for H/A>1,
since in the latter the crack pressures are scaled to ac-
commodate the imposed displacement compatibility for
the closed form solution. Stress intensity factor
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magnitudes for the crack terminating at the interface are
not indicated here becayse the stress singularity for this
case is of the order r* -1, where A (D is the lowest
eigenvalue of the characteristic equation involving ratios
of the bimaterial constants.!” However, the computed
stress intensity factor magnitudes compare favorably
with the values in the literature. 1517 Fig. 6 reveals
typical effective pressure vs. fracture height penetration
curves deduced from Fig. 5A and 5B for E5/E} =1.25
and different tectonic stresses.

 With the fracture width and height determined, the
time-dependent fracture length can be computed from
the imposed fracture fluid volume-balance requirements.
Two different forms of fracture length simulations have
been conducted. The first type of finite-difference fluid
flow simulation entails application of Bemoulli’s equa-
tion in the crack with suitable viscous friction losses
governed by Reynolds number, coupled with use of
Darcy’s flow equation in the formation.'? The other
simulation iteratively solves the coupled Egs. 1 and 4
with finite-element methods. Comparison of the
predicted fracture lengths through use of the preceding
data is illustrated in Fig. 7. The corresponding crack tip
stress intensity factor obtained from

Koo 1 SL Ap( t)( L+x )'/: &
= X, X
! V7l ‘L P L—x
E -L L+x I
N de .. 6
4(1—»*)LVrL L ( L—x ) ' ©
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EGSP model.

is profiled in Fig. 8. Note that the crack opening mode
stress intensity factor remains reasonably uniform during
fracture propagation and that its value is representative
of fracture toughness magnitudes for rocks.

As an example of the applicability of the developed
model simulations to EGSP, computations on selected
Columbia Gas Co. experiments'® in Lincoln County,
WYV, have been performed for the simulated zones
associated with Wells 20401, 20402, and 20403. In ad-
dition, criteria for vertical fracture containment of the
fracture in the desired pay zone have been analyzed in
terms of the prevailing in-situ stresses and the bot-
tomhole treatment pressure. An example of foam fractur-
ing of Well 20403 in the interval of 3,851 to 4,031 ft
(1174 to 1229 m) is considered here. The computed in-
situ stresses are ggovep =3,590 psi (24.77 MPa),
oxmin = 1,589 psi (10.96 MPa), and oymax =2,528 psi
(17.44 MPa). The following is assumed: foam quali-
ty=0.80, adjusted flow rate=38 bbl/min (6.08
m3/min), treatment time=150 minutes, effective
pressure=341 psi (2.35 MPa), and shear modulus=
2.0x10% psi (13.8GPa). Poisson’s ratio=0.20,
fluid viscosity =100 cp (100 Pa-s), and fluid loss coeffi-
cient =0.0001 f/s* (0.0003 m/s**) on the basis of
reservoir porosity, permeability, and foam com-
pressibility.

Available data on the differential in-situ stress across
the formation layers'® and material properties yield a
fracture height of 320 ft (94.54 m). The computed max-
imum transient fracture width, employing the isotropic
finite-element model simulations for Egs. 1 and 4, are
compared in Fig. 9A. The fracture width scaling factor
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Fig. 9B—Comparison of instantaneous haif fracture length
for EGSP model.

for multilayer and differential in-situ stress is 0.76. The
corresponding half fracture length plots are revealed in
Fig. 9B. The simulated finite-element fracture length of
2,100 ft (640.08 m) compares with the simulated finite
difference value of 2,050 ft (624.84 m) from the fracture
area monographs. '2

Mixed-Mode Hydraulic Fracture
Model Simulations

Relatively few investigations have been conducted on
mixed-mode fracture propagation in hydraulic fracture
applications since a single vertical fracture generally is
considered in the analysis. Simulations associated with
dendritic fracturing, natural secondary fracture intersec-
tion, or vertical-crack interface joint interaction,
however, entail mixed-mode conditions. The principal
novelty in dendritic fracturing is the procedure of stop-
ping the injection of fracture fluid and subsequently
relieving the fluid pressure by allowing the fluid to flow
back. 20 It is assumed in this analysis that secondary frac-
tures are either created or initially present. With the in-
creased occurrence of these secondary fractures, there is
a greater tendency for branching fractures and formation
spalling. Predictive calculations for spalling depths with
specified minimum horizontal stress, tensile strength,
pore pressure, and injection pressure have been
reported. 13 Fig. 10 illustrates the selected dendritic frac-
ture model with a primary fracture and secondary crack
subjected to in-situ and pressure loading. Stress intensity
factors, stress magnitudes, and associated contours for
these loadings have been detailed using the finite-
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TABLE 1—STRESS INTENSITY FACTORS FOR DENDRITIC FRACTURE MODEL 96
o 0.00 0.25 0.50 0.75 1.00
Loading P S, s, P 5, s, ° s, ~ s, P s, s, P s, s,

KPS SNa 0762 0460 0320 070 0465 0280 0672
KBIPS, S)Va 0510 0030 0547 0592 0040 0630 0472

KfI(P,Sx.Sy)v'i - - - 1025 0.210 1310 1471
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Fig. 10—Two dimensional dendritic fract_ure:model.‘
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element method. Table 1 shows the computed stress in-
tensity factors for the pressure and in-situ stress loadings
with ¢/b=0, 0.25, 0.50, 0.75, and 1.00. The magnitude
of the normalized Mode II stress intensity factor
significantly contributes to the secondary crack propaga-
tion. As an example, the analysis in Table 1
demonstrates that the secondary crack tip effective stress
intensity factor K. =[(K%)?+(K%)%]" exceeds the
corresponding primary tip value K¢ for 0=<¢/b<0.075
with S,/P=2 and §,/P=1. Also, even for c/b=1,
secondary crack propagation can be shown for selected
ratios of in-situ stresses and crack pressure. Various
mixed-mode fracture propagation criteria are presented
in the subsequent text. Stresses induced by the fracture
fluid loading are shown in Figs. 11A and 1 {B.

Another example of mixed-mode conditions results
from the interactiori of the induced vertical fracture with
a bedding layer interface or joint. Fig. 12 illustrates a
vertical crack intersecting a horizontal joint at the
material interface. This bimaterial problem, in the
absence of shear tractions, has been studied by Goree
and Venezia.2' The shear tractions at the joint interface
coupled with the interaction of fracture fluid pressure
and tectonic stresses produces conditions favorable to in-
terfacial crack propagation. In this context, conditions
for crack confinement, penetration, or interfacial crack
propagation have been studied experimentally by Teufel
and Clark. 22 For an interface crack subjected to uniform
shear stress 7, the computed values of X ,/r\/; and Ky/
rva at the joint tip are —0.198 and 0.593. These
values, when superposed with the in-situ and fracture
fluid pressure stress intensity, produce conditions similar
to the dendritic fracture model, with ¢/b=0.

Mixed-Mode Fracture Criteria

Several mixed-mode fracture initiation criteria are
available in the literature. Ingraffea?’ has presented a
comparison of the maximum hoop tensile stress,2*
minimum strain energy density,?5 and maximum strain
energy release rate?® theories. In addition, a fracture
criterion for rock media with crack closure and frictional
effects has been developed by Advani and Lee.?’ These
criteria are reviewed in the following.

Maximum Tensile Hoop Stress Theory.* In this

theory, the fracture envelope is govemned by

05_0 (K 2 —————3 K 'nO) =K (7a)
c cos si v ....(7Ta
2 I > 2 i} Ic

where the fracture initial angle, 8, is governed by

Kysin0+Ky(3cos0—-D=0. ............... (7b)

Maximum Strain Energy Density Theory. 2
K 71 (3—4v—cosf)(1 +cosb)
+4K K ysinf[cosf —(1 —2»)]
+ K% [4(1 —=v)(1 —cosB) + (1 +cosf)(3cosd — 1)]

=4(1=20)K3C, o v e (8a)

. 97
with # determined from

K73sinf(2cosd +4v —2) +4K Ky [cos20 — (1 —2v)cosb]
+K3(2—4v—6cosf)sind=0 ................ (8b)

and imposition of the condition for stable crack propaga-
tion.

Maximum Strain Energy Release Rate Theory. 2 The
fracture locus for this theory is defined by

K4 +6KiK +K4 =K% oo )

Crack Closure and Frictional Effects Theory.?” This
theory, based on the maximum circumferential stress, in-
cludes the effects of crack closure and friction. The
failure threshold is defined by

K K
(—-’i =L I (10)
2k, Kic

Although this theory departs considerably from the
aforementioned conventional theories, reasonable cor-
relation of this theory with available experimental data
for rock media with shear and compressive loading has
been obtained.?” Further controlled experiments on
mixed-mode testing under simulated in-situ conditions
are necessary. Fig. 13 illustrates the variation between
the theories defined by Egs. 7, 8. 9. and 10.

Conclusions

The theoretical simulations of the induced crack-opening
mode and mixed-mode propagation responses provide
interpretive, qualitative, and comparative information on
the goveming hydraulic-fracture mechanisms and
fracture-geometry prediction. The transient vertical
hydraulic fracture formulations and results for crack
width, height, and length are applicable to layered for-
mulations with differential in-situ stress. Vertical migra-
tion of the fracture in the overburden can be minimized
by discrete control of the treatment pressure and/or
alteration of the local effective minimum horizontal
stress by means of successive pressure drawdown
followed by sequential fracture propagation. The mixed-
mode evaluations suggest a possible rationale for the ef-
fectiveness of dendritic fracturing for reservoirs with a
large number of pre-existing systematic fractures, joint
systems, and favorable horizontal in-situ stresses with
local fracture fluid pressure modification.

Several characteristics for the assignment of conven-
tional, foam, dendritic, or explosive treatments have
recently emerged. !3-28-30 These factors include con-
sideration of fracture density and extent, shale thickness,
relative in-situ stresses, energy assist mechanisms, well
cleanup, shale/fracture fluid interaction, proppant selec-
tion, and vertical fracture nigration. Preliminary results
indicate that correlation with the prevailing in-situ stress
gradients or isotropy indices are promising diagnostic in-
dicators for fracture-treatment selection and design. The
comprehensive development of a cost-effective stimula-
tion strategy, however, requires extensive and controlled
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field testing with supportive laboratory and predictive
analysis.

Nomenclature
a, b, ¢ = crack dimensions for dendritic model
a' = width vector component
4* = time derivative of width vector
C = fluid loss coefficient
C; = transient width coefficient
E = elastic modulus
F;() = leakoff forcing function
G = shear modulus .-
h = half pay zone height
H = haif fracture height
K;, Ky = Mode I and I stress intensity factors,
respectively
Kjc = critical Mode I stress intensity factor

L = fracture half length
N; = interpolation function
p = crack pressure
Q = fracture fluid injection rate
S., §, = horizontal in-situ stresses
t = time

Wix,t) = fracture width

x = horizontal coordinate in fracture
direction

y = transverse coordinate

6 = angular coordinate

p = fluid effective viscosity

v = Poisson’s ratio

¢ = stress component

Ao = horizontal in-situ stress differential
7(x) = fluid loss delay time
t = joint shear stress

Superscripts
i, j, k = indicial components
T = transpose

Subscripts
eff = effective magnitude
HMAX = horizontal maximum value
HMIN = horizontal minimum magnitude
i, j, k = indicial components
'n = time step designator
OVBD = overburden magnitude
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INTERFACE ELEMENT AND ROCK JOINT MODELING

Most rock failures occur on defects on discontinuities embedded in the

it

system. These defects may be rock joints, faults and interfaces. The
behavior of these discontinuities result in debonding and slip along the

3
v interface. The term debonding describes the separation of the two adjacent

blocks and the slip defines the relative motion along the joint surface or
fault when the s;\earing forces exceeds the shear strength of the joint.

% To account for this discontinuity in the finite element analysis of rock
- systems, a joint element is used between the blocks. The joint element
stiffness properties are presented in this section.

i Consider an interface between two materials and oriented along the

s-axis as shown in Fig. B.l.

The displacement along the joint is assumed as linear and is given by

[
]

bl + bzs
(B.1)

<
]

b3 + b4s

when the constants bl b, are determined in terms of the nodal displacements,

top and bottom displacements can be written as

# _1 s
Upop = 7 (U3 + ug) + 7 (uz - uy)
A v =l(v +v)'+-§(v -v,)
“f top 2 3 4 [ 3 4
1 s (B.2)
] Upot =7 W *U) * g (uy - uy)
-1 s
Vot =3 (Vg * V)t g vy - vy)

The relative displacements of the two faces measured at the joint

center can be expressed as
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Au
e ] )
()
] o

Substituting (B.2) in (B.3), we get

-V

{wj} ={ Ytop ~ “bot }
- Meop ™ Vbot

1 |-A 0 -B OB O A 0 u
{wj} = 5 [ ’ ] 1 . (B.4)
0-A O0-B0 B 0 A vy
Yy
Va
where A =1 - 2s
L
_ 2s
B=1+ T
or simply,
twy} = ZIN] {q} (B.5)

The forces per unit length, {p}, acting through the displacements,

{w}, are related through the joint stiffness per unit length [k] by

{p} = [k] {w} (B.6)
here {p} ¢ Psy
here {p =
pn
kg 0
and [k] = 0 X
n

The normal and tangential stiffnesses kn and ks are determined from

direct shear test. The stored energy E is given by

}
!
i
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2/2
1
E = 7 J {w} {p}ds
-2/2
(B.7)
/2
1 T
= 3/ 1qT T (K] IN1{q} ds
-2/2
from which the stiffness matrix for the joint element oriented along s-
direction is identified as
/2
' T
k] = [ [N]" [k][N]ds 5.8
-2/2 :
The global stiffness (referring to the global x- and y-axis) matrix
[K] of the joint element can be obtained by the transformation
k] = [R] [K]' [RI (8.9)

where [R] defines the transformation between s-n axis and x-y axis.
The normal and tangential stiffness used in the stiffness matrix are

usually determined by laboratory tests. These constants play a vital

‘role in the finite element stress analysis of the jointed rock system and

they are to be properly determined for a reasonable result. Further
details can be found in Refs. [B.1,2].

An interface element such as this, according to published results
and our experience, can model opening and/or slipping modes relatively
well. However, material penetration can occur under compression as shown
in Fig. B.2. When penetration occurs during an analysis, stress fields
below the interface can be erroneous when major loading is from the top
portion. To avoid such physically unrealistic penetration, one must
assign a small chickness Ah for the interface element and an iterative

solution process must be used. In general the normal stiffness kn would

be greater in compression than in tension.
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FigureB.1 Interface element geometry.

Figure B.2 Possible penetration mode.
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% THE EFFECT OF VERTICAL FRACTURE HEIGHT ON TRANSIENT WELL FLOW BEHAVIOR

(A1) Problem Formulation

The problem of unsteady single-phase Darcy flow from a porous
:g reservoir of finite height into a finite conductivity vertical hydraulic

fracture is shown in Fig. 1 for one-half of the fracture. The reservoir

is infinite in’the x'y'directions and of finite height H' in the z-direction.
The fracture has width w in the y-direction and has a rectangular contour
as shown. Conductivities, k, compressibilities, ¢, and porosities, ¢ will
be subscript free wher referring to the reservoir and will have the sub-
script £ when referring to the fracture. The following assumptions are
made concerning the flow in the reservoir and fracture.
o | (a) Analysis is limited to short time periods following the

onset of flow

(b) Flow in both reservoir and fracture is governed by Darcy's

law of flow in porous media

(c) The fracture width is very narrow compared to the height and

length.

(d) The fracture height (h%z& - zk) may be less than or equal to

the reservoir height H!

(e) The reservoir boundaries, z'=0 and z'=H' are impermeable.

(f) The fluid is a compressible Newtonian fluid.

(g) The pressure at the wellbore (x=y=0) is held constant (P ).
Assumptions (e,g) are not restrictive as other cases are easily treated in
é the same manner. Assumptions (a,d) lead to two-dimensional planar flow in
planes of constant x'. This is the analog of linear flow (y'-only) for

.ihe short time flow when h=H'. Assumption (a) also means that all the fluid
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will enter the wellbore through the fracture oniy. Also, there is no
flow in the fracture in the y' direction due to Assumption (c). ‘
The following common non-dimensionalization procedure is introduced

for the space variables, time and fracture and reservoir pressures, (see

e.g. [1]‘for the case of constant wellbore pressure):

(x,y,2) = %—-(Xf,y',Z') (1)
£ ‘
k. t?
t = ———1—2 (2)
¢rucrxf
1
Pf(X,Z) - T)—O' P%(X',Z') (3)
1
Pr(}’,z) = ‘2"13;?;.(}",2') (4)

where a prime denotes a dimensional variable or pressure and the subscripts
f and r refer to the fracture and reservoir respectively. The constants
k, ¢, ¢ refer to permeability, porosity and compressibility and p is the
fluid viscosity, assumed the same in the reservoir and fracture. The
fracture length, width and height are denoted by Xg, W and h'. All quan-
tities of length are non—diﬁensionalized like the space-coordinates in
(1), e.g. H=H'/xg, zg=2"'/x¢ ... P 1is the prescribed wellbore dimen-
sional pressure.

The non-dimensional coupled boundary value problems describing flow

in the fracture and reservoir may now be written. The fracture flow equa-

tion is [2]
2 2
P
] Pf . 3 Pf . 2 [ePr - 1_-3 £ 5)
axz az2 kaD 3y |y=o p at
for 0 < x <1 and z, < z <z, - The initial condition is
Pe=0 , t=0 0<x<1 (6)

< 2 < 2
ZZ u

%,

e

]
CR

P
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and the. boundary conditions are

Pf =1 , x=0 . 7
op z, < z2<z, t>0

—32-1-:-=0,x=1 | (8)
apf ) )

T 0, z= 2,2, 0<x<1 , t>0 . (9)

The constants kD’wb and np are given by
k. = ko/k_ , W, = W/Xg , N =(i£)(——r—)k (10)
D~ “f/fr> "D £° D ¢ D

The last term on the left-hand-side of (5) is the non-dimensional flow rate
from the reservoir into the fracture. The reservoir flow equation is

32 3% ap

T T T ' ’
= (11
ayz az2 ot

for 0 <y < »and 0 < z < H. The initial condition is

p =0 , t=o0 , 0°Y<® (12)

0<2z< H

and the mixed boundary conditions are, after considering the symmetry about

the plane y=0 and the position of the fracture,

apr 0<2z<2z
3y =0 z, <2< H 13)
y=0 , t>0
P.=Pg zp <2<z ‘ (14)
aPr
5z = 0 2=0 and z=H , 0 < y < », t>0 (15)
Lim P =0 , 0<z<H , t>0. (16)
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where H=H'/xf is the non-dimensional reservoir height. Note that coupling
is through the pressure continuity condition (14) and through the source
term in (5). Hence, while Pr depends explicitly on y and z only, it will
depend implicitly on x through the condition (14). Figure 2 illustrates
planar views of the fracture problem (x-z plane) and the reservoip problem

(yz plane), drawn for any plane of constant X.

(A2) Derivation of Integral Equations

First, the time variable is eliminated by applying a Laplace transform
to each of equations (5), (7-9), (11), and (13-16), noting the initial con-
ditions (6) and (12). Defining for any function g(t), its Laplace transform,
g(s),

g(s) = f: g(t)e Stat (17)

the transformed versions of equations (5), (7-9), become

azlff aziff _ 9P
—_— ~YP, = o ——|._ (18)
ax2 az2 £ 3y |y=o

for 0 < x<1land z, <2z < 2, >

A
5& =1/s , x=0 (19)
, z, <z <2
aFf g “
—-g-x— =0 , =1 (20)
% _ z=z, and z=2 0<x<1 (21)
oz ’ L u ot '

The constant o and the function y of the transform variable are given by

a = , Yy=>— . (22)

(=}

=)
3

o

.
g R —




N——"

prr—";

Po———1

apr =0 0 <z< 2z
Ay . zu <z<H y =0
Pr = Pf z, <z <z,
a—;
—5 = 0 z =0 and z=H , O<y<e

im 5 _ g 0<z<H
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(23)

(24)

(25)

(26)

(27)

The reservoir problem is formulated first, assuming that the function

ﬁk(z,s) is known for the time being. The following solution to the differen-

tial equation (23) is assumed

[ -]

T cosh (vH

where

v = €2+ )12

5 - ey Sosh(vz) &+ [ ceEye™ dg.
fo (5) Coshumy cos (EY)de + fo (£)e™” cos(E2)g;

(28a)

(28b)

which already satisfies condition (26a). Upon making the substitution

Zu
CE) = -/ ¢M)sin(Ew)du ,
Ze
and imposing that

z
f “ ¢(u)du = 0

zk —
P,
it may be shown that for any integrable function ¢(u),—3;-

y=0

(29)

(30)

is zero outside of
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2, <2<z, and non-zero in this region, so conditions (24) are automatically

satisfied for any ¢(u). Application of the Fourier cosine transform to the

condition (26b) yields the result

-vH z
AE)= ctnh(vH%e f sinh (vu)é (u)du (31) W%
v z, . ' ' e

The ensuing expression for ?; in terms of the unknown function ¢ may be shown

to vanish in the limit y - «, hence (27) is satisfied as well, leaving’the
following integral equation of Fredholm type representing the pressure condi-
tion (25),

z

[ Kzwex,wdn = Fo(x,2) (32a)

Zy

valid over the region 0 < x <1 , Zp <2<z, The kernel is given by

o0 e—\)H - . ) ( w
> sinh(vu)cosh(vz)dg - [ Sin{EU)Z0S £2) g¢ . (32b)
© y“sinh (vH) o : .

K(z,u) =

If P. were known, the integral equation could be solved easily for a grid of

f
values over the fracture for ¢. ~Also, note that i
ap. n cu
T = i'f ¢ (u)du (33)
3y | y=o z

. for z, <z < Zy, therefore ¢ may be interpreted as a flow intensity or density

function defining for each plane of constant x the flow intensity per unit
fracture height and is a function of position z, zy <z < 24

The solution to the fracture problem (18-21) may be solved by assuming f
the total fracture pressure is given by

Pe = Py + Pp (34) E

where ?ﬁ is the solution to (18-21) for the right hand side of (18) identically

zero and ?ﬁ is the solution to (18-21) for the right hand side of (19) idepti-

cally zero. The homogeneous solution 5ﬁ is found immediately to be
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2 /y(1-x)
?ﬁ = l{(l - ~__E_____ge/;k + __E__.____q (35)
s 2cosh(¥y) .  2cosh(¥/7)

The particular solution 5} is found by assuming the Fourier series representa-

tion
_ © o T z-2,
P = P, .sin[(2k+1)=x]cos[n]j 36
o= L jzo sint Zx]cos [1j——] (36)
where h = z, -”zl is the non-dimensional fracture height. This solution auto-

matically satisfies the boundary conditions for the particular problem and if

the coefficients are chosen as

P . = “j
kj © 2 2

[(2k+1) 2T + jz;'?. + v]

(37)

where the Fourier coefficients of the right hand side of (18) are given by

g 1 Pu aﬁ; - z-2,
fi5 = K fo fzz[a 5y y=0] (x,2z)sin[ (2k+1)5 x]cos (rj——)dzdx , (38)

then the differential equation is also satisfied.

Noting (33) and substituting (38) into (37), then into (36) and along with

(35) into (34) gives the pressure in the fracture -in terms of ¢. Substitu-

tion of this Pf form into (32a) yields the two-dimensional integral equation

Z, 1 2y —
[ K(z,z')¢(x,2")dz" + [ [ Lix,z;x',2")¢(x',2")dz"dx" = Py(x) (39)
zg 0 zy

for 0 < x < 1 and z) < z<z,. Dummy integration variables are denoted by

primes, not to be confused with the original dimensional variables of Figure 1.
The following additional equation obtained from (30) must also be applied
over 0 < x <1
Zu
[ ¢(x,z")dz' = 0 . (40)
zg

The kernel K(z,z') is given in (32b) and the kernel L(x,z;x',z'), after much
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manipulation and evaluation of the summation over j in closed form, is
given

sin[(2k+1)%-x]sin[(2k+1)x']

_ Lix,z;x',z') _ 4z

L [h(FS, + FA)+

] (41)
oh k=0 'ns alz
where - .
(zu+22) (z'+2) sinh[a, E{zu+zz-z'-z)] ' .
B=—% "~ n ~ T sim(@m (42a)
inh[a, ~(z. +z,-|z'-2|)]
_ |z'-z] SINDLY 7lZy"2y
FA, = sgn(z'-z) {1 - - sinh(akw) (42b)
and
2 2 2
a, = (2%+1) -Z—-+ Y . (42¢)

(A3) Numerical Analysis

The integral equation (39) with subsidiary condition (40) is solved by
assuming the integrals over x' and z' are approximated by finite Gauss-
Legendre quadratures using the integration points

Xn m=1,M

Z n

n 1,N . (43)

If the free collocation variables x and z are also assumed to take on the
values X, and z then (39) and (40) will yield Mx (N+1) equations for the MxN
unknowns

o (x »2,) m=1,M n=1,N (44)

Since the behavior of the function ¢ is expected to be smooth for z in the
center of the fracture, the equation corresponding to z = ZN+1/2 obtained
from (39) will be dropped from the formulation and the equation representing

(40) will be put in its place. Also N will be restricted to be odd.

EY
i
H
:
£
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The calculation of the kernels K and L at the appropriate values of x,

z, x' and z' is straightforward. The integrand of the first term of K in
(32b) are syitable for approximation by a Gauss-Laguerre quadrature and

except for values of z'+z close to Zzu the convergence is quite fast and even
for z'+z close to 2zu tonvergence is acceptable for reaéonably small values of
N. The second term of K in (32b) may be transformed into a semi-infinite
exponential ihiegral whose integrand decays at best as exp[—cocosh(g)] and

at worst as exp[-£], where £ is the variable of integration and A is a constant,
and therefore is also suitable for application of the Gauss-Laguerre quadra-
ture and has excellent convergence properties. The summation in L involves
terms that decay as slowly as (1/(2k+1)2) and as quickly as exp[-co(2k+1)2]/
(2k+1)2. It is straightforward to improve the convergence of the poorly con-
verging terms by subtraction of approbriate terms whose sum is known.

The solution of the ensuing (NxM)x(NxM) linear system is carried out by
standard techniques. Once the values (xm,zn) are known, the transformed
pressure in the fracture may be found by noting (33) and approximating the
integrals in (38) again by Gaussian quadrature and substituting successively
into (37) and (36) and along with (35) into (34). This of course involves a
double summation over k and j. However, the quantity of interest is the
net transformed non-dimensional wellbore flow rafe, or

Zy 3P

Us) = [, [palxazis) ] gl (45)
L

The differentiation and integration may both be carried out in closed form

and one is left with outer double finite sums over X and 2, and inner infinite

sums over k which converge even faster than similar terms of the kernel L.
The above procedure is repeated for each value of s to be used in the Laplace

transform inversion routine which itself will involve a finite sum over values
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of s of the function Q(s) given in (45). The inversion scheme is based on

a method due to Bellman, et.al. [3].
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Figure 1. A rectangular fracture of width w [0<x'<xg, z§<z'<z&] in a semi- 3
infinite siab reservoir [-=<y'<e, 0<x'<e,70<z <H'].  Wellbore
is located along the z' axis.
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Figure 2. Planar views of the fracture (a) and reservoir (b) boundary
value problems.
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PRELIMINARY ANALYSIS OF GEOLOGIC PARAMETERS CONTROLLING FRACTURE IN THE
DEVONIAN SHALES FOR KANAWHA COUNTY, WEST VIRGINIA

This Appendix reported supplementary information and results obtained
by Mr. A. Andrews. The detailed results will be presented in an M.S. thesis.

In accordance with e%asticity theory, the horizontal stresses at a given
depth are related to thelsverburden stress by a factor of v/(1-V). In situ
stress measurements have demonstrated that this is not true, as evidenced
by the anisotropic stress conditions depicted in Plates 1 and 2Ldeveloped
for this study. The presence of the underlying Rome Trough and Appalachian
orogeny play an important role in the development of this stress anisotropy.
Maximum natural fracturing density should be prevalent in regions of tec-
tonic relief, indicated by low stress ratios. Parts of southwestern W.Va.
lie within an area with the stress ratio values ranging from 0.43 to 0.70.
In situ stress measurements corresponding to sites in Plate 1 are given
in Table D-1. For this study, cross-section No. 1 was analyzed with 481
elements (Figure D-1). Four separate cases were examined with variations
in material properties and in situ stresses. The basement was assumed to
be fixed with skewed roller supports in the abutment (fault slope). Re-
presentative material properties, selected from literature, are listed in
Table D-2. Values selected for E and v were based on the maximum values
measured for specific sedimentary rock types. To evaluate the sensitivity
with respect to these values, analyses were conducted by first using these
maximum values and then repeating with ﬁ reduced by 50% and v reduced to
0.25 below the Devonian Shale.

Evaluations for the following cases were conducted:

Case 1A

Based on the stress ratios suggested by the literature, the horizontal

stresses assumed from the surface to the basement (Fig. D-2) were:



= 0.70 ¢

Left (NW basin) oy s, nta1 = Overburden

Right (SE basin margin) “Horizontal Coverburden

The material properties are listed in Table D-2,

Case 1B

The stress conditions for Case 1A were assumed with E reduced by
50% and v reduced to 0.25 below the Devonian.
Case 2A

For this case (Fig. D-3), the stress conditions for case 1A were
applied only down to the base of the upper Silurian (unit 5). Below this

unit, it was assumed that the horizontal stresses were based on

v
%Horizontal = 1-v 99verburden

Case 2B. .

For this case, case 2A was modified in the manner described in Case 1B

(Fig. D-4).

Figures D-5 through D-8 graphically compare the stresses used in
each casé. The actual values used are shown in Table D-3.

It is apparent from Figs.D-9 through D-12 that the most pronounced
" effects are evident above the basement fault due to the support conditions,
j.e. the skewed roller support with the most extreme being Case 2B. For
this case, at a distance of 75,200 ft from the northwest, within the
Devonian the stress ratio approaches a value of 0.24 and is comparable with
the value of 0.37 for Case 2A. This appears to have some significance, if
the assumed support condition approximates-the actual condition. This
implies that there may be some degree of highef fracture density then pre-
sumed from the stress trajectory ratio. It takes on added significance

when correlated with the geologic conditions shown in Plates 1 and 2. As
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shown in Plate 1, this location approximately correlates with the boundary
between two coal fracture domains 4 and 6. On its own merit, the boundary
of these domains is sufficient in-terms of suggesting some stress concen-

tration and also correlates with the axis of the Cabin Creek syncline.
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TABLE D-1
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IN SITU STRESS MEASURMENTS
REFERENCES TO PLATE 1

Plate Hmax Hmin Denth v Stress Reference
Ref. [psi) J(psi) (feet) (psi) Ratio
1 5ant NROE &  2Ah10 2788 INA .86 Haimson
Devonian Shale
2. 4390 NSOE 5  23A0 2745 3210 .73 Terra Tek '
Devonian Shale
3 3332 NROE %4 2374 2746 3095 .77 Lindner & Halprin
| Devonian Shale
a - - - - - - C1iffs Minerals
8 2305 N&R2W 1677 1100 1240 1.35% Tosco/Aganito
Coal - Becklev No? Mine
) 3172 N75E 1890 1100 1240 1.52*  Tosco/Agapito
Coal - Becklev Nol Mine
7 3380 NASE 2459 863 973 2.53* Tosco/Aganito
Coal - Maple Meadows Mine
8 3339 NR9E 251% 830 935 2.A0%* Tosco/Agapito
Coal - Beckley Mining Co Mine
9 3815 NR7E 3101 1140 1285 2.41%* Tosco/Agapito
Coal - Bonny Mine
10 - - - - - - Cliffs Minnerals
11 - - - - - - Cliffs Minerals

12

C1iffs Minerals
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TABLE b-2

Wi

MATERIAL PROPERTIES

PERIOD ROCK TYPE SPECIFIC ELASTIC POISSON'S £
& Series _ WEIGHT MODULUS RATIO :
-~ (1bs/cf) {10x6 psi)

PENNSYLVANIAN SANDSTONE 141.71 2.069 S 25%**
Pottsville

MISSISSIPPIAN SHALE 171.05 5.0%* .21
Mauch Chunk
Greenbrier

MISSISSIPPIAN SANDSTONE 142.96 2.0R0 .28
Pocono
Weir -
Berea ;

DEVONIAN SHALE 162.84 4.4 .21
Huron
Java
West Falls
Sonyea
Genesee

SILURIAN LIMESTONE 171.0* 12.0%* .30+
Onondaga
Oriskany
Cayugan
McKenzie
Kiefer

SILURIAN SANDSTONE 152.0* 7.0%% 25+
Tuscarora 1

ORDOVICIAN SHALE 16A.0* R.0%** 214 ok
‘ Juniata
Martinsburg

ORDOVICIAN LIMESTONE 172.0* 12.0%* .30+
Chazy
Chambersburg

ORDOVICIAN DOLOMITE 174.0* 13, 5% .34+
Conococheaque -
Stonehenge
Beekmantown

CAMBRIAN LIMESTONE 172.0* 12.0** .30+
El1brook ok

CAMBRIAN SHALE 166.0* R.Q%* 21+
Rome .

CAMBRIAN DOLOMITE 174,0% 13,5%* .34+
Shady

CAMBRTAN SAND STONE 168.0* 7.0%* 25+
Unicoi ®
Harpers
Antietem

* max. assumed (Lama, Vol IV, Table 58) ** max. assumed (Stag and Zienkiewicz,
Fig 1.5 and 1.6) + max. assumed (Goodman, Table 3.1)
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NORTHWEST
UNIT

O~ U WY -

- s b b
Ww-=Q

SOUTHEAST
UNIT

GR-JNUILHh WM -

b ek b b
W=

Values for horizonatal stress used in modeling - values in psi.

DEPTH

1410
1755
2230

4760 -

6318
6330
8130
9938
11736
16876
22280
22828
24240

DEPTH

2368
4062
6870
7878
3880
18180
11980
13965
14223
15548
16128
16985

CASE1A
(4]

-971.3855

1258.166
1588.2708
3598.972
4879.489
4894.187
6346.637
7851.680
9374.188
136887.92
18614.20
18478.95
19638.61

LITHOS

e

2322.465
3498.437
4205.298
7388.673
8568.173
8789.839
11218.67
13368.67
15686.71
16866.54
17593.97
18294 .81
19261.31

TABLE D-3

CASEZ2A

(3]

971.3855
1258.166
1588.270
3598.972
4879.489
3764.763
2418.131
4807.152
6898.75
7964 .0834
6840.833
13593.33
9347.910

CASEZ2A

(4]
2322.465
3498.437
42065 .291
7388.673
8568.173
4732.993
2980.0843
5726
8881.827
6885.659
467€.875
9424.597
6480.437

136

CASEZB

a
971.3855
1258.166
1588.2786
3590.97¢
4879.489
2338.562
3622.229
3738.895
4463.896
6194.25
8578.187
8795.687
9347.910

CASEZB

e

2322.465
3498.437
42085 .291
7388.673
8568.173
2929.944
3736.888
4453.555
5228.982
5355.513
5864.659
6898.271
6408.437
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