Original Article

Latin American Journal of
Solids and Structures

www.lajss.org

Propagation of Rayleigh-Type Wave

Abstract

The problems concerns to the propagation of surface wave propaga-
tion through various anisotropic mediums with initial stress and irreg-
ular boundaries are of great interest to seismologists, due to their ap-
plications towards the stability of the medium. The present paper deals
with the propagation of Rayleigh-type wave in a corrugated fibre-rein-
forced layer lying over an initially stressed orthotropic half-space un-
der gravity. The upper free surface is assumed to be corrugated; while
the interface of the layer and half-space is corrugated as well as loosely
bonded. The frequency equation is deduced in closed form. Numerical
computation has been carried out which aids to plot the dimensionless
phase velocity against dimensionless wave number for sake of graph-
ical demonstration. Numerical results analyze the influence of corruga-
tion, loose bonding, initial stress and gravity on the phase velocity of
Rayleigh-type wave. Moreover, the presence and absence of corruga-
tion, loose bonding and initial stress is also discussed in comparative
manner.

Keywords
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NOMENCLATURE

H = The average width of the layer
f,(x) = Periodic functions and independent of y .

R,(j), I,(j) =The cosine and sine Fourier coefficients respectively.
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b = The wavenumber associated with corrugated boundary surfaces.

a,,a, = The amplitudes of corrugation.

u,,u,,u, = The displacement components of fibre-reinforced layer along x, y, z direction respectively.

U ,u,,u; = The displacement components of orthotropic half-space along x, y, z direction respectively.

a= (a; 2,8, ) the preferred direction of reinforcement.
z; = The components of stress of layer.

e; = The components of infinitesimal strain of layer.

&, = Kronecker delta.

4 = Transverse shear modulus of layer.

4, = Longitudinal shear modulus of layer.

a, = Specific stress components for concrete part of the composite material.

A = Lame’s constant of elasticity.
P =Initial compression in x -direction.
Py, P, = Medium density,

7; =The stress components of half-space.
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o; = The rotational components of half-space.
C, = Stiffness tensor components in contraction notation.

G = Biot's gravity parameter.
Q) = Bonding parameter.

1 INTRODUCTION

The problems of elastodynamics are not limited to the mechanics of those elastic materials which are simply isotropic,
rather the problems take a more general and realistic form when the media considered are anisotropic. The presence of
some effective physical factors namely initial stress, hydrostatic stress, cracks, fractures, etc. causes the mediums to be-
have anisotropically to the propagation of waves through it. These initial stresses (tensile/compressive) are the results
of overburdened layer, atmospheric pressure, variation in temperature, slow process of creep and gravitational field.
Tensile stress is said to responsible for more rigidity and compressive stress for less rigidity of a medium. On the other
hand, presence of fibre-reinforced materials in earth’s crust, in the form of hard or soft rocks may also affect the wave
propagation. These composite materials adopt self-reinforced behavior under certain temperature and pressure. It finds
numerous applications in construction, civil engineering, geophysics and geomechanics due to its low weight and high
strength. The reinforcement of soil, both naturally and synthetically, enhances the strength and load bearing capacity of
it. The mechanical behavior of composite materials could be well understood through the study of anisotropic elasticity.
Carbon, nylon or conceivable metal whiskers, etc. are good models of fibre-reinforced materials. Prikazchikov and Rog-
erson [2003] studied the effect of pre-stress on the propagation of small amplitude waves in an incompressible, trans-
versely isotropic elastic solid. Prosser and Green [1990] calculated some of the nonlinear (third order) moduli of
T300/5208 graphite/ epoxy composite by measuring the normalized change in ultrasonic "natural” velocity as a function
of stress and temperature. A lot of information about such reinforced materials can be gained from Spencer [1972] who
analyses the macroscopic properties of fiber-reinforced materials. In the recent past, Chattopadhyay and Singh [2012]
studied the propagation of horizontally polarised shear waves in an internal irregular (rectangular and parabolic irreg-
ularity) magnetoelastic self-reinforced stratum sandwiched between two semi-infinite magnetoelastic self-reinforced
media. Some more important works include Fan and Hwu [1998], Griinewald et al. [2012], Chattopadhyay and Singh
[2013], Chattopadhyay et al. [2010], Samal and Chattaraj [2011], Sethi et al. [2016], Abd-Alla [1999] and Gaur and Rana
[2014].

Another important class of material which may be considered in the study of elastodynamic problems is the or-
thotropic material. The mechanical properties of such materials are unique and independent in three mutually per-
pendicular directions. Sometimes some fiber-reinforced composites imitate orthotropic materials.

Chai and Wu [1996] extended the Barnett-Lothe's integral formalism in order to determine the velocities of sur-
face waves propagating in a pre-stressed anisotropic crystal. Singh and Yadav [2013] dealt with the reflection of qP
and qSV waves at a free surface of a perfectly conducting transversely isotropic elastic solid half-space under initial
stress. Using Rayleigh's method of approximation, the reflection and transmission of plane qP-wave at a corrugated
interface between two dissimilar pre-stressed elastic solid half-spaces was discussed by Singh and Tomar [2008]. A
tremendous amount of knowledge can be gathered regarding the effect of gravity on the propagation of waves from
Biot [1965]; and also through some papers including Das et al. [1992] and Chattopadhyay et al. [2009]. Moreover,
Kumar and Kumar [2011], Destrade [2001] and Chow [1971] have also contributed considering an orthotropic mate-
rial medium in their study.

Changing medium may affect the wave propagation; intimating that the boundary surfaces (free boundary or in-
terface) of mediums play important role in the study of wave propagation through different mediums. It is not neces-
sary that the boundary surface always acquire a regular planar shape. While dealing with different elastodynamical
problems, one may encounter boundary surfaces of different shapes. For example, the boundaries may possess a rec-
tangular or parabolic irregularity; or it may be corrugated. Corrugated boundary surface may be defined as a series of
parallel ridges and furrows. The undulatory factor of such boundaries affects the propagation of waves and vibrations.
Further, the interface of two mediums may not be always welded rather it may be loosely bounded too.

The study of corrugated boundary surfaces and loosely bonded interfaces of material mediums is also important
to understand the behavior of wave propagation. Starting with Tomar and Kaur [2007], Singh [2011, 2014], Singh and
Kumar [1998], Khurana and Vashisth [2001], continued to Nandal and Saini [2013] and Singh et al. [2015] had studied
the propagation of waves through corrugated boundary surfaces and loosely bonded interfaces.

The current study investigates the propagation of Rayleigh-type wave in a fibre-reinforced layer overlying an in-
itially stressed orthotropic half-space under gravity. The upper free surface is assumed to be corrugated; while the
interface of the layer and half-space is corrugated as well as loosely bonded. The closed form expression of frequency
equation is derived and numerical computation for phase velocity is performed which is reflected graphically. The
effect of corrugation, loose bonding, initial stress and gravity on the phase velocity of Rayleigh-type wave is high-
lighted in the study.
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2 FORMULATION AND SOLUTION OF THE PROBLEM

Consider the propagation of Rayleigh-type wave in a fibre-reinforced layer lying over an initially stressed orthotropic
half-space under gravity where the upper free surface is corrugated and the interface of the layer and half-space is
corrugated as well as loosely bonded. The average width of the layer is assumed to be H . Cartesian co-ordinate system
is chosen in such a way that x -axis is the direction of wave propagation, z -axis is positively pointing downwards and
the origin is at the interface of the layer and half-space. The said geometry is illustrated in Fig. 1.

Let the equation of uppermost corrugated boundary surface be z = f,(x) - H and the equation of corrugated in-

terface between layer and half-space be z = f,(x), where f (x) and f,(x) are periodic functions and independent of
y. Taking a suitable origin of coordinates we can represent Trigonometric Fourier series of. f,(x)., f,(x) as follows
(Asano, [1966]):

f, = i[ fi0e™ + Ve ™ j=12, (1)

=1

where ) and 7 are Fourier expansion coefficients and | is series expansion order. Let us introduce the constants

a,a,,RY 11V as follows:

RO
g0 & go % g JBTF 5 and1=2,3,..
+ o ol
and
f, =a, cosbx+ R® cos 2bx + 1\ sin 2bx +...+ R® coslbx + 17 sinlbx + ..,
f, = a, cosbx + R® cos 2bx + 117 sin 20x +...+ R coslbx + 1 sin Ibx +...,
where Rl(j), ||(j) are the cosine and sine Fourier coefficients respectively. As far the present problem is concerned, the

corrugated upper boundary surface and lower boundary surface may be expressed with the aid of cosine terms i.e.
f, =a, cosbx and f, =a, cosbx respectively, where b is the wavenumber associated with corrugated boundary sur-

faces, a, and a, are the amplitudes of corrugation and the wavelength of the corrugationis2z /b .

Figure 1: Typical structure of analysis.

Let us assume (ul,uz,u3) and (ul* ,uz,u;) as the displacement components of upper fibre-reinforced layer and

lower initially stressed orthotropic half-space under gravity respectively.

3 GOVERNING EQUATIONS AND SOLUTION OF THE PROBLEM
For the propagation of Rayleigh-type wave, we consider
U, =u,(x,z,t), u, =0, Uy =u,(x,z,t),

()

U =u; (x,2z,t), u, =0, u; =u;(x,z1),
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and the condition for plain strain deformation in xz-planeis d, =0.

Here we denote the partial derivative with respect to a variable X (i =1,2,3) by d,. The first and second time

2
derivative are represented as 0, and 0, respectively. Moreover, d, and d , stands fordi and ;—2 respectively.
X X

3.1 Dynamics of Fibre-Reinforced Material

The constitutive equation for a fibre-reinforced linearly elastic anisotropic medium with preferred direction a is
given by (Spencer [1972])

7y = 2845 + 218y + (& a8, 05 +aaje, )+ 2(u — ) (e, +ajae )+ faae,aa;, 3
i jk,m=12,3.

1 o . :
where 7; are the components of stress, ; = 5(6 iU +0,u; ) are the components of infinitesimal strain, J; is Kronecker

delta, éz(aI \a,,a, ), which may be function of position, is the preferred direction of reinforcement such that

3
Z(ai* )2 =1. Indices take the values 1, 2, 3 and summation convention is employed. «, f and ( M — ey ) are reinforce-
i=1

ment parameters. g, and g can be identified as the transverse shear and longitudinal shear modulus in the pre-
ferred directions respectively. «, f are specific stress components to take into account different layers for concrete

part of the composite material, 4 is Lame’s constant of elasticity.
Now, the equations of motion without body force are

Tijj = P10 Y; 4)

where p, stands for mass density.
Using Equations (2) and (3), Equation (4) reduces to

I:)l 6xxu1 + Ql 6xzu3 + Rlazzul = plattul’ (5)
R16XXUS + Ql axzul + Pzazzus = plattu:i’ (6)

where
P=A+2a+p0+4u —24,,Q =A+a+u ,P,=2+2u R =y
Assume the solution of Equations (5) and (6) as
U, = A¢g 7O oy = Ap grerkbee) (7)

where (¢,,0,/,) are the unit displacement vector components.
In view of Equation (7), Equations (5) and (6) yields

(7*u +pC*—B), —iyQl, =0, (8)

—iyQl, + (¥*P, + pc* =R )/, =0. 9
For non-trivial solution of Equations (8) and (9), it follows that
w Pyt +my’ +n=0, (10)

where

, —mEym’ -4y Pn

7/ - ’
2 P,

m= ﬂl_(pcz _;UL) + Pz(plCZ - Pl) +Q12;
n= (plcz - :uL)(plcz - R1) ’

(1D
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so that, Equations (7) and (8) gives

2 2
u ‘i +pc—R .
JZM:Q, ji=12.
u, i7,Q

Therefore, the displacement components of the upper Fibre-reinforced layer for propagation of Rayleigh-type
wave are found as

ul Z(A&e_khz + Aze—kyzz +A3ekylz + A4ek}/22)eik(x—ct), (12)

Uy =[ u(Ae ™ — AR 1 g, (Ae ™ — At [, (13)

3.2 Dynamics of the Lower Initially Stressed Orthotropic Half-Space under Gravity

The dynamical equations of motion for an elastic medium under gravity and initial compression stress P in x -direc-
tion are

a><7“-1*1 + ayrl*z + azrl*3 + P(aya)l*z _aza)lz) - ngaxu; = pzattul*i (14)
0,7 +ay2-;2 +0,75 + PO,@y, = p,0,Us, (15)
axT; + ayT;S + 627;3 - Paxa)l*Z + ngaxuf = pzanu;a (16)

where p, is the medium density, z; are the stress components and @} = %(8 Uy = 8iu’;) are the rotational components.
For the propagation of Rayleigh-type wave, Equations (14), (15) and (16) with the aid of Equation (2), leads to

axrl*l—}_azrfii - Paza)l*fi _ngaxug =p28ttu;' (17)

ale*S + aZT;S - Paxa)l*s + ngaxul* = pzattu;' (18)

The stress components Z';; in this case can be written as:

7, =(C, +P)o,u; +(Cy, + P)o,us, (19)
755 = Cpa0,U; +Cyy0, U, (20)

* 1 * *
T13 :E(Cn —C13)(8Zu1 +0Xu3), (21)

where C; are stiffness tensor components in contraction notation. Since, the problem is confined to xz -plane only, it

is found that
C, =C, =Cy,=0.

Substituting Equations (19), (20), (21) and taking into consideration the above assumptions, Equations (17) and
(18) can be rewritten in terms of the displacement components (u;,0,u;) as

(Cll + P)(zaxxul* + azzul* + a><zu;ﬁ) + C13 (6xzu; - azzu; ) - 2p2gaxu; = szattuf’ (22)
Cll (axzul* + axxu;) + (C13 + P)(axzul* - axxu;) + 2C33622u;3k + 2ngaxu1* = 2/028ttu;' (23)

The displacements u; and U; can be derived from the displacement potentials ¢(X, y,t) and w(X, y,t) using the
relations

U =04 —0,p, U =0,6+0,y. @49

Equations (22) and (23) when substituted upon by Equation (24), respectively give
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(Cu+P)V*@— 0,90,y = p,0, 4, (25)
(Cy—Cy +P)Viy +2p,90,0 = p,0 (26)
and
C110,x@ +Cy30,,0 — .90,y = p,0,4, 27)
Cou (00 —0,¥) —(Cyy + P) V2 +2C10,,1 +2,00,4= 2,0, (28)
where
V' =o,+0,.

It may be noted that, as the direction of initial compressive wave is taken along x -axis, the body wave velocities
must be different in x and z directions. Thus, only Equations (25) and (28) is to be considered with a view that the
wave is propagating in the direction of x only. Equations (25) and (28) correspond to compressive and shear wave
respectively, along the x direction only; while Equations (26) and (27) correspond to compressive and shear wave
respectively along the z direction only.

In order to solve the Equations (25) and (28), it is assumed that

¢:®(Z)eik(x7ct), (29)

ik(x—ct)

y="Y(z)e (30)

Using Equations (29) and (30) in Equations (25) and (28) it is obtained that

4,0+ kM0 i <28y g (1)
(04
1

A%+ kN2 + i ¥P9 9 = 0, (32)

1

where

M 2 =(pzcz _1}'\12 =[szcz —Cy+Cp+ Pj,

alz ﬂlz (33)

o =C,+P, & =(2C;-C,-C, - P).

Equation (31) and (32) suggests that
[(d, +K%s,)(d, +K’s, ) (@, %) =0, (34)
where

GC, )

sf+522:M2+N2,Sf522:M2N2—(—“4j . (35)
By

and G = 28 is Biot's gravity parameter.
44
Now, we assume the solution of Equation (34) of the form

CD(Z): A;e_ikslz + A;“e—ikszz +A;eikslz +Ajeikszz, (36)

where A\, A/, A, A are arbitrary constants.

Keeping in view that the displacement vanishes as z — o, the appropriate solution of Equations (25) and (28)
may be written as

¢ _ [A‘Ee—ikslz + l%e—ikszz ]eik(x—ct), (37)
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w= [Kse-ikslz + Aie-ikszz :Ieik(x—ct), (38)

where the arbitrary constants 5\5, R arerelated to A, A, respectively by means of Equations (31) or (32).

iks;z iks,z

The coefficient of e * and e ?° when equated to zero, Equation (31) gives

A =ik A, A =ikk A,
where

al(s?-M?)kC
k; = (s -m7) =, j=12 39)
G

Therefore, the expressions for the displacement potentials are

®= [Ase“kslZ + A ]eik(x'“), (40)
W =ik Ake ™ + Ak, e, (41)
So that the displacement components may be written as
‘= [A3 (ik —k2sk, )™ + A, (ik ks, )e™™ ]e‘““‘). (42)
U =| A (ks — Kk, )& + A, (—iks, — Kk, ) [0, (43)

4 BOUNDARY CONDITIONS AND SOLUTION OF THE PROBLEM

Following are the boundary conditions at the uppermost corrugated surface, and at the common corrugated as well
as loosely bonded interface of layer and half-space:
(i) Traction free condition at the upper surface:

Ty~ £, (X)75, =0, 7, — £/ (X)7, =0, at z=f,(x)-H (44)
(ii) Condition for continuity of stresses at the common interface
Ty = B (X) o =t = (X) 7o, = £ (X) =75 = £ (X) 7, atz=1(x) (45)
(iii) Condition for continuity of normal displacements at the common interface

u;=u;, atz=f(x) (46)
(iv) Condition for the proportionality of shear stress to the slip at the common interface (Vashisth et al.[1991])

, . Q P, .
T3 — f1711 = |kC44 EC ;l(ul —u; ), at z = fl (X) (47)
where Q(O <Q< 1) is the bonding parameter. The common interface is said to be perfectly bonded for the case when

Q =1; and ideally smooth when Q =0.
Substituting the expressions of the obtained displacement components, as given in Equations (12), (13), (42) and
(43),in the above boundary conditions, six homogeneous equations in A ( j=L2.., 6) are obtained whose non-trivial

solution requires
‘tij ‘ -0, (48)

where entries t; are as provided in the Appendix. Equation (48) is the dispersion relation for the propagation of Ray-

leigh-type wave in a corrugated fibre-reinforced layer lying over an initially stressed orthotropic half-space under
gravity.
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5 NUMERICAL RESULTS AND DISCUSSION

The numerical values which have been taken into consideration with a view to perform numerical computation of
phase velocity of Rayleigh-type wave propagating in a corrugated fibre-reinforced layer lying over an initially stressed
orthotropic half-space under gravity, with loosely bonded common interface, are as follows:

For fibre-reinforced layer (Markham, [1970])

w4, =7.07x10° N/ m?, 1, =3.5x10° N/ m?, o =-1.28x10° N/ m?, 8 = 220.90x10° N/ m?,
A =5.66x10° N/ m?, p, =1600kg/m”°.

For initially stressed orthotropic half-space under gravity (Prosser and Green [190])

C,, =14.295x10° N/ m?, C,, =9x10° N/ m?, C,, =108.4x10° N/ m?,C,, =5.28x10° N/ m?,
p, =1442kg/m®.

Figs. 1 to 6 irradiate the effects of undulation, corrugation, bonding of the layer and half-space, initial stress and
gravity on the phase velocity of Rayleigh-type wave propagating in a fibre-reinforced layer lying over an orthotropic

half-space. In all the figures, dimensionless phase velocity (C\/;1 / NyA ) has been plotted against dimensionless wave

number(kH ) for different values of the affecting parameters. These figures suggest that the phase velocity of Ray-

leigh-type wave decreases with increase in wave number.
1. Effect of Corrugated Boundary Surfaces on the Phase Velocity of Rayleigh-Type Wave

Figs. 2, 3 and 4 show the effect of corrugation and undulation on the phase velocity of Rayleigh-type wave. In particu-
lar, Fig. 2 shows the effect of corrugation parameter associated with the upper boundary surface(aib) ; Fig. 3 inter-

prets the effect of corrugation parameter associated with the common interface of layer and half-space (azb) ; and Fig.

4 shows the effect of undulation parameter(bH ) and position parameter(x/ H ) , on the phase velocity of Rayleigh-

type wave. Curve 1 in Figs. 2 and 3 correspond to the cases when there is no corrugation in the upper boundary surface
and the common interface of layer and half-space respectively. Figs. 2 and 3 elucidate that the phase velocity of Ray-
leigh-type wave increases with increase in the magnitude of corrugation parameter associated with the upper bound-
ary surface whereas it decreases with increase in the magnitude of corrugation parameter associated with the com-
mon interface of layer and half-space. Comparative study of Figs. 2 and 3 suggest that the absence of corrugation in
upper boundary surface disfavors the phase velocity; but the absence of corrugation at the interface of the layer and
half-space greatly supports the phase velocity. The similar antagonistic behavior of corrugation on the phase velocity
of Rayleigh-type wave at upper boundary surface and common interface of layer and half-space is marked by Singh et
al [2016, 2017]. Fig. 4 manifests that undulation parameter along with position parameter also has great impact on
the phase velocity of Rayleigh-type wave as a small increase in their magnitude significantly increases the phase ve-
locity [Singh et al,, 2017].
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Figure 2: Variation of phase velocity (C« ) /« [ 1 ) with wave number (kH ) for different

values of corrugation parameter associated with the upper boundary surface (alb) .

Figure 3: Variation of phase velocity (Cw 2} / Ny ) with wave number (kH ) for different

values of corrugation parameter associated with the interface (azb) .
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Figure 4: Variation of phase velocity (C\/;1 / NyA ) with wave number (kH ) for different values

of undulation parameter (bH ) and position parameter (x/H ).

2. Effect of [nitial Stress on the Phase Velocity of Rayleigh-Type Wave

The effect of initial stress ( P/2C,, ) on the phase velocity of Rayleigh-type wave is demonstrated in Fig. 5. In this figure,
curves 1 and 2 correspond to the case when the half-space is under horizontal tensile initial stress ( P/2C,, < 0) ; curve
3 represent the case when half-space is under no initial stress ( P/2C,, = 0) ;and curves 4 and 5 correspond to the case
when half-space is under horizontal compressive initial stress (P/2C,, > 0). It can be observed from the figure that

the phase velocity of Rayleigh-type wave increases with increase in initial stress. Meticulous examination of the figure
concludes that the phase velocity of Rayleigh-type wave decreases with increase in the magnitude of horizontal tensile
initial stress; whereas it increases with increase in the magnitude of horizontal compressive initial stress. Moreover,
the influence of initial stress in found significant at low frequency region as compare to the high frequency region.
Similar result may be observed when the case of gravity tending to zero i.e. (G - 0) is taken in the study by Abd-Alla
[1999].

3. Effect of Loose Bonding on the Phase Velocity of Rayleigh-Type Wave

The influence of loosely bonded interface of the layer and half-space on the phase velocity of Rayleigh-type wave is
marked by plotting the dispersion curve for different values of bonding parameter, 2 which has been demonstrated
in Fig.6. Curve 1 in the figure interprets the case when the interface of layer and half-space are near to a smooth contact

(Q = 0.01) ; curves 2, 3 and 4 represent that they are loosely bonded (O <Q< 1) ; and curve 5 corresponds to the case
when the interface is perfectly bonded (in welded contact(Q =1) )- The figure manifests that the phase velocity de-

creases with increase in the magnitude of bonding parameter. Minute observation of the figure set forth the fact that,
the variation of bonding parameter from loose bonding towards smooth contact mildly affects the phase velocity of
Rayleigh-type wave in comparison to its variation from loose bonding towards welded contact.
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140

181

161

Figure 5: Variation of phase velocity (CJ,D1 /‘I,LLT ) with wave number (kH )

for different values of initial stress parameter ( P/ 2C,, )

2.6

Figure 6: Variation of phase velocity (Cdpl /*’:ur ) with wave number (kH )

for different values of bonding parameter (Q)
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Figure 7: Variation of phase velocity (C«/pl /“,:UT ) with wave number (kH )

for different values of Biot’s gravity parameter (G) .

4. Effect of Gravity on the Phase Velocity of Rayleigh-Type Wave

The effect of gravity on the phase velocity of Rayleigh-type wave is shown in Fig.7. Curve 1 in this figure represents
the case when effect of gravity is neglected (G - 0) whereas curve 2, 3, 4, 5 corresponds to the case when effect of

gravity in increasing order is considered. Itis noted from the figure that the phase velocity decreases with increase in
the magnitude of Biot’s gravity parameter(G) [Singh et al., 2017]. In addition to this, the figure illustrate that the

impact of Biot's gravity parameter is significant at low frequency region but less at high frequency region. In fact, at
high frequency region, all the curves seem to share almost a common magnitude of phase velocity.

6 CONCLUSION

The effects of undulation, corrugation, bonding of the layer and half-space, initial stress and gravity on the phase ve-
locity of Rayleigh-type wave propagating in a corrugated fibre-reinforced layer lying over an initially stressed ortho-
tropic half-space under gravity are investigated. The outcomes of the study are summarized as follows:

o The phase velocity of Rayleigh-type wave decreases with increase in wave number.

o The corrugation parameter associated with the upper boundary surface favors the phase velocity of Rayleigh-
type wave whereas corrugation parameter associated with the common interface of layer and half-space disfa-
vors the phase velocity of Rayleigh-type wave.

e The phase velocity Rayleigh-type wave increases with increase in undulation parameter and position parame-
ter.

e Phase velocity of Rayleigh-type wave increases with increase in the initial stress. More precisely, phase velocity
of Rayleigh-type wave decreases with increase in the horizontal tensile initial stress but it increases with in-
crease in horizontal compressive initial stress.

e With increase in the magnitude of bonding parameter of the common interface, the phase velocity of Rayleigh-
type wave decreases. In particular phase velocity of Rayleigh-type wave is maximum in case of perfect contact
and least in case of smooth contact of layer and half-space

¢ Biot's gravity parameter disfavors the phase velocity of Rayleigh-type wave.

o Although the affecting parameters have significant effect on the phase velocity of Rayleigh-type wave yet the
effect of presence and absence of corrugation at the boundary surfaces on the dispersion curve is found to be
great.

The present problem may find some applications in the field of construction, civil engineering, geophysics and
geomechanics. Low weight and high strength of fibre-reinforced materials makes it a crucial material for various con-
struction works like bridges, buildings, towers, etc. The reinforcement of soil enhances the strength and load bearing
capacity of it. Therefore, itis very important to study the effect of different factors on the propagation of waves through

these material medium with complex geometries in view of its possible applications in diverse areas of science and
engineering,.

Latin American Journal of Solids and Structures, 2018, 15(1), e01 12/15



AK. Singh et al. / Effect of Loose Bonding and Corrugated Boundary Surface on Propagation of Rayleigh-Type Wave

Acknowledgements

The authors convey their sincere thanks to the National Board of Higher Mathematics (NBHM) for their financial sup-
port to carry out this research work through Project NBHM/R.P. 78/2015/Fresh/ 2017/ 24.1.2017 titled “Mathemat-
ical modeling of elastic wave propagation in highly anisotropic and heterogeneous media.”

References

Abd-Alla, A. M,, (1999). Propagation of Rayleigh waves in an elastic half-space of orthotropic material. Applied Mathematics and Compu-
tation 99(1): 61-69.

Asano, S., (1966). Reflection and refraction of elastic waves at a corrugated interface. Bulletin of the Seismological Society of America 56
(1): 201-221.

Biot, M. A, (1965). Mechanics of Incremental Deformation, Wiley, New York.

Chai, J. F, Wy, T. T,, (1996). Determination of surface wave velocities in a prestressed anisotropic solid. NDT & E Int. 29: 281-292.

Chattopadhyay, A., Gupta, S., Singh, A. K, (2009). Influence of Gravity on the Propagation of SH Waves in a Magnetoelastic Self-reinforced
Media. International Journal of Mechanics and Solids 4(1): 71-83.

Chattopadhyay, A., Gupta, S., Singh, A. K,, (2010). The dispersion of shear wave in multi-layered magnetoelastic self-reinforced media.
International Journal of Solids and Structure 47(9): 1317-1324.

Chattopadhyay, A., Singh, A. K., (2012) Propagation of magnetoelastic shear waves in an irregular self-reinforced layer. Journal of Engi-
neering Mathematics 75: 139-155.

Chattopadhyay, A., Singh, A. K., (2013). Propagation of a crack due to magnetoelastic shear waves in a self-reinforced medium. Journal of
Vibration and Control 20(3): 406-420.

Chow, T. S, (1971). On the propagation of flexural waves in an orthotropic laminated plate and its response to an impulsive load. Journal
of Composite Materials 5(3): 306-319.

Das, S. C,, Acharya, D. P., Sengupta, D. R,, (1992). Surface waves in an inhomogeneous elastic medium under the influence of gravity. Rev
Roumaine Sci Tech Ser Mec Appl 37: 539-551.

Destrade, M., (2001). Surface waves in orthotropic incompressible materials. Journal of the Acoustical Society of America 110(2): 837-
840.

Fan, C. W,, Hwu, C. (1998). Rigid stamp indentation on a curvilinear hole boundary of an anisotropic elastic body. Journal of applied me-
chanics 65(2): 389-397.

Griinewald, S., Laranjeira, F., Walraven, J., Aguado, A., Molins, C., (2012). Improved tensile performance with fiber reinforced self-compact-
ing concrete. High Performance Fiber Reinforced Cement Composites 6: 51-58.

Gaur, A. M., Rana, D. S, (2014). Shear wave propagation in piezoelectric-piezoelectric composite layered structure. Latin American Journal
of Solids and Structures 11(13): 2483-2496.

Khurana, P., Vashisth, A. K, (2001). Love wave propagation in a pre-stressed medium. Indian Journal of Pure and Applied Mathematics
32(8):1201-1208.

Kumar, R, Kumar, R, (2011). Analysis of wave motion at the boundary surface of orthotropic thermoelastic material with voids and iso-
tropic elastic half-space. Journal of Engineering Physics and Thermophysics 84(2): 463-478.

Markham, M. F,, (1970). Measurements of Elastic constants of fibre composites. Ultrasonics 1: 145-149.

Munish, S., Sharma, A., Sharma, A., (2016). Propagation of SH Waves in a Double Non-Homogeneous Crustal Layers of Finite Depth Lying
Over an homogeneous Half-Space. Latin American Journal of Solids & Structures 13(14): 2628-2642.

Nandal, J. S., Saini, T. N., (2013). Reflection and refraction at an imperfectly bonded interface between poroelastic solid and cracked elastic
solid. Journal of Seismology 17(2): 239-253.

Prikazchikov, D. A, Rogerson, G. A, (2003). Some comments on the dynamic properties of anisotropic and strongly anisotropic pre-
stressed elastic solids. International Journal of Engineering Science 41: 149-171.

Prosser, W. H,, Green, R. E., (1990). Characterization of the nonlinear elastic properties of graphite/epoxy composites using ultrasound.
Journal of Reinforced Plastics and Composites 9(2): 162-173.

Samal, S., Chattaraj, R, (2011). Surface wave propagation in fiber-reinforced anisotropic elastic layer between liquid saturated porous half
space and uniform liquid layer. Acta Geophysica 59(3): 470-482.

Singh, B., Kumar, R,, (1998). Reflection and refraction of micropolar elastic waves at a loosely bonded interface between viscoelastic solid
and micropolar elastic solid. International Journal of Engineering Science 36(2): 101-117.

Singh, S. S., Tomar, S. K., (2008). qP-wave at a corrugated interface between two dissimilar pre-stressed elastic half-spaces. Journal of
Sound and Vibration 317(3): 687-708.

Singh, S. S, (2011). Love wave at a layer medium bounded by irregular boundary surfaces. Journal of Vibration and Control 17(5): 789-
795.

Singh, B, Yadav, A. K., (2013). Reflection of plane waves in an initially stressed perfectly conducting transversely isotropic solid half-space.
Journal of Earth System and Science 122(4): 1045-1053.

Singh, S. S., (2014). Reflection and Transmission of Elastic Waves at a Loosely Bonded Interface between an Elastic Solid and a Viscoelastic
Porous Solid Saturated by Viscous Liquid. Global Journal of Researches in Engineering 14(3).

Singh, A. K,, Das, A, Kumar, S., Chattopadhyay, A., (2015). Influence of corrugated boundary surfaces, reinforcement, hydrostatic stress,
heterogeneity and anisotropy on Love-type wave propagation. Meccanica 50(12): 2977-2994.

Latin American Journal of Solids and Structures, 2018, 15(1), e01 13/15



AK. Singh et al. / Effect of Loose Bonding and Corrugated Boundary Surface on Propagation of Rayleigh-Type Wave

Singh, A. K., Mistri, K. C,, Das, A, (2016). Propagation of Love-type wave in a corrugated fibre-reinforced layer. Journal of Mechanics 32(6):
693-708.

Singh, A. K, Mistri, K. C,, Kaur, T., Chattopadhyay, A., (2017). Effect of undulation on SH-wave propagation in corrugated magneto-elastic
transversely isotropic layer. Mechanics of Advanced Materials and Structures 24(3): 200-211.

Spencer, A.]. M., (1972). Deformations of fibre-reinforced materials. Oxford University Press, New York.

Tomar, S. K, Kaur, ], (2007). SH-waves at a corrugated interface between a dry sandy half-space and an anisotropic elastic half-space. Acta
Mechanica 190(1-4): 1-28.

Vashisth, A. K, Sharma, M. D., Gogna, M. L., (1991) Reflection and transmission of elastic waves at a loosely bonded interface between an
elastic solid and liquid-saturated porous solid. Geophysical journal international 105(3): 601-617.

APPENDIX

—kn(f,-H)

tll:[_glyl(i+2%)+/“rf2'71+i(/1+a_leglﬂr)]e
t12:[_g27/2(}“+2/”T)+/“Tf2,72+i(2+a_fz/gzﬂr ]e
t13=|:—g17/1 ﬂ’—'_ZIUT) :L‘Tf271+|(ﬂ'+a+fzﬂrg1 :|e

k72 fo-H

t14=[—g2}/2(/1+2,ur) ,qu27/2+|(ﬂv+a+f2g2,uT ]e t1 =0, t, =0,

—k}/z(fz‘H)

ky(f—H

ty =[ e + e (A+a)+i{ g, —(A+2a+4p 24, + ) £} e
=[—,uryz + fz’gz;/z(/1+a)+i{,urg2 —(A+2a+4p, -2 + p)

et
:[,uT71+ fion(A+a)+i{-png —(A+2a+4u —2u +B) f }]e”1
t,, =[,uT7/2 + fz'g272(2+a)+i{—,uTg2 (A+2a+4u -2 + f3) ’}]ek’2
=0, ty=0, ty=[-cn(A+2m)+m by +i(A+a+giu)le"
ty =7, (A+ 2 )+ i By, +i(A+a—g, f ) |
ty =[—cn (A + 21 ) — i By +1{ A+ o+ pay 15, |,
[ oo (A+2u ) — i £, +i(/1+a+g2f1'yT)]ek’2'1,
= [ K(~Cg + Cyus = 21,Cyy8, ) + Kk, (~Cp8; +Cygsy — £,Cus + 1,Cyy ) [ 67",
[k( Ciy +CyS; —21,C,y8, ) +ikKk, (~Cps, +Cygs, — £,C,ps; + fl'CM)]e“kSZfl,
[ wr + fen /1+a)+l{,uTg1 (A+2a+48u 21 + ) fl'}]e’k“fl,
[ ey, + Hoory (A+a)+i{wg, —(A+2a+4p —2p + ) fl'}]e’k”“,

Us =[um +tan(A+a)+il-me —(A+2a+4u 24 + ) f;

ky, f1

Ky, f:
e 11,

/]
:[%yz +f57, (A+a)+i{-me, —(A+2a+4u —2u + ) fl'}]e'%fl,
=—[2C, ks, + 1/(Cyy + P)k+ F/(Cy + P)ks? +ik’k, {C,57 —Cyy + £(Cpy + P)s, — £(Cy + P)sl}]e""‘sl b
=—[2C, ks, + 1/(Cyy + P)k + f/(Cyy + P)ks;

+ikCk, {Cu] = Cyy + F(Cy + P)s, = (Cyy + P)s, | [,

t;, =¢e Tt 15, =658 ek » by =—¢,€ et b5, =—6,8 e t55=(k k1+51k|) gt b = (k k, +s k') R

61 =|:—/ur71k —ikC44 ]_QQC\/E+ fl'g17/1k(/1+a)+ ik{,LtTgl —(ﬂ+20{+4/u|_ 24, +,B) fl/}:|e—k;/1f1,
e :{_M%k _ikCM%C\/E—F fl,gzyzk(/1+a)+ ik{/“ng —(/14- 200+ 4 —2u; +ﬁ) fll}}ekVZfll
- Hr

: Q | , : j
te = |:,UT}/1k —|kCMEc % + ok (A+a)+ik{-ng —(A+2a+4u — 24 + ) fl}}ekm,

Latin American Journal of Solids and Structures, 2018, 15(1), e01 14/15



AK. Singh et al. / Effect of Loose Bonding and Corrugated Boundary Surface on Propagation of Rayleigh-Type Wave

: Q | , : ;
to, =[%k72 —IkCMEC % + 5,7 k(A +a)+ik{-1ng, —(A+2a+4u —2u + B) £} ",

H Q H —iks; fy H Q H —iks, fy
ty, = |kc44m(—kslk1 +i)e et = |kC44E(—kszk2 +i)eeh,

Latin American Journal of Solids and Structures, 2018, 15(1), e01 15/15



