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We derive a second order correction to an existing leading order model for surface waves in linear elas-
ticity. The same hyperbolic-elliptic equation form is obtained with a correction term added to the surface
boundary condition. The validity of the correction term is shown by re-examining problems which the
leading order model has been applied to previously, namely a harmonic forcing, a moving point load and
a periodic array of compressional resonators.
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1. Introduction

Plane surface waves in linear elasticity, also known as Rayleigh waves Achenbach (1973), are commonly
used to model real world problems. Recently this has included a renewed interest in systems involving
a forcing along the surface of an infinite bulk, including piezo-electric devices Morgan (1985), non-
destructive testing Cho (2003), seismic wave ‘lenses’ Colombi et al. (2016b), and metasurfaces intended
to control and suppress wave propagation Colombi et al. (2016a); Colquitt et al. (2017).

However, unlike bulk waves, these surface waves do not have an explicit wave equation; they are
instead ‘hidden’ through the equations of linear elasticity. This makes both finding the exact solution
or undertaking numerical analysis for a system dominated by surface waves difficult. Previous results
have shown that the displacement potentials can be expressed as a single function related through har-
monic conjugates Friedlander (1948), allowing the Rayleigh wave to be easily found in an arbitrary
form Chadwick (1976). This has been extended to surface waves in linear elasticity with general depth
dependence Achenbach (1998); Kiselev & Rogerson (2009); Kiselev & Parker (2010). Taking advantage
of the relation between displacement potentials, a leading order asymptotic model has been developed
for the Rayleigh-type waves produced by forcing along the surface of a linearly elastic half plane, for
example see Kaplunov & Prikazchikov (2017).

This model has been applied to multiple problems including: Plane-strain and moving load sys-
tems Kaplunov et al. (2010, 2013), mixed boundary problems Erbas et al. (2012), surface arrays of
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rod-like Ege et al. (2018) and beam-like Wootton et al. (2019) resonators, and coated half-space prob-
lems Dai et al. (2010). For more general works and further examples see also Kaplunov & Prikazchikov
(2017); Nobili & Prikazchikov (2018). In each, the asymptotic model has produced a simple but remark-
ably accurate approximation of the exact solution. The same asymptotic expansion method has also
been applied to produce similar models for interfacial waves in linear elasticity and edge waves on
plates Kaplunov & Prikazchikov (2013), piezo-electric waves Kaplunov et al. (2006) and plates with
surface loading Erbas et al. (2018) with similar success.

While this model has proven to give close representations of the exact solution in many cases, as the
problems become more involved the deviation between the exact solution and result from the leading
order model will increase. This is most notable when there are stresses both parallel and perpendicular
to the surface Wootton et al. (2019). As such it is necessary to investigate further development to this
model by adding a correction term.

The work shall be arranged as follows: First the leading order model for surface waves in an elastic
half plane from Kaplunov & Prikazchikov (2017) will be described, followed by the derivation for a
second order model which will add an additional term to the existing model. This new model will then
be applied to a variety of simple problems on which the leading order asymptotic model has already
been applied. The results from our new model will be compared directly with both the solution from the
leading order asymptotic model and the exact solution. The first problem considered will be a simple
2D harmonic forcing. This will be followed by considering a near-resonant moving point load along the
surface. Finally we will consider a system originally from Colquitt et al. (2017) consisting of vertical
rod-like resonators periodically embedded into the surface of the half plane.

2. Leading Order Asymptotic Model

First we shall summarise the leading order asymptotic model for Rayleigh waves Kaplunov & Prikazchikov
(2017). Let there be a linearly elastic half plane with shear and longitudinal displacement potentials y
and ¢ respectively. From Achenbach (1973) this system has governing equations,

1
011+ ¢33 — C7¢,tt =0,
11 2.1
Vii+tys——SYa=0
=)

where the shear and longitudinal wave speeds are given in terms of the first and second Lamé parameters,
A and u, and the half plane density, p, by

:?L+2u u

c == 2.2)
1 p 2

he)

with surface conditions at x3 = 0,

2013+ W11 — Wiz = —,

2.3)
(K2 =2)011 + Kk 233 +2y 13 = —.

ElwEIQ

where K = ¢p/c1 and Q and P represent some horizontal and vertical surface loading respectively that
induce surface wave motion. If the surface loading is small then it follows that the perturbed surface
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wave speed, c, will be close to the classical Rayleigh wave speed, cg. Then a small parameter 0 < € < 1
can be defined by,

c=cp(lte). (2.4)
and if Q and P are both O(¢) then ¢ and y will have the two-term asymptotic expansions,
o=e"00+01, y=eyotw, (2.5)

where the scale factor € ! is due to the system resonance for ¢ = cg. Utilising a multiple scales perturba-
tion scheme in the usual way, define independent fast time and slow time variables 7y and 7, respectively
such that,

Tr=t, Ty = £, (2.6)
leading to the operator identity,
d d d
—=-—+&—. 2.7
o = ot T fon, @7

If we use this operator relation to perturb the bulk equations (2.1),
2
€ £
033+ 011 — 2:2¢,rfr,Y - CT‘P.,MS =0,

! 21 (2.8)

€ E
Y33 +ﬁ1%‘l/711 —27 Voo, — 3 Van = 0.
) )

then at O(e~ 1),
0033 + 030,11 =0, Vo33 + Bavo.i1 =0. 2.9
For a function of the form, f33 + 7/2 f11 = 0 we can use the harmonic function relations,

fa=—vf1.  fi=v'f5  fF=-f (2.10)

where f* denotes the harmonic conjugate of f. From Chadwick (1976) it is proven that the displacement
potentials ¢ and y are related by,

1+ Bk 1+ Bz
. . _ 2.11
vi= g lte 0= @11)
At O(1) the perturbed bulk equations (2.8) give,
2 2 2 2
0133 + 00111 = 67450,1]@, v 33+ Bryii = lelfo.rfry (2.12)
1 2

Assume then that the second order terms of y and ¢ are,

o1 = d10+x3011, V1 = Yo +X3y11, (2.13)
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and again substituting into the perturbed bulk equations (2.12) yields,

1 1
1131 = 67¢0,1rfrs, P11 = —W(bogrfrs,
1 RC1
! (2.14)
V1131 = F Wit Vi1 = — 55 5 V03741
) RC2

Finally, substituting these into the surface conditions (2.3) and taking advantage of the harmonic func-
tion relations at O(1) gives, for a small vertical stress (ie. P = O(1), Q =0),

2 1463
20 +(1+ BV = —5 — =2 . 2.15
RO10.111 + (L + BR)Wio 111 <ocRc% Brc Po,177, 2.15)
" 2 1+ 2 P,
(14 Br) 10,111 +2BrWio, 111 = (2 - 2€R> Go,1¢p7, — — (2.16)
) RC2 H
which gives an expression for the leading order term of ¢,
2 1+ R
2¢0,¢p7, = —Ck 0B P. 2.17)
Similarly, for a horizontal stress (ie. P =0, Q = O(1)),
1+ Bz
20,71, = CR 2uBR 0. (2.18)

3. Second Order Asymptotic Model

We now intend to use the same method to produce a higher order asymptotic model. Continuing the
previous expansions (2.5) in the usual way, suppose that ¢ and y have the three term asymptotic expan-
sions,

o=¢"'qo+o1+ed, v=evot+vi+ew. (3.1)

We shall first complete the asymptotic treatment for a vertical stress only so let Q =0, P = €P;. Assume
the solution for @y (2.17) and relations for the first order non-homogeneous ¢ and y terms (2.14) from
above. Also assume that ¢ and y are related as a single plane harmonic function Chadwick (1976).
Taking the perturbed bulk equations (2.8) at O(g),

2 1

)

¢33+ 02 11 — 07¢1,Tfrr - Cj‘])o,rm =0,
1 1

(3.2)
2 2 1
V233 + Brv2 11 — 5 Vi — 5 Yoqg = 0.
) )
Supposing that the second order term solutions have the form,
$2 = 20 +X3021 + X302, (33)

Vo = Yoo +X3Y21 +xgllf227
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then it follows by substitution that,

2
20213 +200 +4x30203 =

1
7(¢01,r/-rs +x3¢11,r/r5) + *2¢0,TS‘L'J7
Cl : Cl

1
29013+ 2y +4x3 W03 = ?(WOI,TfTS +X3¥11,007,) + lelfo.mw
2 2

Matching coefficients in the usual way,
1 2 1
2¢20311 = C*2¢11,111,-rx, 20013 +2¢02 = C7¢10,Tf-ty + sz¢0,ms,
1 1 1

1 2 1
2yn0311 = lelfll,mfrs, 2yn1 3+ 2y = Cj‘l/m,r_m + szllfo,my
2 2 2

Using the relations (2.14) from above yields,

1
2022311 = ——5 7 903¢,7,5,5 2y 311 = — 57 Vo317, -
ORCy o Bres '

5o0f 18

(3.4)

(3.5)

(3.6)

3.7

(3.8)

(3.9)

Assuming that the forcing produces a travelling surface wave, introduce the travelling wave ansatz,

2 2
9" _ 29"
o~ ko
which gives,
2 2
C C
R R
2¢22 - — 2 4 ¢0,‘L’STJ7 ZWZZ - — 2 4 WO,‘L'STS;
OpC C
R™1 R%2

and so,
2
20213 = g‘i’loﬁﬂs + @%Jma
2 1
2¥213 = S V10151, + 255 Vo5,
) RC2
Then by using the relations for harmonic functions,
T I
) OtRc% 10,747 agc% 0,75 752

2
2y011 = 55 Y011, T 255 Yoo, -
’ ﬁRC% IO:Tfo ﬁgcg 0,757

(3.10)

@3.11)

(3.12)

(3.13)

(3.14)

(3.15)

Substituting the second order expansions for ¢ and y into the boundary conditions and setting x3 = 0,

202013+ (1+BE)Wa0.11 = —2¢01.1 + 2215 + 2y,

1— 2
B’; (@213 + 022) —2yn1 1.
1—oa;

—(14B3) 20,11 + 220,13 = —2

(3.16)
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which, on substituting the above relations, yields,

2 1 2 1
2 _ = - = o
2¢20.13 + (1 + Br) w2011 = Z V10,551, + 2 Y0, 1,1 e D105, B P07z, (G.17)
205 13+ (1+B2)vs e Y+ — 0 4 ¢ (3.18)
20,13 R)V20,11 = C% V10,741, C% Vo 1,1, aRc% 10,71 a,%c% 0,7,y 5 .
and,

2 _ B ﬁR 1 2 * 1

— (14 Bg) 20,11 +2¥20,13 = — a2 < 910,77, C,%(PO?TSQ) B Vior, — B Vozr,- (3.19)

Use the similar leading order relations (2.15) to find a relation for 7}, in terms of ¢y and ¢o,

208 2 1
Wio, 010,11 + ( - ) 00,71, (3.20)
=T (1+BR)anct  Bre3) "
and using the travelling wave ansatz (3.10),
20 2c% cx )
8 = -+ — Ty 3.21
‘/IIO,TfTX 1 +ﬁ2 ¢10 T T, <(1 I ﬁI%)aRC% ﬁRC% ¢0,T. T ( )

Then by taking advantage of relations between harmonic functions,

i 20, 1+B2 2
200,11 + (14 BR) Wao.11 = (R> < zﬁR - )‘Plo 77

14 B3 a2
20 1+ 1-B3\ 1 1- B2 1
—— |4 1) ,
+(1+B1%> (( 2wy g Ja \egi ) g) e
(3.22)
2 1+
— (14 BR)$20.11 + 220,13 = — (c2 ﬁk) 010,77,
2 2C3
3.23
(1+4 1—of 1Pk 1+ﬁ,%>¢ 329
— = - - 0,77 -
G (+Bowbes ~ Bres  2Bi) T
This system of equations can be expressed as,
N 2a
200,11 + (1 +31%)1V20,11 = <1R2> (Cl(Po,rm +b¢10,rfrs) )
+Bi (3.24)
—(1+ BR) 20,11 — 2BrW30,11 = — (C%m +d¢1o,rfrs> :
where,
(B 1B L -Be )] p_ LBk 2
- i 2 2 > 1) 3 T 202 20
20 ap ) ct 1+ Bz 3 ajpct o3 (3.25)
1 1o 1-B3 1+B3 2 1+B3 '
C:7+4 aR ) ﬁR +ﬁR d= = — +ﬁR

G (+BRaxbrs PR 2Bich s Bre
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Using the Rayleigh identity, this system of equations can then be simplified to,
co, 1, + d¢1071-f13_ = afo gz, + b¢1077f7s

which leads to the relation for the second order component of ¢,

a—=c¢
¢10,‘5er = m%,m“

:I—k ¢0aTsz7
where I'r can be significantly simplified as,
1 _ﬁz 1 1 (az _ﬁ2)2
Ir=2—"F 4 — (2(1—-B3)>+ R LR},
TR 2 2B<( P b

which is plotted in Fig [1] for varying values of the Poisson ratio, v.

7 of 18

(3.26)

(3.27)
(3.28)

(3.29)

To obtain a general relation for ¢, combine the second order relation (3.28) and the leading order

0

4

F1G. 1: The values for I'g (3.29) for varying Poisson ratio v.

relation (2.17) to produce,

21+ B;
2£¢,1frf1frs = —Cp 2uB (P,Tfl'f + El—kprfty) .

Then it follows from the operator relationship (2.7) that,
92 B 2> 97 g2 9?
dtpdt,  Jr* It} 12’
B 9? , 92 &2 9?
T Ko C 9
202
1?2

2¢e

= —c,zeD —€

0.5

(3.30)

(3.31)

(3.32)

(3.33)
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which gives,

1+B%, & &3
O¢ = P——2Ir+1 2—1I; 3.34
(P Z[JB C% ( R + )(pﬁsrs + clz{ R‘Plo,fxfs? ( )
1+ B2 g2 el
W5 = S oy~ g (Tt Doyt 2 3Tk myma (3.35)

and the O(€?) term can be expanded using the operator relation,

€2 1/ 2¢
CT¢Tfo1sfs = D) (C2¢077f77f7757s) +0(83) (3.36)
R R
1+ B3
S 8uBR (cROP+€*Pyr) +O(€%) (3.37)

so on neglecting the remaining O(&?) terms, these can be combined using the travelling wave ansatz
(3.10) to give,

1+ B2 20U +1
061 = 2;£R (1{11+ R4 mp), (3.38)

or equivalently for a horizontal load,

1+ B3 20k +1
Oy = — 2#[;1? <H711+ R4 EIH). (3.39)

From the definition of I (3.29),

Ar+1 1B 1( a2 (061%—[31%)2>
T g Tap (20 B ). (3.40)

We can verify this using a Taylor expansion around the Rayleigh solution. If the Rayleigh denomi-
nator is expressed as a function of r = ¢?/c3,

R(r)=2-r)?—4V1—rV1—-x2r (3.41)

which has Taylor expansion around the Rayleigh solution rg = c}/c3,

R(r) =~ R(ro) + R (ro)(r—ro) + %R"(ro)(r— ro)2 +... (3.42)

These derivatives are,

K2(1—r)+(1—K2r)
VI=rV/1—x2r
(1-x%)?
(VI=rvV1—x2r)3

R(r)=2(r—2)+2

(3.43)

R'(r)=2+ (3.44)
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and it is clear that,

r ’ c?
(r=rg)=-ro(l-——|=-(1=-B)(1-—5 ), (3.45)
ro CR
so for each term of the Taylor series. By definition the leading order term is given by,
R(rp) =0, (3.46)
which as expected represents a solution R(r) = 0 at ¢ = cg. The next order term is given by,
2 2 2
1-— 1-—
R (ro) (1 — ro) = 2(2_r0)_21< ro(1—ro) 4 (1 —K°ro)ro (1_62)’ (3.47)
V1—rg 1—K2r0 Cr
2
_ _op <1 _ ) , (3.48)
Ck
which is the same behaviour as the leading order model. The second order term then takes the form,
2
1 (ro — K2r0)2 6‘2
R’ ro)(r — T’O)z — (42 + 1-= ), (3.49)
2R (o) O 2 VT=roV/T— K21)? ck
2
(03— B3) &
= (=B + -5 . (3.50)
( 20383 &

On combining these expressions we produce the Taylor series,

w=-(1-5) - (o ) (-5).

which can then be substituted into the previous boundary conditions along the surface. In the case of a
vertical stress only,

2
R(r)¢ =~ 1:]5 P, (3.52)
g P ()] L@=BY (2!
(1_@23)‘%2#318 (1 43( (1-B7)*+ B3 )(1 1%>> P, (3.53)

st (1 (g (0w ) (- 5))r e

This clearly has the same form as the dispersion relation obtained above, and by rearranging, the coef-
ficient from the Taylor series matches exactly with the coefficient from the asymptotic expansion.

4. Example Problems

In order to verify that this second order model is valid, we shall next consider three different fundamental
types of forcing along the surface and see how the solution obtained from the newly obtained model
compares with the result from the previous leading order model and the exact solution. For each, it is
expected that the second order model will closely match the exact solution in the vicinity of wave speeds
close to the Rayleigh solution and will, in general, be more accurate than the leading order solution.
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4.1 2-Dimensional Harmonic Forcing
As in Kaplunov & Prikazchikov (2017), introduce a vertical load of constant amplitude,
P = Ryelkta—c) 4.1)

where k is the wave number and as before c is the wave speed. For this forcing the exact solution for ¢
is given by,

_ PO(I +ﬁ2) ik(x) —ct)—kaxz
T | “

with
R(c) = (1+B>)* —4aB. (4.3)

If we define the wave speed by ¢ = (1+¢€)cg then ¢? —c% = (2& +€2)c and the leading order asymptotic
solution is hence given by,

P()(l +ﬁ1%) eik(xl—ct)—kaR,m.

? = 306+ )R (44)

We shall repeat the same procedure but use our newly derived second order model (3.38), which yields,

Py(1+B3) <1 _2Ug+1 (28+82)> pilkxi—ct)—kagas 4.5)

? = 2e+e)uBe 4

It is clear to see that this result is the same as that obtained with the leading order model but with an O(€)
correction term. To compare the previously obtained results from Kaplunov & Prikazchikov (2017) with
that of our new second order model, introduce the scaled potential,

(28 + SQ)WCZ e*ik(xl —ct)

95 = 2P

@ (x1,0,1). (4.6)
where Fig. 2 shows the plots of ¢, for both asymptotic models and the exact solution near the Rayleigh
speed for a half-plane Poisson ratio of v = 0.25.

From this figure the improvement of the second order model is clear; while both asymptotic models
match exactly with the exact solution at € = 0, the second order model stays close to the exact solution
for a remarkably wide range of wave speeds. It does not however model the mode conversion of the
exact solution, where the travelling surface wave solution becomes evanescent and begins to decay along
the surface. This is due to treating o and 8 as fixed constants. In the exact solution as ¢ increases o and
B become purely imaginary and the wave propagates into the bulk, a behaviour the asymptotic model
cannot replicate.

4.2 Point Moving Load Steady-State Problem

Since we have shown that the above model is valid for a static harmonic load, we shall next move to
modelling the effects of a moving load. As with before we will make use of a system previously solved
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0.8
————— Leading Order
Second Order
0.6} Exact solution
< 04
0.2}

0 1 1 1 1 1 1 1 1
-02 -0.16 -0.12 -0.08 -0.04 0 0.04 008 012 0.16 0.2

&

FIG. 2: A comparison of the leading and second order asymptotic models with the exact solution for the
scaled potential @, near the Rayleigh speed for Poisson ratio v = 0.25. The leading order and second
order asymptotic solutions correspond to the dashed grey and solid grey lines respectively and the exact

solution is denoted by the solid black line.

using the leading order model Kaplunov et al. (2010); Kaplunov & Prikazchikov (2017), in this instance
considering a point vertical load moving at constant speed, c. Using the delta function to represent the
point forcing, this load is given by P = Pyd(x; — ct) along x3 = 0. Introduce a moving coordinate system
s = x1 — ct such that

for which from Kaplunov & Prikazchikov (2017) the leading order asymptotics yields,
0.65(5,0) = 1;; %% C%Cizecz 05(s), (4.8)
and so instead at second order,
1+B2 ([ & 2Ik+1
0.45(s,0) = B <012e ~ + ) ) PyS(s). (4.9)

This retains the key properties of the leading order model, most notably the resonance at ¢ = cg. This
form makes the change from the leading order to the second order model solution relatively straightfor-
ward as for constant c, the second order correction acts as a constant multiplicative factor. For instance,
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where in Kaplunov & Prikazchikov (2017), the leading order displacement potentials were found to be,

1+B: <k 1S
J(5,03) = Pot ), 4.10
dus0) = ok ST a0 (4.10)
o OR CIZQ Pl 2 2.2 4.11
l//_’S(S,X3) = _47.“13 C%*Cz oln (S +ﬁRx3)7 (4.11)

from the second order model we instead yield,

1+B% ([ & 2x+1 4
= Pyt 4.12
¢«,S(sax3) 277:[.13 (,’12?—6'2 + 4 0 an (XR)C3 I ( )
2

_ CR 2Up+1 2. p22

(o) = g (S ZEE ) o (44 ) @.13)
Using the dimensionless variables v, vg and € such that,
=2, v=", w=E, (4.14)
X3 2 2

in the same way we can also produce the second order solution for the steady-state displacements,

142 PA) | 1+ B3
ufl = +Pi ZVR _ZRE ) by (fan ! S _1+h tan~! 5 7 (4.15)
27uB \ v —v? 4 OR 2 Br
S (1+Br)ow ( vk 2lr+1 2

2 2 2 2
B\ 4 )r(mee Few g e LB). @

As in Kaplunov & Prikazchikov (2017), introduce a scaled stress S33 such that,

Sp3 = g 235 4.17)
P

for which the exact solution of the system gives,

a ((1+p%)? 4B
833 = - . 4.18
5= (Tra Eop 19
The leading order asymptotic solution then gives,
20 Pr VIZQ < OR Br )
S33 = - + 4.19
PTUB -2\ &} E4 B 19

and hence it is straightforward to obtain S33 from the second order asymptotic solution,

_ 20RPr Vi 2l +1 OR Br
S33 = B ( 3 3 + 1 §2+a1% + €2+B1% . (4.20)

Vg —V
We shall again compare the leading order solution with the solution obtained from the second order
model. This comparison is given in Fig 3 for a Poisson ratio of v = 0.25, with vg & 0.9194, at £ =0.2.
This again shows a significant improvement between the leading order and the exact solution, with the
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20F Exact Solution

————— Leading Order
Second Order

S33
o

-20F}

0.8 0.85 0.9

v

F1G. 3: A comparison of the leading and second order asymptotic models with the exact solution for
the scaled stress S33 near the Rayleigh speed for a Poisson ratio v = 0.25 with & = 0.2 . Here the
leading order and second order asymptotic solutions correspond to the dashed grey and solid grey lines

respectively and the exact solution is denoted by the solid black line.

second order model being a consistent improvement for a wide range of speeds, even those far away
from the resonance at the Rayleigh speed. The plot shows that for forcing speeds less than the Rayleigh
speed in particular, the second order model approximates the exact solution remarkably well.

Furthermore, the second order model in this instance only introduces a constant multiplying factor
to the leading order model. This is a feature of having a forcing of the form P = P(x; — ¢t) and so for
any similar moving load problems the second order model will be more accurate than the leading order
model but no more difficult to apply.

It is however important to note that this model is only valid near the surface of a near-resonant load,
ie. for ¢ = cg, and s < x3. While when both of these conditions are met the model is shown to be highly
accurate, the asymptotic solution cannot predict far-field behaviour or the effect of non-resonant moving
loads.

4.3 Vertical Rod-like Resonators

We will now attempt to replicate and improve on the results produced by the leading order asymptotic
model for a more involved system. From Ege et al. (2018) the asymptotic model was used to accurately
interpret the behaviour of a system consisting of a periodic array of identical vertical rod like resonators
along the surface of a half plane, originally proposed in Colquitt et al. (2017).
If the spacing between each rod is / then we can introduce the dimensionless variables,
ol
K=k, Q=—, (4.21)
CR
where ® and k are respectively the angular frequency and wavenumber of the wave. Hence the exact
dispersion relation for this system from Colquitt et al. (2017) can be expressed in dimensionless form in
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terms of the Rayleigh denominator (3.41) as,

Q a\?
R(FZ) =X () 1, (4.22)
K ogr \ K
where 1" is a non-dimensional function showing the effect of the resonators, given by,
dr CR ﬁ]% —1 /’lr CR
Y=—E —q«a t Q0 4.23
17 B M e, ) (4.23)

with d,, h, and E, respectively being the width, height and Young modulus of the resonators and as
usual the compressional wave speed of the resonators, ¢, given by ¢, = \/E,/p, where p, is the res-
onator mass density. The leading order asymptotic dispersion relation produced for this system can be
expressed as the quadratic equation,

K>+KTrQ—Q%*=0. (4.24)

Using the second order model introduced above, we instead produce the cubic dispersion relation,
2Ir+5 2Ir+1
K3 +K? <R4+> rQ-—KQ>— <R4+> rQd=o. (4.25)

This dispersion relation is plotted in Fig 4 using the parameters in Table 1. For simplicity, these are the
same system parameters as used in the previous treatments of the same problem Colquitt et al. (2017);
Ege et al. (2018). Although not immediately clear, it is possible to show that this is the same as the
leading order dispersion relation with an O(€) correction. Unlike the previous systems however, the
second order model requires the solution of a higher order polynomial than the leading order model.
While in this case the cubic dispersion relation can still be solved explicitly, this may not be true for
other systems where the increase in difficulty to solve the second order model may require numerical or
computational solutions.

Table 1: The numerical system parameter values for the rod resonators and half-space used to produce
the dispersion relation curves of Figs. 4 and 5.

Symbol Definition Value
/ Lattice spacing 2m
p Half-plane density 13000 kg m—3
u Half-plane shear modulus 325 MPa
A Half-plane first Lame parameter 702 MPa
hy Resonator length 14 m
d, Resonator diameter 0.3m
pr Resonator density 450 kg m~3
E, Resonator Young modulus 1.70 GPa

Fig 4 shows the main behaviours of the exact solution, specifically the resonances at the rod resonant
frequency, as well as anti-resonances which intersect the Rayleigh line. However, since both the leading
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K

FIG. 4: The second order asymptotic solution (4.25), denoted by the grey curve, for a 2-dimensional
system of rod like resonators. The Rayleigh line is plotted in dashed purple and the shear wave line in
dashed orange.

order and second order models represent the exact solution near-exactly, it is difficult to determine from
this plot whether the second order model is an improvement.

To see if the second order solution is an improvement on the leading order model, we will compare
the results of both the leading order and second order model to the exact solution near the system
resonances. This comparison is given by Fig 5. These figures show a clear improvement between

2.6 3.0 3.4 8.4 8.8 9.2

K K
(a) First Asymptote (b) Second Asymptote

FIG. 5: The dispersion relation near the first two resonances for a 2-dimensional system of rod like
resonators. The second order asymptotic solution (4.25) is denoted by the solid grey curve, the exact
solution (4.22) by the solid black curve, and the first order asymptotic solution (4.24) by the dashed grey
curve. The Rayleigh line is plotted in dashed purple and the shear wave line in dashed orange.
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the leading order model and the second order model. Between the Rayleigh and shear wave lines
in particular the second order model matches with the exact solution remarkably well, with the two
solutions almost indistinguishable. Even for larger values of K where the model is predicted to not work
as well, the level of matching remains highly accurate with a relative error in €2 of less than ~ 2% for
these material parameters.

5. Concluding Remarks

In this work we have shown that by using the same method used to produce the leading order model
for the Rayleigh wave field, it is possible to obtain a higher order correction term to the surface bound-
ary condition while leaving the equations for the bulk unchanged. This correction term leaves the
hyperbolic-elliptic nature of the system unchanged with the surface boundary condition still giving a
hyperbolic equation. This correction term also converges with the second order Taylor expansion for
a surface loading, demonstrating that in a general case the model obtained will converge to the exact
solution.

This new higher order model has been applied to three different systems: a vertical harmonic forcing,
a steady state point moving load, and an array of vertical resonators attached to the surface. Each of
these problems has been treated by the leading order model previously to good effect. Applying the new
higher order model to each has shown close matching to the exact solutions and significant improvement
over the existing leading order model, at the cost of a less succinct solution form.

The treatment of the harmonic forcing in particular shows how the second order model is an improve-
ment over the leading order model. While the leading order model matches the exact solution only at
the Rayleigh speed, the solution from second order model remains a good fit for the exact solution for a
much greater range of speeds.

Furthermore, the moving load problem demonstrates how the added accuracy of the model does not
necessarily come with an increased difficulty to solve. While the second order model is significantly
more accurate than the leading order model, particularly for a wider range of load speeds, the process
for solving the problem remains the same.

Finally, the resonator forcing demonstrates how well the second order model can predict the reso-
nances and band gaps caused by a structured surface. This is especially notable as the forcing is not
applied, it is caused as a reaction to the existing motion of the half-space, and so the model must accu-
rately represent both the initial motion and the effect of the reaction. These band gaps are particularly
sought after for their uses in controlling and suppressing wave propagation and have shown a recent
increase in interest in such ‘metasurfaces’.

From these results there is clear scope for further development of the model and application of
this model in other situations. The leading order model has been extended to full 3D systems and
both tangential and perpendicular applied stresses and displacements, and there is no reason why the
same cannot be done for the higher order model. Similarly, the higher order model can be used to re-
examine previously studied systems to gain further insight and extend those previous systems into more
involved problems which the leading order model was not refined enough to accurately approximate.
This includes refining the leading order effective parameters obtained for thin film or coating problems,
or problems with anisotropy.
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