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tropic elastic half plane. The relative displacement across the DD varies quadratically.
We employ the complex potential-function method to first determine the Green’s stress
fields induced by a concentrated force and then apply Betti’s reciprocal theorem to obtain
the Green'’s displacement fields due to concentrated DD. By taking the derivative of the
Green’s functions and integrating along the DD, we derive the exact closed-form solutions

Iézzvrsgdfsl;n ction of the stress fields for a quadratic DD. The solutions are applied to analyze the stress fields
Displacement discontinuity near a horizontal DD in the half plane with three different profiles: uniform (constant), lin-
Non-uniform ear, and quadratic. The same methodology is applied to an inclined normal fault to inves-
Complex potential function tigate the effect of different DD profiles on the maximum shear stress in the half plane as
Fault well as on the normal and shear stresses along the fault. Numerical results demonstrate
Hydraulic fracturing considerable influence of the DD profile on the stress distribution around the discontinuity.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Scientists and engineers study cracks for many reasons. Two key reasons are to (1) understand the associated stress con-
centrations or singularity features, and (2) accurately predict the life span of cracked structures or media.

Numerical methods such as the finite element method (FEM) and boundary element method (BEM) have been utilized by
many researchers to solve crack problems. The BEM based on displacement discontinuity (DD) has been proved to be par-
ticularly efficient [1-3]. The indirect BEM also has been used to treat single and multiple displacement discontinuities (DDs)
in 2D finite and infinite regions [4] and to calculate stress intensity factors at crack tips in 2D anisotropic elastic solids [5]. An
accurate single-domain BEM for 2D infinite, finite, and semi-infinite anisotropic solids [6] has been extended to three-
dimensional (3D) anisotropic media [7]. The Riemann-Hilbert method can be adopted to solve 2D crack problems in an infi-
nite, homogeneous, anisotropic plate [8]. A general higher-order DD method coupled with an indirect BEM has been applied
to the quasi-static analyses of radial cracks produced by blasting [9]. Complex crack problems such as multiple branched and
intersecting cracks also have been investigated using the numerical manifold method [10], which also has been applied to 2D
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Nomenclature

Latin

a; bj, ¢ constants to determine the relative displacement discontinuity profile in j-direction

A B complex constants

f10, f20), f3()  function of

Fw Fy line force component along x- and y-direction respectively

i imaginary unit

k1, k3, ..., k15 complex variables

L length of displacement discontinuity

n normal vector

np p-component of normal vector

p.q 1.5, w dummy complex variables

t parameter that varies between 0 and 1 along the displacement discontinuity

tm location along displacement discontinuity between 0 and 1 at which relative displacement is known;
0<tn<1

U displacement component in k-direction

U, j derivative of k-component of displacement with respect to coordinate j

Au relative displacement discontinuity vector

Aujy, Aujp relative displacement discontinuities along j-direction at starting and ending points of displacement
discontinuity

Al relative displacement discontinuities along j-direction at t = t,,

Aug relative displacement discontinuities along g-direction

X,y coordinates of the field point of the line force

X1, X2; ¥1, ¥ coordinates of starting and ending points of displacement discontinuity

Xs, Vs coordinates of the source point of the line force

Z, Zs complex variable to define a field point and source point of the line force

Z1, 22 complex variables to define starting and ending points of displacement discontinuity

Greek

%, Bi Vi constants related to the profile of displacement discontinuity

Iy, I, complex functions

I'p, I'yp complex functions corresponding to particular solution

Iy, T'ae complex functions corresponding to complementary solution

Exxr Eyyr Vxy strain components

u shear modulus

v Poisson’s ratio

0"q pq component of stress induced by a line force in k-direction

Opai derivative of pg-component of stress induced by a line force in k-direction with respect to coordinate j

Oxx Oyy, Oxy ~ Stress components

o0, () complex functions

dp(), Yp() complex functions which describe the particular solution in an infinite plane

o) W) complex functions which describe the complementary solution of the half plane

Qq, Q5 complex functions

Q1p, 2op complex functions corresponding to particular solution

Q1 2o complex functions corresponding to complementary solution

Acronyms

2D two-dimensional

3D three-dimensional

BEM boundary element method

DD displacement discontinuity

FEM finite element method

crack propagation [11]. Moreover, the growth of short fatigue cracks has been studied by 2D DD BEM [12]. Axisymmetric
crack problems have been analyzed with the axisymmetric DD method [13].

DD-based BEM analyses have been applied to a variety of problems in geology, especially those involving faults. These
models have been used to simulate the behavior and interaction of intersecting faults in both 2D and 3D [14,15], and the
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development of secondary fractures near faults [16]. These models also have been used to study mixed-mode fracture prop-
agation in an isotropic 3D medium [17], elastic stresses in long ridges [18], and stresses associated with the initial stages of
landsliding [19,20]. DD-based BEM can also be used to investigate the role of static friction on fracture orientation along
strike-slip faults [21]. These investigations confirm that the DD method is flexible and particularly attractive in solving geo-
logical problems.

Motivated by the important applications of the DD method in the earth sciences as well as in the oil and gas industries
where faults and hydraulic fractures are important, we present here the exact closed-form solution for a non-uniform DD in
an isotropic elastic half plane. In Section 2, the problem is described and the exact closed-form solution is derived. Using
numerical examples, the stress fields arising from three DD profiles (uniform, linear, and quadratic) are presented and com-
pared in Section 3. The key conclusions are summarized in Section 4.

2. Solution to a non-uniform displacement discontinuity in a half plane

We consider first a DD vector Au at a point z=x + iy in the complex isotropic elastic half plane with the DD line plane
normal being n. The induced displacement uy, in the k-direction at z; = x; + iys can be expressed using a relationship based
on Betti’s reciprocal theorem [22].

(z,) = /L ok (2:2) Aty (2)n, (2)L(2) (1)

where the summation convention is implied for repeated indices p and q. In other words, they both take summations from 1
to 2 (i.e., from x to y). Also in Eq. (1), L is the length of DD, and o*’l;q (zs;2) is the stress with component pq at z induced by a line
force (per unit length) in k-direction applied at z; agq (zs;z) thus has dimensions of 1/length.

In order to find the DD-induced stress field, one needs to take the derivative of Eq. (1) with respect to the line-force loca-
tion zs.

Ugj(2s) = /L Opqj(Z5:2)Allg(2)np (2)dL(2) (2)

where the derivative for index j is with respect to xs or y.
The constitutive relation in 2D plane-strain deformation can be applied to find the stresses as follows:

Oxx 1-v v 0 Exx

_zi‘u 1-— 0 & 3
ny - (1 — ZV) v v vy ( )
Oyxy 0 0 (1-2v)/2 Yxy

where p and v are the shear modulus and Poisson’s ratio, respectively [23].

In order to find the DD Au-induced displacement, strain, and stress fields, one first needs to find the line-force-induced
stress field qu as it appears in Eq. (1). We adopt the complex variable function method of Muskhelishvili [24] to derive the
solution. We assume a concentrated line force (F + iF,) located at z; = X + iy, in an isotropic elastic and homogeneous half
plane y > 0. The surface of the half plane is assumed to be traction-free. From Muskhelishvili [24], the plane stresses can
be expressed in terms of two complex functions ¢ and s of the complex variable z = x + iy.

Oxx + Oy = 2[¢(2) + ¢'(2)] (4)
Oy — Oxe + 210y = 2[2¢"(2) + Y/ (2)]
where the overbar denotes the conjugate of a complex variable or function, and the prime indicates the derivative of the
function with respect to z. For the half plane case, these complex functions can be separated into two parts: a particular solu-

tion with subscript “p” for the infinite plane, and a complementary part with subscript “c” that is introduced to satisfy the
traction-free boundary condition on the surface of the half plane.

b(2) = ¢p(2) + ¢c(2)
¥(2) = ¥p(2) + ¥ (2)

For a line force located at z, these complex functions are

()

$p(2) =Aln(z - z), Y,(z) =Bln(z-z) —AZESZS (6a)

9c(z) = —[AZZ + BIn(z - )]

¥.(2) = -Aln(z - z) + Z[M _ gz;az]

Z-Zs (z-z5)

(6b)

where again z = x + iy is the field point in the complex plane and A and B are two complex constants:
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_ —(Fe+iF)  ,  (3—4V)(F—iF) ;
“8rn(l-v)’ T 8m(1-v) (7)

A

Substituting Eqs. (6) into Eq. (4), the stress field induced by the concentrated line force at z; can be obtained.

Q1 =[O+ Oyl/2 = Qip + Q1c

. 8
QzE[O'yy—axx-'rzlaxy]/z:sz+ch ( )

with the particular part being the solution for the full plane. The particular and complementary parts of the stress fields due
to the concentrated line force in the half plane can be expressed as follows:

Qip =[O+ 0yy], /2 = A+ A )
Qyp = [0y — O + 20y, /2 = £+ 255

Z—=Zs (z—zs)2

o A+B _ A Az-z;) | Az-2
Qic =[O + Oyl /2 = *zfz'f - 23: + (Z<flsz)2) + (z(stz)z) (10)

B Az-=z) _ 5\ [_ 2448 | 2A¢z-z)
(z-%) (zfzS)ZJr(z z){ (z-25)° (Z—ZS)3]

Qe = [0yy — Oxx + 200, /2 =

We point out that with the line-force induced stresses in Egs. (9) and (10), one can find the DD-induced displacement field
via Eq. (1). In order to find the DD-induced stress field, the derivatives of the line-force induced stress field with respect to (x;,
¥s) are required which are presented below.

0y _ 0 n Qp _ A + A

oXs 0z 0Zs (z-25)® ' (z-25)? (11)
0y i 0y 0p| il—A_ _A _

ays — | oz 25 (z-2)°  (z-2)?

0y _ Iy | 0y _ 2A(Z-2) B+A

xs — 0z zs T (z—z)® | (z-z)? (12)
00 _ ;[0%p _ 99p) _ j[24@-2) | B-A

ays — | Ozs 0Zs (z-25)° (z-25)?

0 _ 9%c | 0% _ _ 2A+B _ 2A+B | A7) 2A(z-25)

x T oz 0z @272 (2P (-z) | (z) (13)
oo — jlome o] _i[_B __ _B 2Az-2) _ 2A(z-%)

ays — |0z 0z @z)? @z’ @zn) (@)

M — 0% | e _ (7 7) 6A(z-z5) _ 23A+B)| _ 2A(z-z) |, _A+B

xs 0z 0z -2z (%) z-2) | (z-z)? (14)

0 — (09 09| _ i/, _3\[_6Az-z) , 2A+B)| | 2Az-z) __A-B
ay, =1 [ oz, zs ] - l[(z 2) { (z-25) (2—23)3] + (z-25)° (2—25)2]

We assume now a DD distribution of quadratic form along a straight line segment from z; to z; in the half plane. Our goal
is to find the analytical expressions of the stress field induced by this general form of DD in the half plane. To achieve this, we
first express the straight line segment in the parametric form.

(a) surface x
2 =(X,y1)
t=0
Au,y, Auy,
(b)
| ]t
Aun | =05 I
t=t
Auy, Aug, Au,, = ;
/ t
AumI =0.5

2,=(X,,Y)
t=1
Au,,, Auy,

Fig. 1. (a) Schematics of a non-uniform DD in the half plane. (b) Three special cases when the maximum value of Au occurs in the middle of the DD: a
uniform (constant) DD (top), a linear DD (middle), and a parabolic DD (bottom).
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X=X1+ (X2 —xq)t
15
Yy=y1+ -yt (13)

where t =0 and 1 corresponds to (x,y) = (x1,y1) and (x5,y»), respectively. The length of the DD segment is
L=/t %" + 0~y
In terms of the parameter ¢, the quadratic DD Au; can be assumed as

Au; = 2(qit? + bit +¢;); j=x,y

(16)

(17)
where a;, bj, and ¢; are constants which can be determined from values of Au; at three arbitrary points along the discontinu-
ity. In this paper, we consider the start and end points of the discontinuity and a point in between, so that

_ Aujy —tmAugp +tm Aujy —Auyy

a; = Do (tm—1)
Aujp —Au; Al —tmAljy +tm Aui —Au; .
pp— J2 gt ym—tm At TimAYj1 gl —
by ==%; 2tm(En 1) J=Xy (18)
Au;
L ot
==

where Auj;, Aujy,, and Auj, are the magnitudes of the relative displacement at the start (t=0), at an intermediate point
(t=tn), and at the end point (t = 1) of the DD line, respectively. Note that t,,, varies between 0 and 1, and it does not need
to correspond to the point with the maximum value of Au;. One special choice is t; = 0.5 which means that the relative dis-
placement Au;, is at the midpoint. Equation (17) represents a general quadratic DD profile as illustrated in Fig. 1a while
Fig. 1b shows three special cases where the maximum DD occurs at t,, = 0.5 for the uniform (constant), linear, and quadratic
distributions of DD profiles.

Therefore, in terms of parameter t, the DD-induced displacement derivatives can be expressed as follows.

k=xy

o — 2yl ) [df,’f" + aff"] (agt? + byt + c)dt { "
p or g=xy

o 1 [.o0% . 90k 2
o= 2mpL fy [ — 18] (aqt? + bt + cq)de

(0, /1)x10°

Surface X

Presented exact solution S A
0.5m

- -~ Crouch & Starfield [2]; N=1
— Crouch & Starfield [2]; N=8

eee Crouch & Starfield [2]; N=32

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 15 2 25

Fig. 2. Normalized horizontal stress g,/u along the horizontal line segment x’ (0.5 m above the crack) calculated by the constant DD element solution of

Crouch and Starfield [2], as compared to the present exact closed-form solution. The crack opening shape is quadratic and the crack length is 4 m. It is
horizontally located at y = 1000 m below the surface of the half plane.

Table 1

Maximum relative error for the horizontal stress oy, calculated by the constant DD element solution of Crouch and Starfield [2], as compared to the present
exact closed-form solution of the quadratic DD profile. N represents the number of the discretized constant elements along the crack length.

N 1 2 4 8 16 32 64 128 256 512
Maximum relative error (%) 897.00 647.75 192.68 54.10 12.35

3.01 0.75 0.19 0.05 0.01
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Note that for k = x, we set Fy =1 and F, = 0 while for k =y, F, = 0 and F,, = 1. Thus, in terms of the components, the following
integrals are needed in order to find the displacement derivatives in Eq. (19).

OXs 0z 0z

Tups, = 2L g 522 (@t + bt +)dt = 2L [y |22 + %522 (@£ + byt + ;)dt 20

Tmpy, = 2L [y %2 (q;t? + byt + ¢;)dt = 2iL |, [@;;;;» ‘mmp] (@2 + bt + ¢;)dt

Timex, = 2L [y 22 (a5t + byt + ¢j)dt = 2L [ [Puc 4 %nc)(q;t? + byt + ¢j)dt

ey, = 2L f3 % Och (ait? + byt + ¢)dt = 2iL ) [‘jjjz?f - 09mr] (@jt? + byt + ¢;)dt

(21)

The exact closed-form expressions for the functions I'mpxs, I'mp,ys: I'mcxs» and I'mcys are given in the Appendix. Using the
constitutive relation in Eq. (3), we can find the corresponding stress field. Note that the particular solution is the full-plane
solution and the complementary solution approaches zero far from the surface. As a result, far from the surface the total
solution approaches the full-plane solution.

3. Numerical examples

For a straight crack in a linear elastic medium, the relative opening displacements generally are non-uniform. Thus, using
a quadratic DD would in many cases yield satisfactory solutions with less discretization and shorter computer runtimes. To
investigate the utility of the quadratic DD, we apply our exact closed-form solutions to three DD cases in an isotropic elastic
half plane.

In the first numerical example, we calculate the normal stress field 7,y induced by a quadratic DD. Similar to the work by
Maerten et al. [25] and Crouch and Starfield [2], in order to approximate the quadratic DD profile, certain numbers of
constant DD elements are needed. The results illustrated in Fig. 2 consider a horizontal opening-mode DD of length 4 m

0 0 — ‘
+ X _Surface |08 N 05 X _Surface
E [ ] r [ ]
L i i I o 0 { 1
I 1 B 1
| = N —_—
. T 081, i o | S
™ T 3 I L a
ylIL 12! ylIL 1f1 Bz )
E [ o 0
15 0 1 15}
A (@) I (b)
2 1 1 I Pt 2 1 1 1 JU
-1 05 0 0.5 1 -1 05 0 0.5 1
x/L x/L
B [ X _Surface
! ]
A
- g 1
05 " T
o | —— 3
| —+ 1
yL 1| (2(@= 2)
=T
0 o 3 0
- 44
15
i (©
2 L 1 L T W T VA T
-1 05 0 0.5 1

IR [ [ [ [[[] W (0. /wx10°
1. 2 3 4 5 6

6 5 4 3 2 -1 0

Fig. 3. Contours of g,/ for a horizontal DD, with length L = 1 m, located at y/L = 1.0 in the half plane for (a) uniform DD, (b) linear DD, and (c) quadratic DD.
The surface of the half plane is located at y = 0. In all three cases, the maximum value of Au, is 0.005 m.
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in a half plane. The material properties for the half plane are u = 2 GPa and v = 0.25. The crack is 1000 m below the surface so
that the Crouch and Starfield [2] solution for the constant DD in the full plane can be applied. The DD profile is assumed to be
quadratic, with the maximum opening being Au, = 0.005 m at the crack center and zero at its left and right tips. For simplic-
ity, the horizontal component of the DD is assumed to be zero along the crack. For this case, our exact closed-form solutions
of the quadratic DD can be directly applied without requiring any discretization. To see the effect of discretization, we have
also applied the constant DD solution of Crouch and Starfield [2] to discretize the quadratic DD profile. Fig. 2 compares the
values of o,,/u along a line which is 0.5 m above the crack (x’ line). In this figure, the dashed, dotted and thin solid curves
correspond to the results using the Crouch and Starfield solution [2] with N =1, 8 and 32 constant DD elements along the
whole length of the crack; the thick solid curve represents the exact closed-form solution of the quadratic DD presented
in this paper. In order to accurately predict the stress field induced by a quadratic DD, 32 constant DD elements are required
for a maximum relative error of 3% (Table 1). Table 1 further shows the relative error percentage of using different numbers
of elements, as compared to the exact closed-form solutions of quadratic DD profile. For a maximum error less than 1%, 64
constant elements are needed, indicating more computational times as compared to the exact closed-form solution pre-
sented in this paper.

In the second example, we compare the stress fields of opening-mode DDs with uniform, linear, and quadratic relative
displacement profiles, respectively. In this example, each horizontal DD line has a length of 1 m located 1 m below the sur-
face. Along the DD line, we assume only the relative opening displacements and there is no tangential displacement discon-
tinuity (i.e., Au,=0). Fig. 3a illustrates the contours of the horizontal normal stress oy, induced by the DD where Au, is
uniform and equals 0.005 m. Fig. 3b and c shows the contours of the stresses due to the linear and quadratic variations in
Auy, with the maximum relative discontinuity being 0.005 m at the crack center and zero at its left and right tips. The mate-
rial properties are set to 4 =2 GPa and v = 0.25 in each case. The vertical normal stress g, and shear stress o, for these three
DD profiles are shown in Figs. 4 and 5, respectively. While Figs. 3-5 each show gross similarities, including a stress singu-
larity at the tips of the DD, they differ in detail, especially along the DD. For instance, the stress singularity at the tips is stron-
ger for constant DD than for the linear and quadratic ones, and the sign of the near-tip stress perturbation is more
heterogeneous as well. In addition, Fig. 5 demonstrates considerable difference between the shear stress o,, fields induced

0 0
+ X _Surface + X Surface
0 4 0 i ] I 0 0 t 1
1 1 ! 1 5t ! 1
[ 1
I osf- . - |iEe
L . I - a
y/L y/IL 1F
] 151
0 0 - 9 -2 iy
1 2 (@ (b)
21\\\I\1\1|\\\|I||\| 2\\\\'171\'7\\\'1\\1
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 i
x/L x/L
£ [ X _Surface
! I 1 f : W
L ! =
051 S|
L (SIS
yL 1
15F
| 0
: /7 \ @
2 = el i | L = ] ey
-1 -0.5 0 0.5 1
x/L

LT T T T (o)< 10°
1 2 3 4 5 6

6 5 -4 3 2 -1 0

Fig. 4. Contours of ¢,,/u for a horizontal DD, with length L = 1 m, located at y/L = 1.0 in the half plane for (a) uniform DD, (b) linear DD, and (c) quadratic DD.
The surface of the half plane is located at y = 0.
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by the uniform and non-uniform DDs. In particular, although the distribution of oy, is anti-symmetric on both sides of the
DD, the stress gradients are less severe near the DD tips in the non-uniform cases (Fig. 5b and c) as compared to the uniform
case (Fig. 5a). These figures further indicate that, except for the tips of the DD, at which discrepancies cannot be resolved due
to singularity, the peak stress magnitudes due to the uniform DD are about twice the linear one, with those due to the qua-
dratic one in between. This mirrors the relative difference between the average values of Au, in the three cases. Moreover,
the effect of the traction-free surface located at y = 0 on the stress distributions can also be observed in these figures. While
there are stress concentrations near the traction-free surface for the case of the normalized stress gy, (Fig. 3), the fields for
the normalized stresses oy, and o,, approach zero near the free surface (Figs. 4 and 5), which partially verifies the correct-
ness of the present formulations.

In the third example, the maximum shear stress field is calculated around an inclined normal fault represented by a
shearing DD with either a uniform, linear, or quadratic relative tangential displacements. The opening component is zero
along the line in each case. The normal stress perpendicular to and the shear stress parallel to the fault line are also calcu-
lated since these components control the conditions favoring slip ahead of the fault tip. The fault is a buried normal fault of
length L [26] in the half plane. The lower tip is fixed at y = 1000 m (y/L = 1.34) and its upper tip is located at y =300 m (y/
L =0.4) below the traction-free surface. The fault dips 70° and projects to intersect the surface at the origin. The average
dip slip is assumed to be 0.06 m and the material parameters are ¢ = 2 GPa and v = 0.25. We consider three cases: (a) uniform
dip slip along the fault; (b) dip slip that varies linearly from a maximum at the midpoint of the fault to zero at both the upper
and lower tips; and (c) dip slip of a quadratic nature, with its maximum at midpoint of the fault and slip tapering to zero at
both the upper and lower tips. Again, zero normal DD is prescribed along the fault walls, i.e., the walls are required to remain
in contact and neither open nor interpenetrate. The contours of the maximum shear stress around the fault for these three
cases are shown in Fig. 6. In the uniform case, the stresses are strongly concentrated at the DD tip and diminish sharply
towards its center (Fig. 6a). This is a result of the constant displacement discontinuity Au terminating abruptly at the fault
tips. In the case where the slip varies linearly from a peak value to zero at the model fault tips (Fig. 6b), the maximum shear
stress is singular at the tip, but not as strongly singular as where the slip is constant [27]. This reflects the linear taper of the
slip to zero towards the model fault tip. Additionally, an even stronger stress singularity occurs where the peak slip occurs;
this reflects the discontinuity in the rate of change of the slip distribution there [27]. If the point of peak slip is close to the tip
of a model fault, then the associated singularity shifts closer to the tip too. For the quadratic slip distribution (Fig. 6¢), the

0 0
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Fig. 5. Contours of a,,/u for a horizontal DD, with length L = 1 m, located at y/L = 1.0 in the half plane for (a) uniform DD, (b) linear DD, and (c) quadratic DD.
The surface of the half plane is located at y = 0.
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maximum shear stress distribution along the fault has an intermediate character. The stresses are more strongly concen-
trated near the model fault tips than where the slip varies linearly (Fig. 6b), but not as strongly concentrated as where
the slip is constant (Fig. 6a). The maximum shear stress distribution along the model fault with the quadratic slip distribu-
tion (Fig. 6¢) is much more uniform than where the slip is constant (Fig. 6a) or varies linearly from the slip maximum
towards the model fault tips (Fig. 6b). These results imply that the secondary shear fracturing around a fault could be highly
sensitive to the slip distribution. On a separate but related point, in other cases where both the slip distribution and its rate of
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change taper to zero at the model fault tips, as in a so-called cohesive end zone [28], quadratic DD elements could be applied
to model near-tip stresses more precisely than constant-slip elements would allow.

Along the fault, Figs. 7 and 8 show partial profiles for the normal stress o, perpendicular to the fault and for the shear stress
0y parallel to the fault. Since the normal and shear stresses at the tips are singular, they have been excluded from the diagram.
The normal and shear stresses are normalized with respect to one-thousandth the shear modulus. Fig. 7 shows that the distri-
butions of normal stress g, along the faults are similar for all three cases but of different magnitudes. The largest absolute
magnitude occurs where the slip is uniform and the smallest where the slip varies linearly from a peak at the fault center.
The shear stresses in Fig. 8 are comparable near the middle of the fault for the uniform and quadratic slip distributions but sin-
gular for the linear case at midpoint due to discontinuity in the rate of change of the slip [27]. These variations in the slip dis-
tribution lead to non-negligible differences in the stress distributions for all stress tensor components. Therefore, the ability to
accurately represent the appropriate slip distribution should help predict secondary natural or induced fractures along faults.

4. Conclusions

The exact closed-form Green’s functions for a concentrated DD are utilized to derive the analytical expressions for the
stress fields in the half plane induced by the quadratic relative displacement (Au) distribution. The solution can be used
to simulate a general DD by approximating the distribution with piecewise uniform, linear, or quadratic segments. Four
key points emerge from our examples:

e The magnitude and shape of the stress contours near the DD depend highly on the relative displacement distribution. For
an opening-mode DD, except for the tips of the DD which discrepancies cannot be resolved due to singularity, the mag-
nitude of the stress components due to a uniform value of Au is about twice the linear case; the magnitude of stress com-
ponents due to the DD of quadratic profile lies in between.

e The distribution of the maximum shear stress around a fault modeled as a DD is different for uniform and non-uniform
(linear and quadratic) slip distributions. Furthermore, along the fault, the local shear and normal stresses near the DD are
also different for the three different slip distributions.

e For a model fault in a half plane, the maximum shear stress is shifted toward the surface due to the effect of the free
surface.

¢ In cases where the slip distribution has a zero slope near the crack tips, quadratic DD elements can avoid stress singular-

ities and hence can be used to model cohesive end zones more precisely than elements with constant displacement
discontinuities.

The obtained results for an arbitrary, non-uniform distribution of relative displacement using non-linear elements may
lead to more efficient numerical formulations. The methodology presented in this paper is in the exact form for a second
degree, linear or uniform profile of the relative displacement. The exact closed-form solution for a non-uniform DD in the
elastic isotropic half plane is unique, can be easily applied to simulate the realistic DD profile along a fracture, and can be
used to calculate the stress field around a fault, hydraulic fracturing cracks, and other types of DD.

Appendix A

In order to evaluate the I" functions in Eq. (20), we first make use of Eq. (15) so that the complex variables z and z along
the straight line segment can be expressed as
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Z=X1 + Yy + (%2 —X1) + iy, —yy)]t (A1)
Z=x1 — iy + (%2 — X1) — iy, —y1)]t
Then the exact closed-form expressions for the I" functions can be found as follows.

F1p,x5 = 2L{Af1 (k] s kz) + Ef] (’(3}7 k4)}

_ (A2)
Tipy, = 20L{Afi (K, ko) = Afy (ks ka)
Flc,xs = 2L{2Af2(k37 k47 ks, k4) — (2A + B) 1(’(5, k4) — (ZE + E) 1(’(5, kz) + ZEfz(kl s kz, ks, kz)} (A3)
Flc.ys = 21L{2Af2(k37 k47 ks7 1(4) — Bf1 (kﬁ7 k4) + Efl (ks, kz) — ZZfz(kl s kz, ’(57 kz)}
Tapx, = 2L{—2Af5(ks,ka, k1, k) + (A+ B)f (ks ka)} (A4)
Iapy, = 2iL{—2Afs(ks, ks, k1, k2) + (A — B)f; (ks, k2)}
FZC-,Xs = ZL{(A + B) l(kl s kz) — 6/?f3 (kg, kg, k]o, ks, kz) + (qu + ZE) 2(’(7, k47 ks, kz) -+ 6Ef3 (k]37 k147 ’(157 ks, k2)
—Zﬁfz(kn s Zkz, k5, kz) — (42 + ZE) 2(’(12, kz, k5, kz)}
Iy, = 2iL{(B — A)f1 (k1. k2) + 6Af5(ks, ko, ko, ks, k) — 2(A + B)f5 (k7. ka, ks, kz) — 6Af5(ki3, kia, kis, ks, kz)
+28f, (kir, 2Kz, ks, ko) + 2B (kiz, Ko ks ko) | (AS)
where functions fi, f, and f; can be expressed as follows.
Voat? +pt+y {(2p+q) 2p (pp )} { 1 1 ( P )} Y
.q) = dt=a +—1In - +—1In + A6
he /o (p + qt)? ?pr+q ¢ +4q d qp+q9) ¢ \p+q p(p+q) (A6)
U (r+st)(at? + pt +
fZ(rvs7p7q):/ ( )( ﬂ y)d
0 (p+qt)’
54 ~T4(2P +3q) + s(6p* +9pq + 2¢°) n 2(3sp—rq) | ( p )
2¢(p+q)* 2¢* p+q
2 "
" —sp2p+30) 5 In (p + q) L V@Ptsp i) (A7)
2pg*(p +q) q p 2p(p+q)
r+St+wt?)(ot? + pt +
f3(r757W=p7q):/ ( )( ﬁ y)d
0 (p+aqt)’*
r s sGp+5q) = 4p*w  w(30p*+22pq+3q*) (sq—4pw), (P+q
=a 3743 T e ER 3+ 3 3 + 5 In(==
3p(p+q° CP+9D 6¢*(p+q)° q*(p+q) 3¢3(p+q) q p
5{25p+r(3p+q)qw(6p2+15pq+11q Wi <p+q>}+ {r(3p2+3pq+q2)+s(3p+q)+2pw}
6p2(p+q)° 6q*(p+q)° ¢ \p 3p3(p+q)’ 6p2(p+9q)°

(A8)

with

a=(ax+ay); B=(bx+by); y=I(cx+¢) (A9)
and kq-k;s being the complex variables defined as follows.

ki =x1 +iy, —z; ka = (X2 —x1) +i(y, — ¥1);

ks =x1 — iy, — Zs; ks = (X2 —x1) —i(y2 —y1);

ks = x1 + iy, — Z; ks = x1 — iy, — zs;

k7 =X1 — i}’ﬁ ks = k] k7;

A10
k9 = k1k4 + k2k7; k]o = ’(2’(4; ( )
ki1 = 2% +2iy; — zs; kia = X1 +iyq;
kiz = kikqa; k14 = kioky + kaoky;

k15 = k%
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