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Abstract

Closed-form analytical expressions for the displacements and stresses caused by a two-dimensional line
source in two homogeneous, isotropic elastic half-spaces with imperfect bonding are derived using a
dislocation-like interface model. In this model, the tractions are transmitted continuously across the interface,
while the displacements may exhibit a discontinuity. As a special case, the deformation field associated with
a dip-slip fault dipping at 45° is obtained in closed form. The effects of perfect and several imperfect bonding
conditions on the dimensionless displacements and stresses are illustrated using line graphs, discontinuity
plots, and three-dimensional mesh-grid maps with contour lines. The results show that imperfect bonding
introduces a jump in displacement across the interface and substantially alters the surrounding deformation
field. For the considered source, the vertical displacement is symmetric about the fault, whereas the horizontal
displacement is antisymmetric. This behaviour is opposite to that observed for the vertical dip-slip case.
Keywords: Deformation; Dip—slip fault; 45° dip, Dislocation—like interface; Imperfect bonding; Mesh grids;

Contours.

1. Introduction

The study of static deformation produced by seismic
sources 1is important in seismology, geophysics,
tectonophysics, and earthquake engineering.
Understanding how the ground deforms during and
after faulting helps in interpreting coseismic and
interseismic ground movements, analysing stress
transfer between faults, and assessing seismic
hazards. The mathematical treatment of such
deformation problems has its roots in the classical
theory of elastic dislocations developed by Steketee
(1958), Chinnery (1961), and Maruyama (1964).
Subsequently, Savage (1966) and Freund and Barnett
(1976) investigated surface deformation associated
with dip-slip faulting, while Okada (1985) developed
the widely used closed-form expressions for surface
deformation caused by shear and tensile faults in a
homogeneous half-space. The Earth's crust, however,
is not a single homogeneous medium. It consists of
different geological layers and materials that are
separated by interfaces. Therefore, modelling the
Earth as two elastic media in contact provides a more
realistic representation of many geophysical
situations. The fundamental solution for a point force
in a semi-infinite solid was obtained by Mindlin
(1936), while Rongved (1955) extended the

formulation to two welded half-spaces. Dundurs and
Hetényi (1965) further examined the transmission of
force across a smooth interface. Heaton and Heaton
(1989) studied static deformation produced by point
forces and force couples in two welded Poissonian
half-spaces. Their results showed an interesting
dependence on the dip angle of the seismic source.
For vertical (90°) and horizontal (0°) dip-slip double
couples, the deformation field remains continuous
across a welded interface, whereas for intermediate
dip angles the deformation may exhibit a jump as the
source crosses the interface. For two-dimensional
line sources, Singh and Garg (1986) provided a
compact representation of seismic sources. Rani et al.
(1991) obtained expressions for displacements and
stresses at arbitrary points in a uniform half-space,
and Singh et al. (1992) extended these results to two
welded half-spaces. Rani and Singh (1992)
subsequently considered the deformation produced
by a long dip-slip fault. Most of the earlier studies
assume that the interface between the two media is
perfectly bonded, or welded. Under this assumption,
both the displacements and the tractions remain
continuous across the interface. But natural contacts
such as the crust-mantle (Moho) boundary,
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sediment—basement contacts, and fault-gouge zones
can contain cracks, weak bonding, or zones of
relative slip. In such situations, the displacement field
may not remain continuous even though the tractions
are transmitted across the interface. To account for
this behaviour, Yu (1998) introduced a dislocation-
like model for imperfect interfaces. Fan and Wang
(2003) investigated the interaction of a screw
dislocation with a spring-type imperfect interface,
while Ben-Zion (1990) considered dislocation
sources located at material interfaces. Chu et al.
(2012) studied elastic fields associated with
dislocation loops near bimaterial interfaces. Wu et al.
(2017) later formulated two complementary interface
models: the dislocation-like interface, in which
tractions remain continuous while displacements may
be discontinuous, and the force-like interface, in
which displacements remain continuous while
tractions may undergo a discontinuity. These models
provide a useful framework for describing imperfect
bonding and its influence on elastic deformation.
Building on this approach, Kumari and Madan
(2021a) derived the deformation field produced by
two-dimensional ~ seismic  sources across a
dislocation-like interface and considered the special
case of a vertical dip-slip fault. Kumari and Madan
(2021b) investigated vertical dip-slip and tensile
faults using a force-like imperfect interface, while
Madan and Kumari (2022) examined the deformation
caused by a vertical tensile fault. More recently,
Kumari and Madan (2024) considered a strike-slip
dislocation in two imperfectly coupled orthotropic
elastic half-spaces. Despite these developments, the
available analytical results for imperfectly bonded
interfaces have been directed mainly toward vertical
(90°) fault geometries. This leaves an important gap
because the behaviour of an obliquely dipping source
can be substantially different. In particular, the results
of Heaton and Heaton (1989) indicate that
intermediate dip angles can produce distinctive
changes in the deformation pattern across an
interface. Thus, extending imperfect-interface
formulations to oblique fault geometries is important
for obtaining a more complete understanding of
seismic deformation. In the present study, we
consider a two-dimensional dip-slip fault dipping at

45° in two homogeneous, isotropic elastic half-spaces
separated by a dislocation-like imperfect interface.
Following the formulation of Singh et al. (1992) and
adopting the dislocation-like interface model of Wu
et al. (2017), closed-form analytical expressions are
derived for the Airy stress function, displacements,
and stresses produced by a two-dimensional line
source. The particular case of a dip-slip fault dipping
at 45° is then obtained in dimensionless form. The
influence of the interface bonding parameters on the
resulting deformation field is investigated in detail.
The perfect (welded) and traction-free (sliding)
interfaces are recovered as limiting cases of the
bonding matrix. The variations of dimensionless
displacements and stresses are examined using line
plots, displacement-discontinuity plots, and three-
dimensional mesh-grid representations with contour
lines.

2. Basic theory

Two homogeneous, isotropic elastic half-spaces
having an imperfect interface at z = (0 are
considered[1 — 10]. Cartesian coordinates are denoted
by (x, y, z), and the z-axis is taken vertically
downward as shown in Figure 1. A two-dimensional
(yz-plane) plane-strain problem has been discussed in
which displacements ul = 0, u2 and u3 depend on y
and z only. Medium-I is the upper half-space (z < 0)
and medium-II is the lower half-space (z > 0); let A1,
ul and A2, u2 be elastic constants for medium-I and
medium-II, respectively. Following the results of
Singh et al. (1992) for a line source parallel to the x-
axis passing through the point (0, 0, ¢) in medium II,
the Airy stress functions for media I and II are:

vl = / [(Ll-|-M]kz) sin ky
0 (1)

+(P, + Qkz) cos ky) kYexp(kz) dk,
v =y, +/ [(L2 + Mykz) sin ky
0

+(Py + Qokz) cos kykexp(—kz)dk,  (2)

o0

Uy = / [(Ly + Mok|z — c|) sinky + (P, + Quk|z
0

— ¢|) cos kylk ™ exp(—k|z — ¢|)dk. (3)
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Superscripts (I) and (II) stand for medium I and II; Li,
Mi, Pi, Qi, fori=1, 2, are unknowns, and their values
are to be calculated from the boundary conditions at
the interface z = 0; the source coefficients L0, MO,
PO, QO, are independent of the variable k. The values
of the source coefficients for different kinds of
seismic sources are given by Singh and Garg (1986).
3. Formulation and solution

For two half-spaces having an imperfect interface at
z = 0, the boundary conditions at the interface, given
by Wuetal. (2017), are as shown in Figure 1 Two half-
spaces having a dislocation-like interface with a line
source in the lower half-space at (0, 0, ¢)

Medium I: A, py o

Medium Mpz

Figure 1 Two half-spaces having a dislocation-
like interface with a line source in the lower half-

space at (0, 0, ¢)
M 7,1 o
U |,y = []\fij]’l{, |:A=0. i=2,3, @
I I .
T(’3J|5_:0 = TES)lz_:O' = 2? 3:

)

where the constant matrix [kij], describes imperfect
interface bonding conditions at the boundary z = 0.
Let matrix [kj] is assumed to be diagonal, then the
first element will be related to the condition in the
normal direction of the interface plane, and the last
two elements on the diagonal represent interface
conditions in the tangential directions. The source
coefficients Lo, Mo, Po, Qo have different values for z
<cand z>c.Let L, M, P, Q be the values of Lo,
Mo, Po, Qo for z < c. Applying bonding conditions to
the integral expressions for displacements and
stresses derived from equations (1 and 2), we

obtained:
(L™ + M ke)exp(—ke)
Ly (L™ — M~ + M ke)exp(—kc)
gl M| _ _ M _
L | = koo (L - +M kc) exp(—kc)
My ’ M- -
k;53ﬁ(L - M + o +M kc)exp(—kc)
’ (6)
P, (P~ + @ kc)exp(—ke)
E o _ (P~ — @ + @ ke)exp(—ke)

P, knf(P™ = Q" /o2 + @ kc)exp(—ke)

0 kap(P™— Q + Q /w2 + Q kc)exp(—ke) )
Where

1 0 -1 0
e |11 1 -1
L Yo —knp —knfla |
L 1=1/ar  ksf ksP(1—1/o)
and
x_}q+;t1 1._}»3-1';(:_; M
1_/.-1+2,U]. 2_/_-2+2|“2- oy (8)

On solving equations (6 and 7), we get

Ly
M| [(L” + M kec)exp(—ke)
Ly _F[ M~ exp(—ke) ] and
M,
Py
Q, _F (P™ + P kc)exp(—ke)
Py (" exp(—ke) .
0,
9)
where
A 4
_ |G Gy
F= By By’
Dy D,
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A = (2&2,8}622 + 2-12,6]{)33 — 2-110,’2,8}692 + 2-11d2ﬁ2k22k33)/D,
Ay = (=203 fkaz + 2ot Bkos + 2001 [ knokigs — 20000 f ke kizs) /D,

By = (o — 205” + 25” Bhiyy + a1 Bliy — oty Phia + o100 iy
- a10€22ﬁk22 - -ll'ngﬁk:l:s + 0'5105221327622’533)/3

BQ = (20610{2]8]6‘22 + 20{1[)]2k22k33 — 20{1'12,8215522]333 - QUgﬁkzg)/D,
Cy = (_20(10E2ﬁk33 + 20{1-962}3.':\:22)/19,
Cy= (—20(1&2151‘?22 - 4&115’2"5227633 + 2°£19€2ﬁ2k22k33)/D1

1U| = (—-I::—_-"’ + 23’11-_-2 -+ zﬂ'guﬁk-‘g: + 213“!]‘“{;;;; - 21[1}'2!{”{-‘33

—_— 23!| 3.’-_:2'3;{.;‘_1 + 21[ szﬁzkzzk;{;{}ff).

Dy = (205" — oyorg”® — 2ot flegn + 2000k + o0t o — oia” oo — o1y 0to iy
— o9” Blag + oty ot0” Blion + oot Bligs — 11122.321’622/633)/17,
and
D= O£2(20t2 — 10l + Qﬁkm + 2!)’}‘33 — lxlﬂkgg

— DIQ[)']CQQ — 3!1[)"(}'}'3 — dgﬁkgg
+20f1/f2k22k3:; + oy otp flgat+ony o iy — a1a3[f2k-_;-_>k;53).

Substituting values of L1, My, P1, Qi and L>, M2, P2,
Q2 in equations (1 and 2), we get the integral
expressions for Airy stress function[11 — 20],
displacements and stresses; on solving these
integrals, we get the results for medium-I and II as
follows:

Jrefy

0= 1 [ () () - [ (2

+A15(R)+261Lzyc zﬂ?4 +P { R+ Cl..( 7 )}

2e— a),

41nI?+(C,4+41r)(}F)+F1C‘.H{ I H (11)

N . ylc—z) -l(c—z)2
=1L {2(A,+z(“, g+ O Rl{ 2!

yle —z)
R

+Q

+M” |:2(A2+202) +(Ae +2C1t+Caz)I§{4(€_z) 71}

RZ

e sz‘ly(;;.g_ z) {2(17};2 z)” _ 1}} + P {(“h + ZCI) IS {2((’1;2) 1}

Al o )2 _ )2
+clz2(“Rj "’){4“R2“) -3}]+Q*[(AHQCZ)%{Q(CREZ) -1}

.2
+ (Are+2C1c+ Coz) 2(( {4(('312) - ‘%} +

6 [8(c—2)" 8(c—2)?
+O]CZF{ (R' ) - (R2 ) +1} .
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o _ o1 [2(e-2)? L 20e—2) [4(e—2)? .
e e e I =]

{2(“ —2) 1} —(Aje+ Cre+ Ca2) 2("'}_; %),

+ M- =

—(As + Cy)—

1
R’
dc-2)" 6 [8(c—2)" 8(c—2)°
{ ]1)2 _J} _C‘[CZE{ R‘l - R2 +1
P~ |:2(A] + C]) y((R—l Z) + CIZ% {4(“1; Z); _ 1}}

ye-2) 4c-2)
9y ”-'F“R. +(dyet Cye +c,~){[ : l}

+ B 2
Q 7

. AUyle-2) {Z[r -2 H
+(.|(.. ; ] -1z,
Fo| R (13)

n _ - y(c—2) 2y (4(c — z)?
T33=L |:*2A1 R* - IZRT T*l

2
M [ 2,20 (v };2’{4("32 2 1}

24y(c—z) [2(c—2)*
- Ciez yR“ z{ R;,z 1}]
1 |2(c—2)* 2(c— 4(c—z)°
Al}'{z{ R22 } e (1? z){ (R2Z) 3}}

+Q [—A%{%’R—f— 1} (Are+ o 222

R
{J(CREZ)'-_:S} —6162%{8&};2)4—8&};2)2 . 1}
(14)
B N\ (e — 1 [2(c—2)*
oyl = 1 {(AlJrall) (rRzz)Clsz{ (!’RQz) 1}J
M [ (A + >(C 2) (A1c+c_cl+C2z)
R 4]
LJ— 2 — (_
%{%—1} —Ciez ((R' 2){ Rgz) &}]

+ P KA, + Qi) Loc e z)]

+ P

3] R R'l

+o~[(4.+ f)%Jr?.(Achr G Lt Gyz)

y(c YD | eCyz Zy{‘“"' 2)* 1} (15)

RZ
N vy c—z
) = 1L [ (A1+01__1)ﬁ_201 y(R4 )]
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where R2=y? + (z—c¢)?and S> =y* + (z + ¢)%.

3.1.Perfect (welded) interface case

3.1.1. Medium-I
On substituting ko = k33 = 1, the interface becomes
perfect, and the corresponding expressions for Airy
stress function, displacements and stresses in
medium-I are as follows:

vl = - [A] tan_l(c"Tyz)] + M- [A2 tan™" (CE z)
+ (Chz + Ayc) %] + P~ [-AiIn R]

+Q { Azl"RHCﬂ“'A”)( Z)] (23)
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1 J2(c— z)* B
R? R?

1 s

Ar = (daafp — 2000 + 204 ﬂzﬁZ)/De
Ag = (=209 + 20000 4 2001 f* — 20100 8%)/ D,

Ca = (=208 — 406][))2 + 20 ocgﬁz)/D, (29)

and
D= 12(212 — 010 + -lﬁ — 211/3 — 212[}

+ 20!1’32 + 20(112[)) — O!1O!2ﬁ2).

3.1.2. Medium-II
For medium-II, when the interface is perfect, the
corresponding expressions for Airy's stress function,
displacements and stresses are equations (17-22)

with the reduced coefficients as follows (after taking
kox =ksz =1);

(30)

B[ = [011122 - 206_)2 + 25(22,8 - 221a22ﬁ+ DC]D!-_)EBE)/D.
By = (2mmf + 2 f° — 205" — 20f) /D,
Dy = Dy = (—duw® + 200" + 4o f — Aoy o” f + 2010° %)/ D,

Dy = (209" — oy0t” — 205”4 2,00 — xlagzﬁQ)/D, 31)

and D is obtained above in equation (30). Results
obtained above equations (23-31) with a perfect
bonding interface for medium-I and II coincide with
the corresponding results already obtained by Singh
et al. (1992).

3.2.Rigid interface case
If we substitute k = k33 = 0, the corresponding
displacements and stresses for two isotropic elastic
half-spaces having a rigid interface can be obtained.
4. Dip-slip fault at 45° case
A fault is defined as a plane fracture between two
blocks, and a dip is defined as the angle of the fault
with respect to the surface. A dip—slip fault at 450
occurred due to a double-couple (23)+(32)
mechanism of seismic sources, which allows relative
movement of blocks vertically and the moment of the
double couple D23 is given by Singh et al. (1992) as
follows[21 — 27]:

Dyy = pybds, (32)

where b is slip, ds is the width of the line source, and

u2 is the rigidity of medium-II. The values of source
coefficients for a dip—slip at 450 are given by Singh
and Garg (1986), are

aD,s
Lo=My=Py=0,Q ==

where the upper sign is for z > ¢ and the lower sign is
for z < c and a = (A+p)/(A+2p). Therefore,

The source coefficient values are:

Qo ftobds

Ly=My=FPy=0, Q= — .

_ o fiobds

@ 33
Substituting these values in equations (11-22),
results for displacements and stresses for medium-I
and II are obtained as

L~ =M =P =0,
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n _ _ag,ugbds [
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+ Chez %{% fIH (34)
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aaftabds
iy =~ (a4, + C)

+ Chrez

(36)

ng) _ _agpibds [_ AQ%{Q(CI;Z)Q B 1}
cC—Zz alc — z 2
| 2(R4 ){4( - ) _3}
w1 (37)

— (Are+ Caz)

—Chez

(€51

Qumén _ 70215;56!5 [(A2 n Cg)%

yle—z)
R4

+ Chez %{ 4(CR722)2 - 1}]

+ Z(Alc - % - ng)

(38)
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M _ _cxg,ugbds {_ (

2y For the numerical work, the continental-crust model

T o1 s is used, with au = 02 = 0.685 and B = pi/p2 = 0.451.

~ (dre+ Cre- % +Cyz) %{ 2e 1;22) -1} Dimensionless coordinates Y = y/c (distance from the
%e—z) (dlc—2)? fault) and Z = z/c (distance from the interface) are

~ e T { R 3] (39)  introduced, where c is the depth of the line source

below the interface. The displacements are measured

Y . X . . .
UUD:M[(‘H? +BynS — (Dyz + Blc)(”;c in units of bds/mc and the stresses in units of
i . . .
2 >bds/nc?. Let the dimensionless displacements and
D L (2(z+¢) | [ p
18‘2?{ sz }] stresses be defined as:
(40)
(1) (11)
polds | 2 (22— c)? Az—c)? 4z - o) 0 _ an _
i b il R b ) U; as_ 2nd U; pds
2z +c)?
e
. 2
B2+ Dy EL (A with A2 = Y24+ (Z — 1)% and
68+ Bz B% = Y2+ (Z + 1)?
D1L2§{T_ I +1}] (41) ( )
w agmbdst s — e 4z | 2o Therefore, the displacements obtained above in
E [_ Rl'{ R _3} B2§{ 5 _1} equations (38, 39, 44, 45) can be expressed in
Az+o)fdzte)f A P
+e z+e : : .
+(Bre+ D) =g { = —3} dlmenstlonless f(c?rm}ras. i .
6 (8(z+ 8(z +¢)? i _ 72 =2 _1
+D1CZ§{ (SAC) - (SEC) +1}] (42) {.2 2‘}[(4 T (I'l)f‘iQ (41 N et G 4) .1'
4(1-2)2
+2an—{ -1
an  oapiabds [2(z —cly 2y (4(z —¢)? At A? 46
® _T{T_(Z_C)ﬁ{ e _1} M _ 0 (1-2) ( )
4 N2 I 4 — =
By D) (e ch+D3z)S—{4(Z;r') -1} Us =33 ~(2+ n]) A
ylz+¢ z+c G 20-72
+DICZQ4J(SG+ ){2(;) 71}] (J..+.fl——+(,22)Jl { T —1}
(43)
90,7 (1—-Z)r4(1 — Z ) _3}]
b A At A?
ngug” az#j 3{-%4—2{2—6)2%—(BQ—DQ/O'Q)% 47)
9 (z+,c) P> Ul‘{a||]=“72[717‘72+2( ,1}22,( Z,i) -
= (Bie= CleaﬁD“} 51 oo é v ; 1 842 1)2
{4( e H 2(13J -:1_; ' Dz) ( . ) )DZ—{ ( * 1}}
- Dyez — -
Sl & (44) (48)
. o (Z-1) 1 (Z-1) 1 (2(2Z-1)2
. [m:og,u,gbds = (z—¢) e E(z—r:)z_ "-'":EH] = jz[— a4z T E FE +(Z— ”A—z{ A2 - l}
-1“2”3 T { R2 (\ng +(., C)Rz{ R2 1} D) ( + l}
o By — D 5
*(Bz*DHDH’Gz](ﬁ;CJ ( ’ 2t ;‘)2) B* Loz
1 2(Z +
2N 2 — By =D —_ D7 — = -1
7(BIC*CD1+@+D25)%{M71} ( ' o oz e )_Bz{ B }
Tap gls op 7z ZHDAZ 1)
7D1632(Z+C_){1{;+n]273}] a SR T C B }]
5 $ (45) (49)

where A2 = Y2 + (Z — 1)? and
B* = Y + (Z + 1)%

the coefficients A;, A,, By, B,, Cy,Cy, Dy, D, are as
defined in equation (10).

where R? = y%2 4+ (z — ¢)? and
§%2 = y2+(z+ )%
the coefficients A 1, A 2, B 1,.B 2.C 1,C 2,D 1,

(and D) _2 are as defined in equation (10). The stresses are calculated in units of p.bds/mc?.

5. Numerical results and discussion with o'( ) = nczr( ) / U,bds
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and ‘71(] D= nc r( ) /uybds,

the stresses of equatlons (35-37) and (41-43) reduce
to the dimensionless forms given below:

ﬂ;]’] - _n’[( Az + 2[‘2}%{2“ {122?"1 N 1}

21 !42}{.1(1;22)” _3}

Loz ll{S(l;}Z}' B {1_.2)2+1H

+ (A +2C) + Cy2)

e (50)
Y(1-2%
0% = —a [2(.;12 + (.*g)%
2V (4(1 - Z)?
+{..-11+(.',+(?2z)z1_1{ { A2 %
LMY (1-Z) (2(1 - Z)?
TOT 5 { A2 _IH (51)
1 (2(1-2)?
o5 = —a [_ ey : A j -1}
1 y _ 72
— (A + 4 2) 2“’442}{ 1(1".‘221 ~3
6 (8(1—2) 8(1-2)?
~oz {55 -y (52)
I 2 12Z-1) AZ -1 (4Z -1
A <o LA ) ATy
~ (B - 2D )l{g(i;”' -1}
— (By - 2Dy + Dy2) (/1;1}{-1[21;1)2 -3}
6 (S(Z+1)' 8(Z+1)
'D7B'{ BB +1]] 53)
(1) 2}’(7 1)
-of VB
Y(Z+1) Y (4(Z+1)?
2By - Do) = + (B - n]me—{ -1}
4Y(Z+1) _(Z—IJ
+D\Z 5 —_— =1
WNZ =10 (47 -1)? 1 (2Z+1
() (Z-1) (4Z-1) (Z+1)
o =l - et )
L AZ+1) (4(Z+1)?
B+ Di2) = =5 -3}
6 (8(Z+1)" 8(Z+1)
D]Zj{ ( | J { = ) 1”
where A> = Y? + (Z — 1)? and

B> = Y+ (Z+1)%
Y is the distance from the fault and Z is the distance
from the interface; the coefficients A;, A,
B4, B,, Cy, Cy, Dy, D, are as defined in equation (10).

Z=05

22=0.25, kn =075
23 =050, k32 =0.50
= k2 =075,k33 =025
7 =1lkn=1

Vertical Displacement Us

-2.0 =15 -1.0 -0.5 0.0 0.5 10 15 2.0
Distance From the Fault

Figure 2 Variations of vertical displacement Us
due to a perfect and an imperfect interface in
medium-11I

As shown in Figure 2 shows the dimensionless
vertical displacement Us in medium—IT at Z=0.5. The
response is symmetric about the fault and attains its
largest (subsidence) value on the fault plane (Y = 0),
the welded interface (k22 = kss = 1) producing the
deepest trough; imperfect bonding reduces the near—
fault subsidence, while the imperfect curves decay
more slowly so that their relative order reverses in the
far field.

12=025,kn =075
0.af 22=0.50, k23 = 0.50
12=075, k2= 025
a=1kn=1

03f

02

Vertical Displacement Us

Distance From the Fault

Figure 3 Variations of vertical displacement Us
due to a perfect and an imperfect interface in
medium-I

As shown in Figure 3 gives Us in medium-I at Z = —
0.5. The response is a symmetric peak (uplift) centred
on the fault whose amplitude is greatest for the
perfect interface and decreases monotonically as the
bonding weakens, so that imperfection systematically
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suppresses the vertical displacement transmitted into
the upper half—space. For this 45° source, Us is an
even function of Y.

0.3

=025, k1 =075
i
0.50, ksy = 0.50
075,ks =025
=lkn=1

B

0.2

e
s

Herizontal Displacement U3
o
o

|
&
-

-0.2

=2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 15 20
Distance From the Fault

Figure 4 Variations of horizontal displacement
U: due to a perfect and an imperfect interface in
medium-II

As shown in Figure 4 depicts the horizontal
displacement U in medium-II at Z = 0.5. Uz is
antisymmetric about the fault, vanishing at Y = 0 and
forming the characteristic S—shape with a dominant
lobe near |Y| = 1; close to the source, the three

bonding cases almost coincide and separate mainly in
the far field.

s kg =025, k33 =075
—= kg2 =0.50, k33 =0.50
0.10L == k=075.ks=025
— kp=1kn=1

—0.0s|

Horizontal Displacement Uz
o
=
8

-0.10F

-3 -2 -1 ] 1 2 3
Distance From the Fault

Figure 5 Variations of horizontal displacement
U: due to a perfect and an imperfect interface in

medium-I

As shown in Figure 5 shows Uz in medium-I at Z =—
0.5, again antisymmetric about the fault. Its
amplitude is largest for the welded interface and
diminishes with increasing imperfection, so that in
medium-I both displacement components are
attenuated by imperfect bonding. For this source, U

is an odd function of Y.

weer ka2 =0.25, ki =075
0.0 F —-- kzz=0.50, kyy = 0.50 —
— = k=075, kyy =025 T T

]
o
N
—
~

Horizontal Displacement U;
—

-2.0 -15 -1.0 -0.5 0.0 0.5 1.0 15 2.0
Distance from the Interface

Figure 6 Discontinuity of horizontal displacement
U: due to an imperfect interface

As shown in Figure 6 illustrates the discontinuity of
U: across the interface at a fixed distance Y = 0.5
from the fault, with the medium-I branch (Z < 0) and
the medium-II branch (Z > 0) plotted together.
Because the bonding is imperfect, the two one—sided
limits at Z = 0 do not coincide, and a finite jump
appears, whose magnitude grows as the interface
departs further from the welded state.

s ky=0.25.ksy =075
—+ kyp =050, k33 = 0.50
03] — - ku=075ks=025

Vertical Displacement Us

|
[
-
\

~

Y= 0.5 a
~0.2

-2.0 -15 -10 -0.5 0.0 0.5 1.0 15 2.0
Distance from the Interface

Figure 7 Discontinuity of vertical displacement
Us due to an imperfect interface

As shown in Figure 7 shows the corresponding
discontinuity of Us, which is more pronounced: the
displacement is positive on the medium—I side and
jumps to negative values across the interface. This
jump is the direct manifestation of the dislocation—
like condition ui® = [ki] u, which permits a
displacement discontinuity while keeping the

OPEN aAccsss IRJAEM

2750


about:blank

International Research Journal on Advanced Engineering

and Management
https://goldncloudpublications.com

e ISSN: 2584-2854
Volume: 04 Issue:
August 2026

Page No: 2741 - 2754

08

https://doi.org/10.47392/IRJAEM.2026.0390

tractions continuous.

Vertical Displacement Us

Figure 8 3-D mesh grid map for dimensionless
vertical displacement Us

As shown in Figure 8 is the three—dimensional mesh—
grid map of Us over the (Y, Z) plane. The field is flat
far from the fault, rises to a single dominant spike at
the line source (Y =0, Z = 1) where R — 0, and steps
across the interface plane Z 0; the contour
projection beneath the surface localises the
deformation about the source.

Horizontal Displacement uU;

0.4
02 v
00 &*
—o.zﬁ;é0
—0.40\9@

050425

025
D!stan(-El Fro, 0.50 075
'm

the pp, .~ 1.00
helnt@”ece 125,

Figure 9 3-D mesh grid map for dimensionless
horizontal displacement U:

Figure 9 is the mesh—grid map of Uz, which exhibits
the antisymmetric twin—lobe pattern (one positive
and one negative lobe about Y = 0) consistent with
the odd character of the horizontal displacement,

interface.

'S
=1
=3

~
=1
S

o
Normal Stress o3,

|
~
=3
=3

-400

05045

50528
DlS(an(-e Fro 0.50 075

M the ,n[mal 00

Ce

125

150

Figure 10 3-D mesh grid map for the
dimensionless normal stress o62:

Figure 10 shows the mesh—grid map of the
dimensionless normal stress 622. Away from the fault,
the stress is negligible; it develops a sharp twin
(positive—negative) spike at the source, where the
stresses are singular. In the dislocation—like model,
622 1s continuous across the interface — there is no

stepat Z =0.

1500

—
=3
S
=3

w
S
=)

Shear Stress 053

=500

05045

Digty 0.25
e p. 0.50
Fro, 0.75 04

m ¢
he Inre,faclfo 128 o

Figure 11 3-D mesh grid map for the
dimensionless shear stress 623

As shown in Figure 11 gives the map of the shear
stress o023, a single tall spike concentrated at the
source that, like all the stress components, remains
continuous across the interface.

together with the source spike and the step across the
|

OPEN anccsss IRJAEM

2751


about:blank

International Research Journal on Advanced Engineering
and Management
https://goldncloudpublications.com

e ISSN: 2584-2854
Volume: 04 Issue: 08
August 2026

Page No: 2741 - 2754

https://doi.org/10.47392/IRJAEM.2026.0390

N oa
S 8 8 g
s 8 8 8

o
Nommal Stress o33

F~200

!
3
=3
=3

®
g 3
g 8

0.4
02
00 &°
&

-0.2 o«

N
-0 40\5@

Figure 12 3-D mesh grid map for the
dimensionless normal stress 633

As shown in Figure 12 shows the normal stress o33, a
localised peak—and—well pair at the source that
decays rapidly with distance and is continuous across
the interface. Together, Figures 1012 confirm that in
the dislocation—like model the discontinuity resides
in the displacements, not in the tractions. In addition
to the above, many general observations emerge from
Figures 2—12. First, the kinematic symmetry of the
45° source is opposite to that of the vertical dip—slip
fault: the vertical displacement Us is an even
(symmetric) function of the distance from the fault,
forming a single trough in medium—II (Figure 2) and
a single peak in medium-I (Figure 3) centred on Y =
0, whereas the horizontal displacement U is an odd
(antipodal-symmetric)  function, forming the
characteristic S—shape that vanishes at the fault
(Figures 4 and 5). Second, the state of interface
bonding controls the amplitude of the transmitted
field: in medium-I both U: and Us are largest for the
welded interface (k22 = kss = 1) and are progressively
reduced as the bonding weakens, so that imperfection
attenuates the deformation carried into the upper
half-space; in medium—II the three imperfect cases
nearly coincide close to the fault and differ mainly in
their far—field decay. The influence of interface
imperfection on the displacements is therefore
markedly stronger in medium-I than in medium-II.

Third, the discontinuity plots (Figures 6 and 7) show
that imperfect bonding produces a finite jump in the
displacements at the interface Z = 0, whose
magnitude increases as the interface departs further

from the welded state and is largest for the vertical
component Us; a perfectly welded interface would
render these curves continuous. The three—
dimensional mesh—grid maps (Figures 8-12)
reinforce these observations and add two further
points. The whole deformation field is strongly
localised about the line source (Y =0, Z = 1), where
the displacements and — even more sharply — the
stresses become singular and decay rapidly with
distance in both media. In the dislocation—like model,
the step across the interface plane appears only in the
displacement maps (Figures 8 and 9); the stress maps
(Figures 10—-12) remain continuous across Z = 0, the
normal stresses 622 and o33 forming twin and peak—
and—well spikes and the shear stress c23 a single
dominant spike at the source. Collectively, the graphs
confirm that, for a 45° dip-slip fault, interface
imperfection redistributes and attenuates the
displacement field — most strongly near the interface
and within medium—I — while leaving the tractions
continuous, in accordance with the dislocation—like
bonding conditions.

Conclusion

The principal conclusions are:

e For the 45° source, the vertical displacement
Us is symmetric (even) and the horizontal
displacement Us: is antisymmetric (odd) about
the fault — the reverse of the vertical dip—slip
fault.

e In medium-I the displacements are largest for
the perfect interface and are systematically
reduced as the bonding weakens, so that the
deformation transmitted into the upper half—
space is weakened by interface imperfection;
in medium-II the bonding condition chiefly
reshapes the far—field decay rather than the
near—fault peak.

e Imperfect bonding produces a jump
discontinuity in the displacements at the
interface (Figures 6—9), whereas the stresses
remain continuous across it (Figures 10-12);
the displacement jump grows as the interface
departs further from the welded state and is
largest for the vertical component Us.

e Both the displacement and the stress fields are
strongly concentrated at the line source,
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where they become singular; the mesh—grid
maps quantify how rapidly the field decays
away from the source and how interface
imperfection perturbs it. Since interfaces in
the real Earth are seldom perfectly welded,
the present imperfect—interface solution
provides a more realistic description of how a
45° dip-—slip rupture loads the surrounding
crust than the classical welded—interface
model.
Applications and future scope
In earthquake source modelling, oblique/45° dip—slip
geometries are typical of many thrust and normal—
faulting events, and the closed—form field provides a
fast forward model for static displacements and
stresses. In interpreting geodetic observations (GPS,
InSAR and levelling), the predicted displacements
can be fitted to measured coseismic and interseismic
deformation to invert for fault slip, dip and depth, and
— importantly — for the degree of bonding of
subsurface interfaces. The two—medium model
represents crust—mantle (Moho), sediment—basement
or fault—gouge contacts, which are rarely welded, and
thus quantifies how much displacement actually
crosses such a contact. Further applications arise in
reservoir and induced-seismicity geomechanics
(hydrocarbon,  geothermal, = CO:-storage and
wastewater operations that reactivate dip—slip faults),
in volcano—deformation and dam/reservoir—loading
problems, and in the near—fault design of tunnels,
pipelines, foundations and critical facilities.
Mathematically, the same bimaterial-interface
problem also describes load transfer across
imperfectly bonded interfaces in layered composites
and coatings. Several extensions merit future study.
The present analysis may be generalised to an
arbitrary dip angle o so that the vertical (90°), the 45°
and the horizontal (0°) faults appear as special cases
of a single formulation, and to combined dip—slip—
plus—tensile (mixed—mode) sources. The force—like
interface, for which the tractions rather than the
displacements jump, could be treated for the 45°
source to complement the present dislocation—like
results. The isotropic half—spaces may be replaced by
orthotropic, monoclinic or transversely isotropic
media, or by a layered (multi—interface) crustal

model, and the elastic response may be extended to a
viscoelastic one to capture post—seismic relaxation.
Finally, coupling the analytic solution with real
GPS/InSAR data sets in an inversion scheme would
allow the bonding parameters (k22, kss) of actual
crustal interfaces to be estimated from observed
surface deformation.
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    L 0 =   M 0 =   P 0 = 0 ,     Q 0 = ±   𝛼   D 23  𝜋


    R 2   =     y 2 +   ( z   −   c ) 2


    S 2   =     y 2 +   ( z +   c ) 2


    U  i  ( I I ) =   𝜋 c   u  i  ( I I )  b d s


    A 2   =     Y 2 +   ( Z   −   1 ) 2


    B 2   =     Y 2 +   ( Z +   1 ) 2


    A 2   =     Y 2 +   ( Z   − 1 ) 2


    B 2   =   Y +   ( Z + 1 ) 2


    A 1


    A 2


    B 1 ,     B 2 ,     C 1 ,     C 2 ,     D 1 ,     D 2


  𝜋


    𝜎  i j  ( I ) =   𝜋   c 2   𝜏  i j  ( I )    𝜇 2 b d s


    𝜎  i j  ( I I ) =   𝜋   c 2   𝜏  i j  ( I I )    𝜇 2 b d s


    A 2   =     Y 2 +   ( Z   − 1 ) 2


    B 2   =   Y +   ( Z + 1 ) 2


    A 1


    A 2


    B 1 ,     B 2 ,     C 1 ,     C 2 ,     D 1 ,     D 2

