Vol 16 No 8, August 2007
1009-1963,/2007,/16(08)/2180-08

Chinese Physics

© 2007 Chin. Phys. Soc.
and IOP Publishing Ltd

The acoustoelastic effect on Rayleigh waves in
elastic—plastic deformed layered rocks”

Liu Jin-Xia(X|4:88)", Cui Zhi-Wen(#£530), and Wang Ke-Xie(E 5 H})

Department of Acoustics and Microwave Physics, School of Physics, Jilin University,

JieFang Road 2519, Changchun 130021, China

(Received 28 November 2006; revised manuscript received 16 January 2007)

On the basis of the acoustoelastic theory for elastic—plastic materials, the influence of statically deformed states

including both the elastic and plastic deformations induced by applied uniaxial stresses on the Rayleigh wave in layered

rocks is investigated by using a transfer matrix method. The acoustoelastic effects of elastic—plastic strains in rocks

caused by static deformations, are discussed in detail. The Rayleigh-type and Sezawa modes exhibit similar trends in

acoustoelastic effect: the acoustoelastic effect increasing rapidly with the frequency-thickness product and the phase

velocity change approaching a constant value for thick layer and high frequency limit. Elastic—plastic deformations in

the Castlegate layered rock obviously modify the phase velocity of the Rayleigh wave and the cutoff points for the Sezawa

modes. The investigation may be useful for seismic exploration, geotechnical engineering and ultrasonic detection.
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1. Introduction

The acoustoelastic effect, i.e. the velocity change
of the acoustic wave in the presence of stresses, has
been investigated for more than 50 years.[!! Resid-
ual stresses, externally applied stresses and strains
can all lead to a change in propagation velocity of a
wave, such as a bulk wave, Rayleigh wave, Love wave
and Lamb wave.l?~4 Many scientists/?>* have investi-
gated the acoustoelastic effects on the Rayleigh waves
propagating in the layered Ge/Si systems. Those re-
searches are mainly stimulated by interest in the non-
destructive evaluation of third-order elastic constants
and/or residual stresses in metal samples. In the re-
search, the residual stresses are mainly induced by
the mismatching of material properties between film
and substrate. The residual stresses are induced by
a variety of sources, and one of the sources is plastic

[5] In seismic reservoir characterization,

deformation.
the effects of stresses and plastically yielded rocks are
more recognized. Generally, the elastic wave velocity
increases with the increase of compressive stress ap-
plied to sedimentary rocks. However, as the applied
stress exceeds a yield stress and approaches a value

of failure, the material undergoes an elastic—plastic

deformation prior to mechanical failure, and the elas-
tic wave velocity starts to decrease.[l Wave propaga-
tion in rocks subjected to elastic—plastic deformations
can be described by the equations of motion for small
dynamic fields superposed on a static bias.[®7] The
static bias refers to the statically deformed state of
the material with large deformations. The bulk wave
propagation along a principal stress direction has been
described in terms of total static strain and plastic
strain.[®! Whereas the layered structures are often de-
tected in seismic exploration, geotechnical engineer-
ing and ultrasonic detection,®=1¢! for example, the
road surface of speedway, groundwork, etc, the layered
structures may undergo elastic and plastic deforma-
tions induced by applied stresses. Experiments!!7—1]
have shown that the nonlinear response of sedimen-
tary rocks subjected to applied stresses is more obvi-
ous than that of other media. Therefore, it is signifi-
cant to study the influence of elastic and plastic defor-
mations induced by applied stresses on the Rayleigh
wave in layered rocks.

The Rayleigh waves have been widely
investigated®=19 to determine the material param-
eters in geophysics, geotechnical engineering and ul-

trasonic detection. Some studies have shown the sen-
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sitivity of this wave to stress in different materials.2"!

How the statically deformed states including the elas-
tic and plastic strains induced by applied stresses
influence the velocities of the Rayleigh waves in the
layered rocks, we do not know. In this paper, we
attempt to investigate the acoustoelastic effect on the
Rayleigh wave for the Castlegate layered rock with
elastic and plastic deformations induced by uniaxial
On the

basis of the acoustoelastic theory for elastic—plastic
6,7]

stresses deposited on the Berea substrate.
materials, we study the influence of the elastic
and plastic strains caused by static deformations on
the Rayleigh wave propagation in layered rocks by
using a transfer matrix method.[?)’ The material is
isotropic in the absence of static deformations in this
paper.

This paper is organized as follows. In Section 2,
we describe the wave propagation in an elastic—plastic
continuum. In Section 3, we describe the Rayleigh
wave for the Castlegate layered rock deposited on the
Berea substrate. In Section 4, the numerical results
are displayed and discussed. The obtained results
may arouse the interest of researchers in the above-
mentioned fields and also in the experimental wave
propagation in elastic—plastic deformed media.

2. Acoustoelastic  theory  for

elastic—plastic materials

Following the acoustoelastic theory for elastic—

plastic materials proposed by Johnson!”l and Sinha

(6]

and Plonal®, a primary variable E}Z p is introduced

Ciji = [p/po) FiaFjpFrcFip (capcp + caeperEpr),

~ [S] 1 [S] (3
Ty = [p/po] FiaFip (CABCDECD + _CABCDEFECDEEF> )

4
)
6
7

ﬁgpo(l_E}:VN)v
2EY 5 = FiaF;p — 6B,

(4)
(5)
Eip = Eyp — Elp, (6)
Fia =25 4, (7)

Equation (1) represents the equation of an infinitesi-

and referred to as the plastic strain, to which the fol-
lowing properties are assigned: 1) it is a symmetric
tensor, 2) it has the same invariance properties as
the total strain, 3) when the stress is removed from
a material point, the plastic strain equals the total
strain, and 4) the constitutive relation for the rate of
change of plastic strain is independent of time scale.
When the applied loading produces a stress that ex-
ceed a yield stress, a permanent (or plastic) deforma-
tion occurs in the material. The elastic—plastic defor-
mation of the material in the biased state is assumed
to take place in an isothermal process. It is also as-
sumed that the plastic deformation does not make any
contribution to the Helmholtz free energy. It is fur-
ther assumed that the small-amplitude wave propaga-
tion does not cause any additional plastic deformation
beyond the propagation region exists a statically de-
formed state. Three configurations of the body: refer-
ence, intermediate (deformation), and current config-
uration, play a crucial role in the theory. We choose
the intermediate (deformation) configuration to de-
scribe the wave propagation in a rock with elastic—
plastic deformations. Let the vectors X, & and x°
with components X 4, z; and xf represent the refer-
ence, intermediate and current states, respectively. A
subscript comma denotes partial differentiation with
respect to X or x, depending on the following sub-
script, and summation convention holds for the re-
peated subscripts and also for those capitalized sub-
scripts.

Equations of motion in intermediate coordinates
are

0 (Cijrr + Tudrj) uk,] /0xs = piiy, (1)

where

2

mal motion in a deformed elastic—plastic medium. It
is interesting that the form of this expression is the
same as that for a small dynamic field applied to a

statically elastic bias.[!

However, the stiffness ten-
sor C' and the Cauchy stress tensor T' in the inter-

mediate state are functions of the plastic strain and
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work hardening.[”!  w; is the small dynamic displace- 2

ment, the dot denotes the differentiation with respect - stressed layer 1 =

to time, F;4 denotes the static deformation gradient, o 0 z1

capep and capeoprer are the second-order and third-

order elastic constants!!

respectively. Isotropic ma-
terial has two independent second-order elastic con-
stants and three independent third-order elastic con-
stants. EY g is the total static strain. The superscripts
e and p denote the elastic and plastic components, and
p and pg are the mass density in intermediate and ref-
erence states, respectively. Equations (2) and (3) are
nonlinear in the elastic and total strains. Similar rela-
tion derived from the usual acoustoelastic theory!®2!]
has been presented for infinitesimal strains so that the
velocities can be linearized. In deriving a theory for a
finite elastic—plastic deformation, such a linearization
may or may not be appropriate.”

3. The

stressed layer on a substrate

Rayleigh wave in a

The physical model is shown in Fig.1. A stressed
layer is deposited on a substrate. Half the space noted
with ‘0’ is the Berea substrate, and the part denoted
with ‘2’ is vacuum. The layer labelled with ‘1’ is the
Castlegate layered rock. The z3 = 0 plane in the
Cartesian coordinate system is the interface between
the layer and the substrate while the plane x5 = —h
is the free surface of layer. For applied stresses we

substrate

z3
Fig.1. The geometry of the problem considered and cor-
responding coordinate system.

assume the uniaxial model, with axial strain compo-
nents being EY; = E; # 0 and ES, = ES, = Bl =
ES5 in the absence of any plastic strains in the mate-
rial, and E}, # 0, ES, = Ei; and E{; = EY, — EY},
in the presence of plastic strains in the material.l®
Assuming the plane-wave propagation to be in the di-
Ou;/Oxa = 0, we
have homogeneous static strains induced by applied

rection perpendicular to z9, i.e.

stress within the layer, ie. Ef (v1,72,73) = Ef,
where a = t, e, p. Since the reference state is selected
to be isotropic in the absence of applied stresses, the
transverse displacement us is decoupled from u; and
ug. Voigt’s notation may be used to indicate the in-
dices of stiffness tensors Cjjxi, capcp and capcper
(11— 1,22— 2, 33— 3,23 — 4,13 — 5,12 — 6), and
the stiffness tensors can be written as Cpq, cpq and cpgr
(p,q,r=1,2,..., 6).[6] Then the wave propagation in
the system can be described by equation of motion for
the prestressed layer

82u1 62’(1,3 82’(1,1 62’(1,3 82’(1,1
C Th) == +C C C =p
(Cri+Tu) oz + O o+ O g + O gy ~ P o
82’(1,1 62’(1,3 62’(1,3 82’(1,1 ~(92’(1,3
13 Gty T Oz T O+ T) g + O =P g ®

The constitutive equation in the intermediate co-
ordinates can be obtained from Refs.[6,7]

U’Lcj = Tl] —+ Cijklekl + ui,kaju (9)

where o7; is the first Piola-Kirchhoff stress tensor in
an intermediate configuration, ex = (uk, + uk)/2 is
the elastic strain due to a small-amplitude wave prop-
agation. In this paper the applied stresses are the uni-
axial model along the x;-direction, the Cauchy stress
components T;3 are set to be zero, and the first Piola—

Kirchhoff stress components perpendicular to the in-

terface are
0'1-03 = Cinlekh = 1, 3 (10)

We now consider the Rayleigh wave moving in the
direction of the xq-axis

u; (x1,23) = Bje~tkesgilhzi—wt) (11)

Substituting the expression(11) into to Eq.(8), we
obtain
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— (C11 + Th1) + pc® 4 Cssb —ib (C13 + Css) Bl _, (12)
—ib (Ci3 + Css) —(Cs5 4+ T11) + pc + C33b® | | Bs
|
for the Rayleigh wave, the existence condition of non-  Then the displacements may be expressed as
trivial solutions for By and Bj is that the determinant
in Eq.(12) vanishes, which yields a four-order algebraic 4
equation in b, with velocity c use as the parameter, i.e. up = Z Blge_kbgmel(ml_m)a
At 4+ Asb? + Az = 0, where g—1
4
A1 = C55C33, uz = ZﬁgBlge’kbg“ei(k“""t). (15)
g=1

Ay = Cs3 (—C1 — T + pc?)
+Cs5 (—Cs5 — Th1 + pc?) + (Chs + Cs5)°,
Az = (=C11 — Ty + pc?) (—Css — Th1 + pc?) .(13)
From the above equation, the four roots b,

(9 =1,2,3,4) of b can be obtained. In addition, from
Eq.(12), each by (g =1,2,3,4) yields the amplitude

From the expression (15) and the constitutive rela-
tions (10), one can write the formal solutions for the
displacements and stresses in matrix form as follows:

ratio g, i.e. vi (z3) = D1Ry (23) B, (16)
8, = @ _ i(Cis+ Css) by (14)
" By —Css —Ti + pc + Csgb?’ where
|
C C T
vi = [u1 uz o053 oy3]
1 1 1 1
D. — pr B2 Bs Ba
L=
ikC13 — kb181C33  ikC13 — kb B32C33  ikC13 — kb3B3C33  ikC13 — kbsfB4C33
| kCs5(=b1 +161)  kCs5(=ba +iB2)  kCs5(—bs +iB3)  kCs5(—bs +1iB4)
[e=kbizs 0 0
0 e kw9 0
Ri(z3) = 0 0 oM g , B=[By B2 Bz Bul' . (17)
0 0 0 e kbams

It is well known that the major disturbance of
the Rayleigh wave motion is restricted to the region
near the surface, which requires that the components
of displacement tend to zero when x3 approaches to
infinite. Therefore, only two roots of ' with positive
real parts can be selected. The superscript ‘’ ’ repre-
sents the corresponding quantities associated with the
substrate. Thus the displacement and stress vectors
of the substrate can be expressed as

0
Bi2e—k}b/2LE3
0

Bi4e—k}b£1LE3

vy (z3) = Do (18)

Here, Dy can be obtained by substituting the elastic
constants ¢}, ¢54, ¢t and p’ of the isotropic substrate
into Eq.(17). Expressions (16)—(18) have the same fea-
tures as those for the transfer-matrix approach with
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the static elastic strains induced by residual stresses.?!

Hence the numerical procedure for the solution is sim-
ilar to that for the stressed!? or unstressed body. One
can establish the transfer matrix P; (—h,0) to relate
the displacements and stresses at the lower surface of
the layer ‘1’ to those at the upper surface according
to Eq.(16) as follows:

1 %41 (—h) = P1 (—h, 0) 1%} (0) N (19)

and
P, (—h,0) = D1R; (—h) D{*,

where vy (—h)and v (0)are respectively the vectors at
the upper and lower surfaces of the layer ‘1’. Equation
(18) at x5 = 0 becomes

)T

4] (O) :DO (O) (05B12507314 (20)

The displacements and stresses must be continuous
across the interface between layer ‘1’ and the substrate
‘0%, i.e.

v1 (0) =1 (0). (21)
From Eqs.(18-21), the displacements and stresses vec-
tors at the top of layer ‘1’ can be written as
)T

vy (—h) =G (0,B},,0,B,)" , (22)

where

G = Pi (~h,0) Dy (0).

For the free surface, i.e. the surface of layer ‘1’, we
have

o (z,—h) =0, i=1,3. (23)

By substituting Eqs.(22) into the boundary conditions
(23), we obtain

Gsa G B 0
033 _ 32 G34 12 _ , (24)
013 Gaz Gy B, 0

Equation (24) has nontrivial solutions when the deter-
minant is equal to zero. the phase velocity equation
is thus obtained as follow:

G32G44 — G34G42 =0. (25)

4. Numerical results

In this section, we apply the transfer matrix
method to the calculation of the Rayleigh wave. In
particular, we will discuss the influence of the elastic—
plastic strains induced by static deformations on the
Rayleigh wave within a Castlegate layered sandstone
deposited on a Berea sandstone. Linear and nonlinear
constants for rocks are listed in Table 1.

Table 1. Linear and nonlinear constants for sandstones.

po/(kg/m3)  Vp/(m/s) Vis/(m/s) c1aa/GPa  ca56/GPa  c123/GPa
Castlegate 2000 2000 2000 —162.5 —340.8 —95.9
Berea 2135 3022 3022 — — —

The unconfined compressive strength of the Castle-
gate sandstone is 16 MPa.l[l According to Ref.[6], in
Fig.2 we also assume that the growth in the plas-
tic strains for the Castlegate rock is in the form of
a quadratic polynomial in the axial strain FY,, in
addition, we do not consider any creeps in the ma-
terial. The assumed growth is somewhat arbitrary
and can cause a slightly larger difference between
the predicted and measured velocities at intermedi-
ate stresses. Whereas the actual form of the poly-
nomial depends on the used rocks and their load-
ing history, and the experimental data on this very
weak Castlegate sandstone indicates that the plas-
tic deformation starts rather early in the first load
cycle. Since the reference state is selected to be

isotropic in the absence of applied stress and the hys-

teretic behaviour is not considered to be caused by
frictional losses during static deformation, the lateral
strains FS, = EY; = —vE},. The poisson’s ratio v
is given by (V;f —2V2)/2 (V- VZ2). The previous
work[?? on elastic-plastic deformation of weak sand-
stones under uniaxial loading shows that vpjastic is
roughly one-tenth of Veastic- In this paper, we use
the Poisson ratio, Vplastic = 0.1Velastic, to calculate
the transverse plastic strains in terms of axial plastic
strain. In order to investigate the influence of elas-
tic and elastic—plastic strains induced by static de-
formations on the phase velocity and the penetration
behaviour, we have a total static strain of the Castle-
gate sandstone, EY; = —0.002, and plastic strains,
EP, = —0.000625 (see Fig.2) in the existence of plas-

tic strain and E}; = Ef; = —0.002 in the absence of
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plastic strain induced by applied stresses, besides, we
introduce a phase velocity shift of AV = V7V — V|
where V' and V™" are the phase velocities for the
system without and with applied unaxial stresses re-
spectively.

0.20

Plastic strain/%

0 n 1 " 1 " 1 " 1 n 1
0 0.1 0.2 0.3 0.4 0.5

Total strain/%

Fig.2. Assumed growth of the plastic strain as a function
of total strain in the first load cycle. (from Ref.[6]).

In Fig.3 the phase velocity dispersions of the
Rayleigh-type and Sezawa modes with propagation
parallel to the -z; are shown. Figure 3(a), 3(b) and
3(c) correspond to the unstressed state, statically elas-
tic and elastic—plastic deformations induced by ap-
plied stresses in a Castlegate layered rock, respec-
tively. The solid and dashed curves represent lin-
ear and nonlinear results in elastic and total strains,
respectively. In Fig.3(a) there are six modes for
fh <5000m/s in the unstressed layered system. The

first mode is the Rayleigh-type mode, and the oth-
ers are the higher-order Rayleigh modes, i.e. Sezawa
modes. For a very thin layer, the Rayleigh wave is
mainly determined by the elastic properties of sub-
strate. When the layer thickness h or the operating
frequency f increases, the Castlegate layer slows down
the velocity until the Rayleigh-type wave is completely
localized within the layer finally. Furthermore, each
of the high-order Rayleigh modes, i.e. Sezawa modes,
has a low-frequency cutoff, at which the phase velocity
is equal to the substrate shear velocity, and requires
a minimum layer thickness to propagate at a given
frequency. In Fig.3(b) one finds only four modes for
fh < 5000m/s in the Castlegate layered sandstone
subjected to statically elastic deformation. The re-
sults indicate that the Sezawa modes shift towards
high frequencies and the phase velocities are changed
compared with those of unstressed state. However,
in Fig.3(c) one can find five modes for fh < 5000 m/s
when the Castlegate layer undergoes statically elastic—
plastic deformation, which is different from those in
both the Figs.3(a) and 3(b), and shows that the
Sezawa modes shift towards low frequencies and the
phase velocities are obviously changed compared with
those of statically elastic deformation. Note that the
difference between the ‘linear’ and ‘nonlinear’ results
is rather small for such strain magnitudes in Figs.3(b),
(c). In order to investigate the influences of elastic
and elastic—plastic strains induced by applied uniax-
ial stresses on the Rayleigh wave, the first and second
modes are studied in detail.

1800 1800 1800
NN \ | Sez mod‘es\ | CZAWR_ M0 ~
Q 1600 @ 1600 @ 1600
) E t £ |
; 1400 ; 1400 F Rayleigh-type mode ; 1400 )
| Rayleigh-type mode
i —— Linear Linear
1200F () Rayleigh-type mode 12007 ()  — - Nonlinear 1200 (C)I --- NOP]ineﬁH
1 | 1 1 1 1 1 1 ] 1 1 I I

L " L " ]
0 1000 2000 3000 4000 5000
fh/(m/s)

0 1000 2000 3000 4000 5000
fh/(m/s)

0 1000 2000 3000 4000 5000
fh/(m/s)

Fig.3. Phase velocity dispersion vs frequency-thickness product fh for the Rayleigh-type and Sezawa modes prop-

agating parallel to the z1. (a), (b) and (c) correspond to unstressed state, statically elastic and elastic—plastic

deformations induced by applied stresses in a Castlegate layered rock, respectively. The solid and dashed curves

represent linear and nonlinear results in elastic and total strains, respectively.

Figure 4 shows the influences of elastic and
elastic—plastic deformations induced by applied uniax-
ial stresses on the Rayleigh-type mode. In Figs.4(a)
and 4(b) the phase velocity dispersion and change AV

are displayed, respectively. Curves labelled with ‘un-
stressed’, ‘elastic’ and ‘elastic—plastic’ represent phase
velocities for unstressed state, elastic and elastic—
plastic strains induced by static deformations in a
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Castlegate layered rock, respectively. The solid and
dashed curves refer to linear and nonlinear results in
elastic and total strains, respectively. Figure 4(a) dis-
plays that the phase velocity obviously increases com-
pared with that of unstressed state when the Castle-
gate layered rock undergoes statically elastic deforma-
tion, and decreases compared with that of statically
elastic deformation when the layered rock undergoes
elastic—plastic strains induced by static deformation.
In Fig.4(b) it is clearly seen that the acoustoelastic
effect is dependent on the penetration depth of the
wave. For small values of fh, the wavelength is larger
than the layer thickness, and the phase shift is small
when the layered rock undergoes both the elastic and
elastic—plastic strains. With increasing the values of
fh, the wavelength becomes considerably smaller than
the layer thickness and the wave is completely re-

1600 —— Linear
----Nonlinear

g 1400 Elastic
§ Elastic-plastic

1200} Unstressed

(a)
0 1000 2000 3000 4000 5000
fh/(m/s)

stricted to the layered rock with both the elastic and
elastic—plastic deformations, the acoustoelastic effect
is obviously found and increases rapidly. For the thick
layer and high frequency limits, the velocity change
approximates a constant value, the almost maximal
change in phase velocity is 217m/s as the product of
fhis greater than 1415 m/s when the layered rock un-
dergoes the elastic deformation, and maximal change
in phase velocity is about 141m/s as the product of
fh is greater than 1305m/s when the layered rock
undergoes the elastic—plastic deformation. The phase
velocity change of the wave propagation in a Castle-
gate layered rock with elastic—plastic deformation is
smaller than that with elastic deformation induced
by stresses. Note that difference between the ‘linear’
and ‘nonlinear’ results is indistinguishable under such
strain magnitudes.

—— Linear
250 .
Elastic ----Nonlinear
200+
g 150 - Elastic-plastic
S
2 100f
50+
(b)
001000 2000 3000 4000 5000
fh/(m/s)

Fig.4. Phase velocity dispersion (a) and change AV (b) vs frequency-thickness product fh for the Rayleigh-type wave

propagating parallel to the x1, respectively. Curves labelled with ‘unstressed’, ‘elastic’ and ‘elastic—plastic’ represent phase

velocities for unstressed state, statically elastic and elastic—plastic deformations induced by applied stresses in a Castlegate

layered rock, respectively. The solid and dashed curves refer to linear and nonlinear results in elastic and total strains,

respectively.

Figure 5 shows the influences of elastic and
elastic—plastic deformations induced by applied uni-
axial stresses on the second mode (Sezawa mode). In
Figs.5(a) and 5(b) the phase velocity dispersion V'
and change AV are shown, respectively. The nota-
tions are the same as those in Fig.4. Figure 5(a)
shows that the cutoff for the second modes takes place
at about 675m/s, 900m/s and 800m/s, respectively,
when the Castlegate layered rock is in an unstressed
state and experiences statically elastic and elastic—
plastic strains. Similar to the case of the Rayleigh-
type mode, Fig.5(a) displays that the phase velocity
obviously increases compared with that of unstressed
state when the Castlegate layered rock undergoes stat-
ically elastic deformation, and decreases compared

with that of statically elastic deformation when the
layered rock undergoes statically elastic—plastic defor-
mation. One can find from Fig.5(b) that acoustoelas-
tic effect increases rapidly with the increase of product
fh for the layered rock subjected to both the elastic
and elastic—plastic deformations. The almost maximal
change in phase velocity is 240m/s as the product of
fh is greater than 4200 m/s when the layered rock
undergoes the elastic deformation, and is about 152
m/s as the product of fh is greater than 3940m/s
when the layered rock undergoes the elastic—plastic
deformation. The phase velocity change of the second
mode exceeds that of the Rayleigh-type wave includ-
ing the elastic and elastic-—plastic strains induced by
static deformations. Although the change of the other
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high-order modes are not shown in this paper, one
can find that the acoustoelastic effect of high-order
modes (Sezawa modes) exceeds that of the Rayleigh-

1800
—— Linear
----Nonlinear
1600 F Elastic
Q)
g Elastic-plastic
N
S
1400
Unstressed
(a)
1200 1 1 1 1 1
0 1000 2000 3000 4000 5000
fh/(m/s)

type wave significantly. Also note that the difference
between the ‘linear’ and ‘nonlinear’ results is rather
small for such strain magnitudes as shown in Fig.5.

250F —— Linear Elastic
----Nonlinear

200
— Elastic-plastic
< 150
g
<
> 100
<

50 F
(b)
0 1 1 1 1 ]
0 1000 2000 3000 4000 5000
fh/(m/s)

Fig.5. Phase velocity dispersion (a) and chanc AV (b) vs frequency-thickness product fh for the second mode (Sezawa)

propagating parallel to the x1. Curves labelled with ‘unstressed’, ‘elastic’ and ‘elastic—plastic’ represent phase velocities for

unstressed state, statically elastic and elastic—plastic deformations induced by applied stresses in a Castlegate layered rock,

respectively. The solid and dashed curves are for linear and nonlinear results in elastic and total strains, respectively.

5. Conclusions

We have investigated the acoustoelastic effect
for the Castlegate layered rock subjected to elastic
and elastic—plastic deformations induced by uniaxial
stresses. The phase velocity changes of the Rayleigh-
type and Sezawa modes due to statically elastic and
elastic—plastic deformations reveal a similar trend, and
each approximate a constant value, in the thick layer
and high frequency limit. However, it is found that

the Sezawa modes shift towards high frequencies com-
pared with those of unstressed state, and shift towards
low frequencies compared with those of statically elas-
tic deformation. The results show that elastic—plastic
deformations in the Castlegate layered rock obviously
modify the phase velocity of the Rayleigh wave and
the cutoff points for the Sezawa modes, and the phase
velocity change in the elastic—plastic deformed layered
rocks is smaller than that in the layered rocks only
subjected to elastic deformation.
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