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Abstract

The problem of Rayleigh waves in compressible orthotropic elastic half-space overlaid by a thin elastic layer of
which principal material axes are coincident have been researched by many scientists. However, the problem
with the conditions that the half-space and the layer have only one common principal material axis that per-
pendicular to the layer while the remains are not identical has not gotten enough attention. This paper presents
a traditional approach to obtain an approximate secular equation by approximately replacing the thin layer by
effective boundary conditions of third-order. The wave then is considered as a Rayleigh wave propagating in an
orthotropic half-space, without coating, subjected to the effective boundary conditions. This explicit approxi-
mate secular equation is potentially useful in non-damage assessment studies.

Keywords: orthotropic; monoclinic; principal material axis; thin layer; effective boundary condition; traditional
approach.
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1. Introduction

Nowadays an elastic half-space overlaid by an elastic layer is a structure which has a lot of prac-
tical applications such as in acoustics, materials science, seismology, geophysics and microelectro-
mechanical systems (MEMS). The measurement of mechanical properties of the layer deposited on
the half-space before and during using is very important and necessary see [1] and references therein.
Among various measurement methods, the surface wave method is used most widely [2], and for
which the Rayleigh wave is a versatile and convenient tool.

By applying the Rayleigh wave tool, the explicit secular equation of Rayleigh waves are used
as theoretical bases for taking out the mechanical properties of the thin layer for experimental data.
Therefore, the main idea of the investigations of Rayleigh waves propagating in half-space coated by
a thin layer is finding them. Taking the assumption of a thin layer, the explicit secular equation is
derived by replacing approximately the full effect of the thin layer on the half-space by the so-called
effective boundary conditions which relate the displacements with the stresses of the half-space at its
surface.

To obtain the effective boundary conditions, we have ways either by replacing approximately
the layer by a plate, see [3, 4], or by expanding the stresses at the upper surface of the layer into
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Taylor series of the thickness of the layer, see [5—10]. Before the year 2010, there are some studies
on Rayleigh waves in an elastic half-space coated by a thin layer such as Achenbach et al. [3], Bovik
[5], Steigmann et al. [9], Tiersten [4], Tuan [11], and Wang et al. [12]. However, these studies are
limited to isotropic materials. After the year 2010, Vinh et al. had many research into the structures
of half-space overlaid by a thin layer with less symmetry substrates such as orthotropic [13-15] and
monoclinic substrates [16, 17].

In all investigations mentioned above, the principal material axes of the half-space and of the
thin layer were assumed to be coincide. Therefore, the main purpose of this paper is to present an
explicit approximate secular equation of Rayleigh waves in a compressible orthotropic elastic half-
space coated by a thin un-coaxial orthotropic layer. Specifically, the half-space and the thin layer
have only one common principal material axis that perpendicular to the layer, the remains of the
half-space are inclined at an angle 8 to the remains of the layer. Here, the thin layer is assumed to be
perfectly bonded to the half-space. From the relationship between principal material axes of the half-
space and of the thin layer, we first transfer the original problem into the problem of Rayleigh waves
propagation in a compressible orthotropic elastic half-space coated by a thin coaxial monoclinic layer
with the symmetrical plane x3 = 0. After that, the thin layer is approximately replaced by effective
boundary conditions of third order. Then, the wave is considered as a Rayleigh wave propagating in
the half-space, without the coated layer, subjected to the effective boundary conditions. By employing
the traditional approach, the approximate secular equation is derived. This equation is then simplified
for the case when the principal material axes of the half-space and of the layer were coincide. It is
shown that this result coincides with the one previously obtained.

2. Formulation of problem

Consider an orthotropic half-space coated with a thin elastic orthotropic layer. Although the thin
elastic layer is also orthotropic but its principal material axes do not coincide with those of the half-
space. Suppose the principal material axes of the half-space are denoted by Oxi, Ox;, Ox3 and the
principal material axes of the layer are denoted by OX;, OX;, OX3. However, the axes Oxy, Ox; of the
half-space are inclined at an angle 8 to the axes OX1, OX; of the layer and Ox3 = OX3. We have

cosf —sin@ O

Xi = Q,‘ij, Q,‘j = sin 6 cosd O (1)
0 0 1
Xl

_h / —h
orthotropic: ¢, p 0 7, monoclinic z, = 0| ¢,,p 7,

(0] - 0
orthotropic: ¢, p [g orthotropic: CisP

X.
CL'Q 2 132

Figure 1. Model of Problem

In the layer, the material constants in the coordinates OX; X, X3 are E;."j and the material constants
in the coordinates Ox;x,x3 are ¢;;. In the new coordinates Oxjx2x3, the orthotropic layer becomes the
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layer made of a monoclinic material with the symmetrical plane x3 = 0. However, in the paper, we
consider the plane strain problem. Hence, we only use the following material constants are given by
(see Ting [18])
¢11 = E’flcos46’ +2 (Z"i‘2 + 2526) cos?6sin®6 + E;zsin49
2 = Chyc08'0 +2 (E”{z + 2526) cos@sin’6 + & sin*g
Clp =Cjy + (E’{l +Cyy — 2C1p — 4626) cos20sin’6 @
Cl6 = — [E* cos?6 — &,sin’6 — (E* + 20 )(c0520 - sinZH)] cos @sinf
16 = 11 22 12 66
a6 = |T5,c08%0 — T, sin’6 — (&, + 2¢% ) (cos?0 — sin’)| cos O sin 6
22 11 12 66
To6 = Coq + (€ + T3 — 28}, — 4C4q) cos Osin’0
So, the initial problem consider the propagation of a Rayleigh wave in an orthotropic elastic half-
space coated by a thin un-coaxial orthotropic layer. Now, we consider the propagation of a Rayleigh

wave in an orthotropic elastic half-space coated by a thin coaxial monoclinic elastic layer with the
symmetrical plane x3 = 0.

3. Effective boundary conditions

3.1. Basic equations of the elastic layer in matrix form

Consider an elastic half-space x, > 0 overlaid by a thin elastic layer -4 < x; < 0. An elastic
half-space is made of a orthotropic material and a thin elastic is made of a monoclinic material with
the symmetrical plane x3 = 0. For such materials, in-plane motions are decoupled from anti-plane
motions, therefore we can consider the plane strain such that:

uj=uj(xy,x2,1), uj=itj(x;,x,t), j=12, uz=iu3=0 3)

where u; and i; are the displacement components of the half-space and of the thin layer, 7 is the time.
Suppose that the layer is made of compressible monoclinic elastic material with the symmetrical
plane x3 = 0. Then the strain-stress relation are

F11 = i) + Cralian + Cr (12 + fi2,1)
G20 = Croii,1 + Coaiian + Co6 (12 + i2,1) “4)
F12 = Ci6#1,1 + Coglln + T (12 + 12,1)
where 7;; are the stress components of the layer, ¢;; are the material constants of the layer and are

defined by (2). Here, commas denote differentiation with respect to spatial variables x;.
Equations of motion without body forces are

O11,1 + 0122 = puy

- i} - (5)
0121+ 0222 = pup
with p is the mass density of the layer and a dot indicates differentiation with respect to .
Solving Egs. (4), and (4)3 for it1 » and i3 5, we have
U1 = ne6012 + a2 — Tell1,1 — Uy, ©)

Upp = Npe0 12 + Npp0pp — Naliy
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where _ _ o
P (50) 7 C26 7 66 = 0126‘26 — €22C16
66 = ——> N6 =———, N = —, e =————
A’ A’ A’ A )
C12C66 — C16C26 o
A , A =CoCes — 026

Substituting (4); into (5); and taking into account (6) yields
F122 = Pty — fil1,11 — TeT 12,1 — 720722, )
in which
f1=7¢C11 —T6C16 — T2C12 9)
From the second of Eq. (5) it follows
022 =Py = T12,1 (10)

Eqgs. (6), (8) and (10) take the matrix form as follows

§' =Mg (11)

_ U ~ | m = | 012 v M, M,
el oosln) sl v w] e
in which the matrices M are given by
M, = _’:"661 -0, ML = fies 26
-rd; 0 o6 N2
YY)
- po; —no; 0
M, =
: [ 0 pi

where

(13)
], M, =M’

with the symbol T signifies transpose of matrix, the prime means derivative with respect to x;. Here,
we use the notations d; = é/axl,ﬁz az/axl,az 62/6t Eq. (11) is called the matrix form of the
plane strain for compressible monoclinic elastic solids with the symmetrical plane x3 = 0.

From (11) and (12) it follows

[ gm U

]:M”[ z } n=1,2,3,... x; € [~-h,0] (14)

pA z

3.2. Effective boundary conditions of third-order

Since the layer is thin, 4 is small. Expanding £ (k) into Taylor series about x» = 0 up to the
third-order of —A leads to

(=h) =2(0) - A (0) + h—Z" 0) - i Z”' 0 (15)

Suppose that the surface x, = —h is traction-free, we have X (—h) = 0. Using Eq. (14) at x, = 0
into Eq. (15) yields

57



Hue, T. T. T., et al. / Journal of Science and Technology in Civil Engineering

2 3
{1 i+ (S, NE) < [V, ¥ B, + (V1,5 + N2 1\7[4]} £00)

S - W oo -\ o o\ - _
+ {—hMg t (MM + MyM;) - (MM, + MyM;) M, + (MM, + Mi) M3]} U0)=0
(16)
Since the thin layer is bonded perfectly to the half-space at the plane x, = 0, we derive U (0) =
U (0) and X (0) = 2 (0). Thus, from (16) we have

2 3
{1 N+ (VI + ) (VM + ML) NI, + (V5 + M) m]} £(0)

2 3
R {_m o 1 (V080 + W) - [V, + S B, + (V1,5 + N M3]} U =0
(17
Eq. (17) expresses the relation between the traction vector and the displacement vector of the
half-space at the plane x, = 0. It is called the effective boundary condition of third-order in the matrix
form. It replaces approximately the all influence of the thin layer on the half-space. Note that, when the
principal material axes of the layer coincide with those of the half-space i.e. 8 = 0, My (k = 1,2,3,4)
in Eq. (17) are equivalent to My (k = 1,2,3,4) in Eq. (9) of Ref. [13].
Substituting (13) into (17) yields the effective boundary conditions of third-order in the compo-
nent form, namely:

o120+ h(Teor12,1 + F20722,1 + Ty, 11 — Piy)

2
. 2 __ . _ __
o [,0”660'12 + (F6 +7 = 77”66) 012,11 + PhipeGan + (Fafe — Nitze) 022,11
h3
—2pFsit1,1 + 20Feur 111 — p (1 + Fp)iin1 + fua111] + 3 {0 [7i26 (2 + 72) + 3iigeTe] T 12,1
3 - - __ o - R _ N - oo q .
+ (V6 + 2FpF6 — 206 — 377”66r6) o111 + P [7in + (o2 + fige) 2 + 2Mn6T6] 22,1
D -2 __ __ __ 2_ . _[H2 N - 7.
+ (Fz + FaFg — fiita — MiteeT2 — 277”26”6) o20.111 — P 61 — P [3r6 +Q2+7r)ir - 277”66] i
_[H=2 _ __ 2_ .. _ = 1. __
+17 [3r6 + 27 — 77”66] U111 —p fagila e — P [(2 + 72) T — fitge ] dia, 11 + 277%”2,1111} =0
atxp =0

(18)
2

o2 + h(oi2,1 — pity) + > [PRa6012 + 60 12,11 + Plaalon + Fa0211 — P (1 + Fo) ity 1 + fuer 111 ]
3 2

t e {/3 (22 + g6 + fgeT2 + M26T6) F12,1 + (f6 + 7 - ﬁﬁss) o211 + Pige (1 + 272) 6221
o - .. Cr—— SN T __

+ (FaT — Min) 022,111 — P Tagltt i + P [Aifine — (2 + F2) Te diy 11 + 20Teur 1111
2 . — — . —

—p iy — p (1 +27) dip 11 + T]btz,lm} =0

at xp =0
(19)
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4. An approximate third-order secular equation of Rayleigh waves
For the compressible orthotropic half-space, the strain-stress relations are
011 = C11U1,1 + CraU22
02 = Crpuyl + CnU2) (20)
012 = ce6 (U12 + Ua,1)

with o; and ¢;; are respectively the stress components and the material constants of half-space. For
the strain energy of the material to be positive definite, the material constants ¢y, ¢, €12, Ce6 Satisfy

¢i >0, i=1,2,6, cjicn—cl,>0 (21)
When the body forces are vanished, equations of motion have the following form

o11,1 + 0122 = pily

. (22)
0121 t 0222 = puy
where p is the mass density of the half-space.
Introducing (20) into (22) leads to
criuy,11 + Ceett122 + (€12 + Co6) U212 = piiy (23)
Coslt2,11 + C2oU222 + (C12 + Co6) U1,12 = piiy
At xp = +oo the decay conditions are
U(+0) =X (+00) =0 (24)

So, the unknown vectors U = [u; uz]7,2 = [012 0]’ must satisfy Eq. (23), the effective
boundary conditions (18), (19) and the decay condition (24).

Now we consider the propagation of Rayleigh wave, travelling with velocity ¢ (> 0) and wave
number k (> 0) in the x;-direction and decaying in the x,-direction. According to Vinh and Ogden [19]
the displacement components of this Rayleigh wave which satisfy Eq. (23) and the decay condition
(24) are given by

U = (Ble—kbucz + B2e—kb2x2) eik()q—ct)

uy = (anle_kh”Q + asze—kbzxz) elk(xl—ct)

where Bj, B, are constants to be determined from the effective boundary conditions (18) and (19),
b1, by are roots of the bellow equation

cacesh® + [(612 +c66)* + 20 (X — c11) + co6 (X — C66)] b* +(c11 = X) (ces —X) =0 (26)

(25)

whose real parts are positive to ensure the decay condition, X = pc? and
ap=1if,, n=1,2, i= V-1
by (ci2+ce6) _ c11 — X — cesby 27)
szb,zl —ce6 + X (c12 + co6) by

Bn =
From Eq. (26) we have

2
cip+c +cnX—c11)+tces(X—-c
b%+b2:—( 12+ Ce6)” + 22 ( 1) + ceo6 ( 66) i

C€22C66 (28)
b%b% _ (c11 = X) (ce6 — X) —p
C22C66
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For a Rayleigh wave exists, by, b have positive real parts. We deduce

0 <X <min{cy1,ce6}

by +by =S +2VP, biby= VP

Substituting (25) into (20), 3 yields

and

012 = —kces {(bl +ﬂ1)B1€_kb1x2 + (by +ﬂ2) Bze_kbzxz} eik(xl—cz)

. —kb —kb (x1 —
02 = ikces {(012 —cbiB1) Bie™™2 + (c12 — ¢22b2f32) Boe m} ekti=en)

(29)

(30)

€1V

Introducing Eqgs. (25) and (31) into the effective boundary conditions (18) and (19) gives to two

equations for By, B;
SB1)Bi+ f(b2)B,=0
F(bl)Bl + F(bz)Bz =0

where
82 83
S (bn) = fo(bn) + f1 (bn) € + f2(by) 5 J3 (D) 3
82 83
F(bn) = FO(b11)+F1 (bn)g"'FZ(bn)? +F3(bn)€
with

Jo (bn) = —ce6 (bn + Bn)
J1(bn) = X =11 — P2 (c12 — c22buPn) — iF6Co6 (bn + Bn)
fo(by) = [ﬁﬁﬁ (X - 77) +r+ 7’2] ce6 (bn + Bn) — (X -+ 72X)ﬁn
-1 [7126 (X - 77) + fzfé] (c12 = c22byfBn) + 2iF6 (X - 77)
f3(ba) = = (X = 7) [37F + 272 + s (X - 7)| - 73X
+|(x-
-1 [( )(nZ(,X + 2r6) + rzrﬁX],Bn
+ i|[Fg + 2FaT6 + FaiinX + (X = 77) (3Feiiss + 2z6) | cos (bn + )
Fo (by) = c12 = c22buPn
Fi (by) = = [cos (bn + Ba) = XBy]
Fy(by) = - (?z + ﬁzz)_() (c12 = cbyBn) + X — 7+ 12X
- i(?s + 7126)_() ce6 (Dn + Bn)
F5(b,) = [?é + 72 + fige (X - 77) + (Feiag + Faflgs + flzz))_(] ce6 (bn + Bn)
— [X =71+ (272 + 1 X) X| By + i (X = 7) (26X + 2F6) + FaFeX
- i[flzé (X - 77) +7 (7’6 + ﬁ26X)] (c12 = 22b4PBn)

and & = kh is the dimensionless thickness of the layer, X = pc?.

60

)(2761_126 + Faflee + 122) + 72 (?6 +r+ ?27122)_()] (c12 = c22byfBn)

(32)

(33)

(34)
(35)

(36)

(37)

(38)

(39)

(40)

(41)
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Due to B% + Bg # 0, the determinant of system (32) must be vanish. This fact yields
FODF (b)) - f(b2) F(b1) =0

(42)

Using (33)—(41) into (42) and taking into account (27), the approximate third-order secular equa-

tion in £ of Rayleigh waves is given as follows

Ay 5 Az 3 4\ _
A0+A18+?8 +F8 +0(8)—0

where
Ao = fo(b1) Fo (b2) — fo (b2) Fo (b1)
ce6 [(c12 + c20B1B82) (b — b1) + (c12 + c22b1b2) (B2 — B1)]
Jo(b1) Fi (b2) = fo (b2) Fi (D1) + f1 (b1) Fo (b2) — fi1 (b2) Fo (b1)
= Xceo (D21 — b1Ba) — (X - 77) 22 (baffa = b1p1) + ifeAg
Az = fo (D1) F2 (D2) = fo (b2) F2(b1) + f2 (b1) Fo (b2) = f2(D2) Fo (b1)
+2(f1(b1) F1(b2) — f1(b2) F1(b1))
= — [ X + 7¢ + fig6 (X — 71) | Ao + 2X (X = 7) (B2 - 1)
+ [?2)_( - (X - ﬁ)] [(c66 — c12) (B2 = B1) + (ce6 — c2281B2) (b2 = b1)]
+ 2ifcXces (boff1 — b1B2) — 2iFe (X - 77) 22 (bofp2 — b1B1)
Az = fo (D1) F3(D2) — fo (b2) F3(b1) + f3 (b1) Fo (b2) — f3 (b2) Fo (b1)
+3(f1(b1) F2(b2) — f1(b2) F2(b1)) + 3 (f2(b1) F1 (b2) — f2(D2) Fy (D))
= — |(3766X — 2) (X = 7) + (22X + 272 + 373) X| (0281 — b1B2)
+{(X = 7) 322X + fig6 (X = 71) + 272 + 37¢| — 23X} 22 (022 — b1fB1)
— i[ 376676 (X — 77) + 3inaFeX — fpgT2 X + Ty | Ao + 6iF6X (X = 7) (B2 = B1)
= 2i[(X = 7) (26X — ) + P2F6X | [c12 (B2 = B1) + c2of1fBa (b2 — by)]
+4i [2727»6)'( - ()'( - 7'7) (ﬁ%)‘( + 27»6)] ce6 (b — by + B> — B1)
By Eq. (27) we deduce

Aj

C11 —X+666b1b2 ci1 —X
—B=- by —by), =
B2 =B (e 1 ce) bib (by—=b1), PBip2 b b
ce6 (b1 + b
by — b1p1 = —%%62) (by = by)

(c11 = X) (b1 + by)
by —Bibs = —
Pabr = Fr1ba (c12 + co6) b1by
Introducing (48) into Eqs. (44)—(47) yields

(b2 = b1)

ce6 (by — by)

Ay =vA;r (k=0,1,2,3), =
£=7Ae ( ) (c12 + ce6) b1b2

where
Ag = [(6%2 —C11622 + szX) b1by + X (c11 — X)]
A= [X (e —X)+ (X— 77) szblbz] (b1 + by) + iT6Ay
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Ay = — [ﬁsz + I_’é + Nge (X - )]A_o
+2[c12(r2X X+7]) ( )] blbz

2 (2 a) (2 7) X w0 o
+ 2irg [)_( (c1 = X) + (X - n) cz2b1b2] (b1 + by)
A3 = —{|(X - ) (322X + fig6X — el + 272 + 37¢) — 273X | c2ab1 b
+(3766X — 2) (X = 77) + (22X + 272 + 378) X (c11 = X)} (b1 + bo)
— i[376676 (X = 77) + 36X — iaeFaX + 73 | Ao (53)
— i[2(X = 7) (R26X + 576) — 107276 X | [c12b1b2 — (c11 = X)]
— 676X (X - 7)) (C“C_ X, blbz)
66
in which b1b, and b; + b, are defined by (28) and (30). Removing the factor vy, Eq. (43) reduces
Ro+dies 220 Mo o) =0 (54)

This is the third-order approximate dispersion equation and it is entirely explicit.
When the principal material axes of the layer coincide the principal material axes of the half-
space, i.e. 8 = 0. Then, ¢, = E‘Tl, Cyp = 5;2, Clp = ETZ’ Co6 = 526’ C16 = C26 = 0. We have:

_ _ _ 1 _ 1
Te =Tixe = 0, N2y = —, Tle6 = =
) 66
—x =% =% —% 2 (55)
- _ Cuczz_(clz) )
r2 = p— = ]"1’ ]7 = T = —r3
)) )
T r3 1+ r r
n=r+——- hnh=rnrn+_—,—, Is=— +
66 €2 €2 66 (56)
re = (r1 +r)ry, r;= ry + 2ry, rg = = + =
€66 n

Note that, r; (j = ﬁ) in Egs. (55) and (56) are equivalent to r; (j = m) in Eq. (12) of Ref. [13].
Substituting (55) and (56) into (33) yields

£ (ba) = = ce6 (b +B) + 8| r3 + X = r1 (c12 = cnbuBn)

+8—2 (b +ﬂ)r+£ —ﬁ()_(+r +Xr)
) C66 \Dpn n 2 526 n 3 1 (57)
e - x
iir (c12 = c22b,Bn) (r4 + VSX) —re—nrmX - = ]
66
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F (by) = c12 = coobufn = & [cos (bn + Bn) = BuX|

8—2 X X b X
+ > +r3+ Xry — (c12 — coobpfBy) |11 + z (58)
& - i, o X2
+g Cﬁﬁ(bn +ﬁn)(l"2+l’8X)—ﬂn(X+r3+21"1X+T):|
€2

This result is equivalent the result which was derived by Vinh et al. [13] (see Eq. (22)). So, the
approximate third-order secular equation of Rayleigh waves of this case coincide with the approximate
secular equation of third-order which was obtained by Vinh et al. [13].

5. Conclusions

In this paper, the authors researched on the Rayleigh waves in the elastic half-space coated by
the thin elastic layer. Here, both the half-space and the thin layer are assumed to be orthotropic and
compressible. However, the principal material axes of the half-space do not coincide with those of the
half-space. By transforming the coordinate system, we bring the original problem to the problem of
Rayleigh waves propagation in the orthotropic elastic half-space coated by a thin coaxial monoclinic
layer with the symmetrical plane x3 = 0. After that, the effective boundary conditions of third order
are given that replaces the full influence of the thin layer on the half-space. For using the effective
boundary conditions, an approximate dispersion equation of third order of Rayleigh waves is derived
in this paper. This is a completely new result. When the principal material axes of the half-space and
of the layer were coincide, the secular equation in this paper reduces to those given by Vinh et al. [13].
Because the obtained secular equation is entirely explicit, it will be useful in practical applications.
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