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ABSTRACT

A finely layered media behaves as an anisotropic medium when the dominat wavelengths are much lar-
ger than the layer thickness. If the constituent are anelastic, a generalization of Backus averaging predicts
that the medium is effectively a transversely isotropic viscoelastic (TIV) medium. To test and validate the
theory, we present a novel procedure to determine the complex and frequency-dependent stiffness com-
ponents of a TIV medium. The methodology consists in performing numerical compressibility and shear
harmonic tests on a representative sample of the material. These tests are described by a collection of
non-coercive elliptic boundary-value problems formulated in the space-frequency domain, which are
solved using a Galerkin finite-element procedure. Results on the existence and uniqueness of the contin-
uous and discrete problems as well as optimal error estimates for the Galerkin finite-element method are
derived. Numerical examples illustrates the implementation of the numerical oscillatory tests to deter-
mine the set of complex and frequency-dependent effective TIV coefficients and the associated phase
velocities and quality factors for a periodic sequence of epoxy and glass thin layers. The results are com-

pared to the analytical phase velocities and quality factors predicted by the Backus/Carcione theory.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Many geological systems can be modeled as effective trans-
versely isotropic and viscoelastic (TIV) media. Fine layering is a
typical example which refers to the case when the dominant wave-
length of the traveling waves are much larger than the average
thicknesses of the single layers. When this occurs, the medium is
effectively anisotropic with a TI symmetry. Backus [1] obtained
the average elastic constants in the case when the single layers
are transversely isotropic and elastic (lossless), with the symmetry
axis perpendicular to the layering plane. Moreover, he assumed
stationarity, i.e., in a given length of composite medium much
smaller than the wavelength, the proportion of each material is
constant (periodicity is not required). The equations were further
generalized by Schoenberg and Muir [2] for anisotropic single con-
stituents. Backus averaging was verified numerically by Carcione
et al. [3], and generalized to the anelastic case by Carcione [4], in
what constitutes the Backus/Carcione (BC) theory to describe
anisotropic attenuation [5].
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To test and validate the BC theory, this paper presents a novel
approach to determine the complex coefficients defining a TIV
medium. In particular, we consider the TIV equivalent medium to
a finely layered material. The methodology consists in applying
time-harmonic oscillatory tests to a numerical rock sample at a fi-
nite number of frequencies. Each test is defined using the visco-
elastic wave equation of motion stated in the space-frequency
domain, with appropriate boundary conditions, and solved with a
finite-element method (FEM). These tests can be regarded as an
upscaling method to obtain the effect of the fine layering scale
on the macroscale. A similar approach was presented in [6] for iso-
tropic fluid-saturated poroelastic media and it is generalized here
for anisotropic media.

There exists an extensive literature on effective medium theo-
ries for media having two length scales in space, one small related
to the microstructure and the other large and related to the short-
est wavelength of the response to a given excitation. In [7], this
problem is analyzed for the case of wave propagation in periodic
composites using the Bloch expansion and homogenization
techniques formulated in the space-time domain, obtaining an
effective dispersive medium. The analysis yields and homogenized
wave equation with and anisotropic effective bulk modulus that
coincides in the limit with the Bloch expansion. These results are
related to those presented in this paper in the sense that, by
properly selecting a representative element of volume we have
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determined effective frequency dependent coefficients defining a
TIV (dispersive) medium equivalent to the original finely layered
material.

These upscaling techniques have also been successfully applied
in problems related to flow in highly heterogeneous porous media.
The case of steady flow in porous media with many spatial scales
was studied in [8] using a multiscale finite element method; the
relation between the multiscale method and the homogenized
solution of the problem is also analyzed. The basic idea of multi-
scale finite element methods is to incorporate the small scale infor-
mation into finite element basis functions and couple them
through a global formulation of the problem. Flow in naturally
fracture reservoirs also feature multiple scales, and upscaling is
necessary for numerical simulations at the field scale. This prob-
lems is analyzed in [9] using an homogenized Stokes-Brinkman
equation with an effective permeability tensor obtained solving a
cell problem on a representative element of volume. This approach
is based on two-scale asymptotics expansion as described in [10].

The organization of the paper is as follows. Section 2 presents
the finely-layered model and describes the Backus averaging tech-
nique [1]. In Section 3 we define the local boundary-value problem
to determine the complex and frequency dependent coefficients
defining the transversely isotropic medium. Section 4 presents a
variational formulation of the boundary-value problem as well as
the existence and uniqueness of the corresponding solutions. In
Section 5, the FEM to solve the boundary value problems are for-
mulated and optimal error estimates are derived. Section 6 pre-
sents numerical experiments applying the proposed methodology
to compute the phase velocities and quality factors to a periodic se-
quence of epoxy and glass layers. The very good agreement be-
tween the numerical and analytical effective TIV coefficients and
the corresponding phase velocities and quality factors provides a
novel tool to validate the BC theory for the anelastic case.

2. The stress-strain relations

Let us consider wave propagation in a TIV medium. Let the Fou-
rier transform in the time variable be defined as usual by

flo)= [ e @1)
where o denotes the angular frequency. Let x=(x1,X2,X3) and
u(x) = (uq,Up,u3) denote the time Fourier transform of the displace-
ment vector of the viscoelastic medium. Here and in what follows
we omit the * symbol in the time-Fourier transformed variables to
simplify the notation. Let ¢; and €;(u) denote the time Fourier
transform of the stress and strain tensors of the viscoelastic mate-
rial. The frequency-domain stress—strain relations of a general
anisotropic medium, including attenuation, are:

1 /0y  dup
€m(U) = 5 (% +87ul>7 (2.2)

where the coefficients pjum(w) are complex and frequency depen-
dent [5].

When the medium is composed of a sequence of isotropic linear
viscoelastic horizontal layers ©,, n=1,...,N the stress-strain rela-
tions on each Q, are:

Tk (u) = Djkim (w)elm (u)7

Gi(t) = eV - 1+ 241,61 (u), (23)

where Jj is the Kroenecker delta and A,(w) and p,(w) are the com-
plex Lamé coefficients for the n-layer.
Let p = p(x) be the mass density. The equation of motion is

—w?pu(x,m) — V- o(ux,w)) =0, (2.4)

where ¢ is given by (2.2) for a general medium and by (2.3) in the
isotropic and viscoelastic case represented by the thin layers.

Let us consider x; and x5 as the horizontal and vertical coordi-
nates, respectively. As shown by Backus for the lossless case [1]
and later generalized by Carcione for the anelastic case [4], the
medium behaves as a homogeneous TIV medium with vertical
x3-axis of symmetry at long wavelengths. Denoting by t; the stress
tensor of the equivalent TIV medium, the corresponding stress—
strain relations, stated in the space-frequency domain, are [4]:

T11(U) = P11€11(U) + P1o€22(U) + Py3€33(U), (2.5)
T22(U) = P12€11(U) + Pyq€22(U) + Pr3€sz(U), (2.6)
T33(U) = P13€11(U) + Pr3€22(U) + P33€33(U), (2.7)
T3 (U) = 2Pss€23(U), (2.8)
T13(U) = 2pss€r3(u), (2.9)
T12(U) = 2Pgg€rn (L), (2.10)
with
Py = <E - AZE*1> + <E’1>71 <E’],1>2, (2.11a)
Py = <2),uE’1> ¥ <E’1>71<E’1),>2, (2.11b)
Pys = <E’1>71<E’1).>, (2.11¢)
-1
Py = (E'Y) | (2.11d)
( 1>]
Ds5 = <.U > ) (2.11e)
Pes = (L), (2.11f)

where /. and p represent 4, and w,, E=1+2pu, and (-)denotes the
thickness weighted average. The p; are the complex and fre-
quency-dependent Voigt stiffnesses to be determined with the har-
monic experiments. The conversion between the Voigt stiffnesses
and the stiffnesses of the 4th-rank tensors is

Dy = Dijuis
[=i0;+(1=0;)(9—i—J),
J=kou+ (1 -0u)(9—k-1).

(2.12)

The phase velocities and quality factors for the quasi-compressional
(gP), vertically-polarized quasi-shear (qSV) and horizontally-polar-
ized shear (SH) waves can be computed using the complex veloci-
ties, that are given in terms of the coefficients in (2.11a) by the
relations [11,5]:

Ugp = (2/7)71/2\/171#? + D3l + pss + A,

Ugsv = (2p) 112 \/Pnl% + Pyl + pss — A,
vsy=p 12 Pesﬁ +psslé,

A= \/[(Pn - pss)l? + (Pss — p33)l§]2 + 4[(1’(13) +P55)l1 13]2,
(2.13)

where [; =sin0 and s =cos0 are the directions cosines, 0 is the
propagation angle between the wavenumber vector and the xs3-
symmetry axis. The corresponding phase velocity and quality fac-
tors for homogeneous waves are given by [5]:

Vpe = [Re (%ﬂl (2.14)

_Re(v?) . _ opgsvisH 215

These equations hold for any TIV medium, in particular for the
equivalent medium described by the BC theory. To test and validate
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this theory, we will present in the next section a novel numerical
procedure to determine the coefficients in (2.11a) and the corre-
sponding phase velocities and quality factors. We will show that
for this purpose it is sufficient to perform a collection of oscillatory
tests on representative 2D samples of the viscoelastic material.

3. Determination of the stiffneses

We show how that stiffnesses pq1, p33, p13 and pss can be deter-
mined by taking a 2D representative square sample Q= (0,L)? of
the TIV material in the (x{,x3)-plane.

Set '=0Q=T"urBur®urT where

It = {(x1,x3) e I : x; =0},
I'® = {(x1,%3) € I': x3 = 0},

' ={(x,x3) el :x =1L},
I''={(x1,x3) e ':x3 =L}.
Denote by v the unit outer normal on I" and let y be a unit tangent
on I" so that {v, x} is an orthonormal system on I".

To obtain the complex stiffness ps3(w), let us consider the solu-
tion of the equation:

—w?pu(X;,x3,w) — V- o(u(X;,X3,)) =0, (3.1)

with boundary conditions:

o)V-v=—AP, (x;,x3) el (3.2)
oy -y=0, (x1,x3)el*urtur’, (3.3)
u-v=0, (x;,x3)el*ur® (3.4)
u=0, (xq,x3)el® (3.5)

For this set of boundary conditions the solid is not allowed to move
on the bottom boundary I'®, a uniform compression is applied on
the boundary I'7 (i.e., a uniform compression parallel to the symme-
try axis) and no tangential external forces are applied on the bound-
aries I'* U I'RU I'". Consequently, €11 = €25 = 0 and this experiment
will yield the value of ps3(w) in (2.7) as follows.

Denoting by V the original volume of the sample, its (complex)
oscillatory volume change, AV(w), allows us to define the effective
P-wave complex stiffness ps3(w), by using the relation:

AV(w) AP
V. pp()’ G5

valid for a viscoelastic homogeneous medium in the quasi-static
case, i.e., for wavelengths much larger than the size of the sample.
After solving (3.1) with the boundary conditions (3.2)-(3.5), the
vertical displacements us(x;,L, ) on I'T allow us to obtain an aver-
age vertical displacement u}(w) suffered by the boundary I'". Then,
for each frequency w, the volume change produced by this com-
pressibility test can be approximated by AV(w) ~ Luj(w), which en-
able us to compute ps3(w) by using the relation (3.6).

To determine the complex coefficient p;i(w), we solve (3.1)
with the following boundary conditions:

o)V-v=—AP, (x,x3)el", (3.7)
o)y -y=0, (x,x3)el®urtur, (3.8)
u-v=0, (x;,x3)el®ul’, (3.9)
u=0, (x1,x)el™ (3.10)

In this oscillatory test, the solid is not allowed to move on the left
boundary I't, a uniform compression is applied on the boundary
I'® (i.e., a uniform compression perpendicular to the symmetry axis)
and no tangential external forces are applied on the boundaries

I'BurRurT. Consequently, €55 = €33 =0 and this experiment will
yield the value of p;;(w) in (2.5) by measuring the volume change
of the sample as explained above for ps3(w).

To obtain py3(w) we solve (3.1) with the boundary conditions:

ouyVv-v=—AP, (x;,x3)elTurl" (3.11)
ouyv-y=0, (x1,x3)€eTr, (3.12)
u-v=0, (x;,x3)el*ur®. (3.13)

Thus, in this experiment €5, = 0, and from (2.5) and (2.7) we get:

T11 = P11€n + P13€33,

(3.14)
T33 = P13€11 + P33€33;,

where €77 and €33 are the strain components at the right lateral side
and top side of the sample, respectively. Then from (3.14) and the
fact that 711 = 733 = — AP (c.f. (3.11)) we obtain p;3(w) as

_ DP11€11 — P33€33

3.15
€11 — €33 ( )

pi3(w)

In order to compute pss(w), we perform an oscillatory shear test by
solving (3.1) with the boundary conditions:

—owyv=g, (x,x)el"ur-urk (3.16)
u=0, (x1,%)el® (3.17)
where

(O7Ap) (X17X3)€FLa

g=1 (0,-Ap), (x1,x3) €I*,
(=Ap,0), (x1,x3) eI

Since in this experiment there is no volume change, €, = €33 =0,
this experiment yields pss(w) measuring the change in shape of
the sample using the relation:
Ap

tan[f()] = .

where B(w) is the departure angle between the original positions of
the lateral boundaries and those after applying the shear stresses
(see for example [12]). Eq. (3.18) holds in the quasi-static
approximation. The horizontal displacements u; (xq,L,) at the
top boundary I'” can then be used to obtain an average horizontal
displacement u! (w) at the boundary I'". Then, tan[f(w)] ~ uf(w)/L
and pss(w) can be calculated from Eq. (3.18).

Finally, we should obtain pgg(). Since this stiffness is associ-
ated with shear waves traveling in the (x;,x;)-plane, we consider
an homogeneous horizontal slab in the x,-direction and an homo-
geneous sample Q,=(0,L)? in the (x;,x,) plane, with boundary
I, =T5ursursur;, where

(3.18)

IS = {(x1,x%) € I': x; = 0},
IS = {(x1,%) € I : x, = 0},

IS ={(x1,x) eI x =L},
'Y ={(a,x) e M:x, =1L}

Thus, we solve the equation:

—@?pu(Xy,X2, ) — V- G(U(X1,X2,0)) =0,  Q,, (3.19)
with the boundary conditions:

—owv=g, x,x)eljulsurt (3.20)
u=0, (x1,x)€l}, 3.21)

where
(07 Ap) (X17X2) € Fé
& = (Ov_Ap)> (X17X2) € Fg»
(—Ap,0), (x1,%) €T}
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This problem is formally identical to that described for pss(w), with
no volume change, where the only non-zero strain is €;,(u(x1,X2)).
We obtain pge() by using (2.10).

Remark. Since the formulated boundary-value problems have
boundary data in L?(€2), the corresponding weak solutions belong
to the space [H*>?(€)]? [13]. This maximal regularity will be used
later to derive our error estimates.

4. The variational formulations

In order to state a variational formulation for the boundary-va-
lue problems defined in the previous section we need to introduce
some notation. For X ¢ R? with boundary aX, let (-,-)x and (,-)sx de-
note the complex L*(X) and L?(9X) inner products for scalar, vector,
or matrix valued functions. Also, for s € R, ||-||sx will denote the
usual norm for the Sobolev space H’(X) [14]. In addition, if X=Q
or X=1TI, the subscript X may be omitted such that (-,-) =(-,-)o or
(+-) = (-,-yr. Also, let us introduce the following closed subspaces
of [H'(Q)]? and [H'(£2,)]*:

2
Wn(Q):{ve[Hl(Q)] cv-v=0 onI*ur’, »=0 onFL}7

2
ve[Hl(Q)] :v-v=0 on I'*ur® v=0 onFB},

Wes(22) = {ve [Hl(gz)]z .v=0 on r’;}.

Set:

A, v) = - (U, v) + In;g (Om(U), &m()),

Vi, v € [Hl(Q)]Z. . (4.1)

Note that the term },,._; 5(Gim (1), &m(?)) in (4.1) can be written in
the form:

> (Gin(w), em(2)) = (M(@)E(w), ()

Im=13

= (Mp()€(u), €(v)) +i(My(w)€(u), €(v)),

(4.2)
where M(w) = Mg(w) + iMj() is a complex matrix and
&1 (U)
€u) = | &)
&3(u)

Furthermore, we assume that the real part Mg(w) is positive definite
since in the elastic limit it is associated with the strain energy den-
sity. On the other hand, the imaginary part M) is assumed to be
positive definite because of the restriction imposed on our system
by the first and second laws of thermodynamics. See for example
[15] and the appendix in [16] for the proof of the validity of these
assumptions.

In the case that the medium is composed of viscoelastic isotro-
pic horizontal layers, the matrix M(w) has the form:

M) +2u(w) () 0
M(w) = Aw) A(w) +2u(w) 0 . (4.3)
0 0 4u(w)

Next, multiply Eq. (3.1) by v € Ws3(Q), use integration by parts and
apply the boundary conditions (3.2), (3.3) to obtain the following
variational formulation associated with the coefficient ps3(w): find
uB? € Ws3(Q) such that:

AU, v) = —(AP,v- V)1, Vv e Wi3(Q). (4.4)
Proceeding in a similar fashion, variational formulations to deter-

mine pq1(w), pss(w) and pes(w) can be stated as follows: find
u € Wyi(Q),ul55) € Wss(Q) and u®® € Wes(Q,) satisfying:

AU, v) = —(AP,v - V), Vv € Wi (Q), (4.5)
A(U<55), 1/) = —<g, 1/>1~LuFRU1-T, Vv e W55(Q), (46)
and

AU, v) = (g, V) popmory, V0 € Wes(2)- (4.7)

To analyze the uniqueness of the solution u®% of (4.4), set AP=0
and choose »=u®% in (4.4) to obtain:

—Cl)2 (pu(33)’u(33)) 4 (MRé(u(33)) , é(u(33))>
+ (MIE(u®), £ (ut)) =0. (48)

Taking the imaginary part in (4.8) and using that M; is positive def-
inite we conclude that:

Eu) =0, inl*Q). (4.9

Next, recall Korn’s second inequality [17]:

2
> lem@+ 112l = Cillelf, ¥ ve [H'(@)]

Im=13

(4.10)

and that for any » € [H'(Q)]? vanishing on a subset of positive mea-
sure of I', using (4.10) it can be shown that [18]:

1/2
N2l = < > |Elm(v)|(2)) ;

Im=13

(4.11)

defines a norm for v equivalent to the H'-norm. Thus, for some po-
sitive constants Cy, C3:

Gllvly <lllvll < Gllvlly, Vo e Wss(Q). (4.12)
Consequently, (4.9) and (4.12) imply that:
[u®]; =0, (4.13)

and we have uniqueness for the solution of (4.4).

To show existence, note that if L*(A) and L*(A) denote the min-
imum and maximum eigenvalues of the positive definite matrix
A, using (4.12) we conclude that A(z,v), satisfies the Garding
inequality:

Re(A(v,0)) > Ca@) U]} — Cs(@)[0]3, ¥ veWn(@), (414)
where
Calo) = &M@ ) —

and p* denotes the maximum value of p(x1,x3) in Q. Since unique-
ness holds for the solution of the adjoint problem to (4.4), existence
follows from (4.14) applying the Fredholm alternative [19].

Existence and uniqueness for the solution of (4.5), (4.6) and
(4.7) follows with the same argument than that given for (4.4).
Thus we have the validity of the following theorem.
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Theorem 1. Assume that the matrices Mg(w) and My(w) are positive
definite. Then existence and uniqueness holds for problems 4.4, 4.5,
4.6, 4.7.

In order to obtain a weak formulation to determine the coeffi-
cient pi3(w), multiply (3.1) by v € Wi3(2), use integration by parts
and apply the boundary conditions (3.11), (3.12) to get the follow-
ing variational problem: find u® ¢ W;3(Q) such that:

AU v) = —(AP, v - V)1 k, VU € Wi3(Q). (4.15)

To analyze the uniqueness of the solution of (4.15), set AP=0 and
choose »=u"® in (4.15) to obtain the equation:

—? (pu™ uM)) + (Mg€(u™),€(u™)) +i(Meu™),€(u™)) =0.
(4.16)

Taking the imaginary part in (4.16) and using that M; is positive def-
inite we conclude that:

en(®) =0, inl*Q), (4.17)
e3(u®) =0, inl*Q), (4.18)
e3(®™) =0, inl*Q). (4.19)
In particular:
en (™) = 7%(113;5217)‘3) =0, eu™)= au§13;S<317x3)

=0, ae inQ,
so that:
U (x1,%3) = f(x3), ufP(x1,%) =g(x) ae inQ. (4.20)
Thus from (4.19) and (4.20) have:
2ep3 () = afa()f) aga;’:]) 0, ae ingQ 4.21)
which in turn implies:
afa()f) =— @gaE:]) =C=constant a.e. in Q. (4.22)
Hence:
g(x1)=—-Cx; +A, f(x3)=Cx3+B, ae inQ. (4.23)
Next, by the Sobolev embedding theorem [14]:
H?(Q) — C°(@), (4.24)

so that u{", u{"> are uniformly continuous functions on . Conse-
quently (4.20) holds for all (x1,x3) € 2 as uniformly continuous
functions, and u{"”,u{'® have unique extensions to I'. Hence:

U7k, x5) = flxs), u57 (k1 %) =g(x1) ¥ (xix5) in Q.

(4.25)

On the other hand, the boundary condition (3.13) tells us that the
normal components of the traces of u**) vanish on I'® U I', so that:

u'?(0,x3) =0, u{®(x;,0)=0. (4.26)
Thus (4.25) and (4.26) imply that:
Ul (x1,%3) = ul™ (x%;,%3) = 0. (4.27)

and we have uniqueness.
For existence, note that using (4.10) we get the Garding

inequality:

L.(Mg)
2

Re(4(v,v)) = Co(w) 11} = Cr(@)llvlg, ¥ v e Wis(Q),

(4.28)

where

L.(M . L.(M
( R) C7(CO) — a)pr 4 ( R).
2 2
Since uniqueness holds for the dual problem of (3.1) with the
boundary conditions (3.11)-(3.13), the Fredholm alternative yields

uniqueness. The result is summarized in the following theorem :

Cs(w) = C]

Theorem 2. Assume that the matrices Mg(w) and Myw) are
positive definite. Then there exists a unique solution of problems
(4.15).

Remark. The existence and uniqueness results in Theorems 1 and
2 are valid for general TIV media, since the proofs use the positive
definiteness of the matrices Mg and M,, a property valid for this
type of materials.

5. The finite element procedure

Let 7"(Q) and 7"(Q,) be non-overlapping partitions of Q and
€,, respectively, into rectangles €; and €2, of diameter bounded
by h such that @ = U]l-ilﬁj, Q= U§71§j2. Let us introduce the fol-
lowing finite element spaces:

W’}l(Q)z{U: Vlg €PiaxPiy,v-v=0 onI"uUl",v=0 onFL}

n[c@)]’

W’§3(Q):{U:y|gjeP1‘1 xPiy,v-v=0 onI"urf v=0 onFB}

n[c@).

wh(Q) = {1/: Vg €P11x Py, v-v=0 on FLUFB}

n[e@)
W (Q) = {u : g €Pry x Py, v =0 on FB} n [CO(Q)T,

_ 2
Wh (@) = {v 0], €P1i xP,v=0 on r‘;} n [CO(QZ)] ,

where Py ; denotes the polynomials of degree not greater than 1 on
each variable. Let:
33 : [H(Q) N Wa3(Q)] — Wi (Q), 1<s<2, (5.1)
be the interpolant operator associated with the space W, (Q). More
specifically, the degrees of freedom associated with ITj, 53¢ are the
vertices of the rectangles ©; and if b is a common node of the adja-
cent rectangles €; and @ then (Il 33 @)i(b) = (I1y,33¢)k(b), where
(ITy 33¢); denotes the restriction of the interpolant ITj, 33¢ of ¢ to ;.
The interpolants Iy 11, I 13, 55 and I ee are defined in a
similar fashion.
It is well known that for all ¢ € [H(2)]> N1 Ws3(Q),1 < s < 2, the
interpolant I, 55 satisfies the approximating properties:

@ —Mh330, + hfl@ — M3 0|, < CH'|l @, (5.2)

and (5.2) holds as well for the other interpolants.

The FEM procedures to compute the approximate solution of
(4.4), (4.5), (4.6) and (4.7) are defined as follows: find
U39 € Whi(Q), uh1h e Wiy (@), uh1® e Wihy(@), us e Wi (@)
and u®%9 ¢ Wh(©,) such that:
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AU ) = —(AP,v- V)1, veWi(Q), (5.3)
A ) = —(AP,v-V)x, vEW!L(Q), (5.4)
A ) = —(AP, v - V)1,V EWHL(Q), (5.5)
AU, v) = ~(g, V). V€ Wi(Q), (5.6)
and

AUt v) = (g V),V E Wig(R). (5.7)

Uniqueness for the FEM procedures (5.3)-(5.7) can be shown with
the same argument than for the continuous case. Existence follows
from finite dimensionality.

Let us analyze the error associated with the procedure (5.3). Set:

h33) 33)

eh33) — 433 _ yy(h33).

and note that from (4.4) and (5.3) we get:
A" 0) =0, veW,(Q). (5.8)

Choose v =e"33) + 1, 53u®® — 43} in (5.8), take the imaginary part
in the resulting equation and use the positive definiteness of M,
(4.12), the H'-continuity of A(u,v), the fact that u®® e [H32(Q)]?
and the approximating properties (5.2) to get:

M”e(hﬁ)“?g@ Z Hﬂm h33 Ho
< Im(A(e3¥) eh32))
<‘ ( (h.33) 1(33) —Hh33u(33))\
< w? — Iy 35u® ||

+Ca(e He(h » [ = M 53ut

< [e?p]le + Ca(o)|e¥ | 2] [u
(5.9)

where
Cg(w) = 2max (L (Mg(®)), L" (M;(®))).
Hence:
e}, < h"2Ca(e) [u®?]l, ,. (5.10)
with
Co(®) = (max (@?p, Cs())) (CoL. (My)() /2) !

To estimate [e**)||, we employ a duality argument. Let i/ be the
solution of the dual problem:

— W pY(X1,%3, ) = V - 0 (Y (X1, %3, w)) = ™3 Q (5.11)
g W)v-v=0, (x1,x3)el’, (5.12)
o). =0, (x1,x3)elrurtur’, (5.13)
Yy-v=0, (X1,x3)el"urk (5.14)
y=0, (x1,x3)el®, (5.15)

where o*(1) is defined as in (2.2) but using the complex conjugates
of the coefficients. By elliptic regularity, we have the estimate:

W2 < Cro(w)[[e™*]],. (5.16)
Testing (5.11) against v € Ws3(Q2) we see that:
A(v,y) = (v,e"), veWs(Q). (5.17)
Choose v=e33) in (5.17) and use (5.8) to get:
He (h33) Ho A(e(h,33)7 ) = A(e(h,33)7 v — th33l//). (5.18)

Thus from (5.18) and (5.2) we obtain the estimate:

1225 < o[ | = Maaap |
+ @, Iy - s,
< (wzp*hzlle(“’”)llo +Cy( w)h|}€(h‘33)||1)”¢||2
< WCro(@)0?
+ Cs(@)Cro(®)
Hence, for h small:

["33)]|, < Ci1()h|e™3]|,,

h||€“'3 lolle™*1-

(5.19)
and using the H'-estimate (5.10) in (5.19), we conclude that:

[e®]]y < Cra(@)”*[u], . (520)

The results are summarized in the following theorem.

Theorem 3. Let u®¥ and u™3 be the solutions of (4.4) and (5.3),
respectively. Then for sufficiently small h>0 the following error
estimate hols:

[ w2, + ™ |,

< Cis(@)h*?|[u®], , (5.21)

Remark. An identical argument shows the validity of the error
estimate given in Theorem 3 for the solution of the problems
(5.4), (5.6) and (5.7).

Remark. The estimate in (5.21) is optimal given the maximal reg-
ularity of the solution of the continuous problem.

Let us proceed to analyze the error associated with the
calculation of the coefficient p;3 in the procedure (5.5). Since the
imaginary part of the bilinear form A(u,v) is not H'-coercive in
Wi3(Q) but satisfies instead a Garding inequality as in (4.28), the
error analysis for the procedure (5.5) needs an argument similar to
that given by Schatz [20]. Thus, since u'® e [H3?(Q)]?, we first
estimate ||e'?)||; in terms of ||e™'®)y and ||u**)||5/, and then we
combine duality with a boot-strapping argument to get the desired
estimates in terms of ||[u®)||5,.

First, setting:

eh13) — y(13) _ (h13)
from (4.15) and (5.5
A", ) =0, veWy(Q).

), we get:
(5.22)

Choose v=e"13 + 11, 5u"® — '3 in (5.22), take the imaginary
part in the resulting equation, use the positive definiteness of M,
Korn’s second inequality (4.10) and the approximating properties
of the operator I}, 15 to get:

o)
L.(M))

* > Z H€lm (e (h,13) )Ho < [m(A(e(h‘B)’e(h,B)))

Im=13
< |A(e(h,13) u13
<

L(M |
EOW (¢ e -

<

— I, 15 >)\
(13)

— Mya3u™f

— Mhsu™],

(h,13) 1/2 (13)
)™ [|u

+Cs<w)\|e<“‘”)l\1llu

< [a)zp*He(’m)}|1h3/2 +Cs(w (5.23)

”3/27
so that:

He<h‘]3>||1 < C;lue(h.ls)Ho +C14(w)h1/2||u“3>|}3/2, (5.24)
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with
Cia(w) = (max (w?p*, Cs())) (C1L, (M) () /2) "'

To estimate ||e™13)||y in (5.24), we solve the following dual problem.
Let i be the solution of

— O’ pY(x1,X3,0) = V - 0" (Y (X1, %3, ) = e Q, (5.25)
o W)yv-v=0, (x1,x3) el Ul (5.26)
oWY)v-x=0, (X1,x3)€eT, (5.27)
yov=0, (x1,x)el*ur? (5.28)
which has the regularity estimate:

W2 < Cis()[[e™ ], (5.29)
Testing (5.25) against v € Wi3(Q) we have that:

A, y) = (v,e™), v eW;3(Q). (5.30)
Choose v=e"!* in (5.30) and use (5.22) to get:

[e®13)][o = A(e"1,y) = A(e™13 y — Myy30), (5.31)

so that repeating the argument given to derive the estimate (5.19)
for ||e™33)||, we see that for h small:

€3], < Cio(@)hle] (532)
Thus, use (5.32) in (5.24) to see that for h small:

e, < Crz (@) [[u™ ], ,. (5.33)
Finally use (5.33) in (5.32) to obtain the L*-estimate:

[[e®12], < Clg(w)h3/2||u13}|3/2. (5.34)

Then we have the validity of the following theorem:

Theorem 4. Let u’> and u®'3) be the solutions of (4.15) and (5.5),
respectively. Then for sufficiently small h>0 the following error
estimate hols:

”u(w) _ u(h.13)H0 n hHum) _ u(h.13>||1

< Cro(@)h*?{|u (5:35)

3)H3/2'

6. Numerical Examples

Let us consider that each layer is isotropic and anelastic with
complex Lamé constants given by

Mw)=p (c,% - §c§> M (w) - % pciMy(w) and  p(w)
= pcsMa(w), 6.1)

where M; and M, are the dilatational and shear complex moduli,
respectively, and cp and cs are the elastic high-frequency limit com-
pressional- and shear-wave velocities. (In [4] the relaxed moduli
correspond to the elastic limit.) The dilatational modulus is

and the P-wave modulus is given by
4
E(w) =K(w) +§,u(a)). (6.3)

We assume constant quality factors over the frequency range of
interest (until about 100 Hz), which can be modeled by a continu-
ous distribution of relaxation mechanisms based on the standard
linear solid [21,22]. The dimensionless dilatational and shear com-
plex moduli for a specific frequency can be expressed as

2 1 +iwrz>’1’

+WOJ m ]:]72, (64)

M) = 1
where 77 and 7, are time constants, with 7, < 71, and Qg defines the
value of the quality factor which remains nearly constant over the
selected frequency range.

The example considers an epoxy-glass periodic layered med-
ium. The properties of the isotropic viscoelastic materials are given
in Table 1, i.e., the low-frequency Lamé constants, wave velocities,
densities and quality factors [23]. Let the time constants in Eq. (6.4)
be 7, =0.16 s and 7, = 0.3 ms, so that the quality factor of each sin-
gle isotropic layer is nearly constant from about 10 to 100 Hz.

In the long-wavelength limit, the wave characteristics of the
layered medium are defined by the averaging relations (2.11a),
the phase velocities (2.14) and the quality factors (2.15). In order
to validate the BC theory we perform the numerical compressibil-
ity and shear oscillatory tests described in the previous sections.
A crucial parameter for the validation is the ratio between the
P-wave dominant pulse wavelength and the spatial period of the
layering, which depends on the contrast between the constituents.

An optimal ratio can be found for which the equivalence be-
tween a finely layered medium and a homogeneous transversely
isotropic medium is valid. We have performed preliminar tests,
at a dominant frequency of 30 Hz and at a propagation angle of
0 =60°, in order to find the optimal value of the spatial period to
have a percentage error of about 1%. There are two type of tests,
namely, (i) The size of the sample is L =50 cm and we vary the
number of layers, and therefore the thickness of the layers; and
(ii) The number of layers is 100 and we vary the size of the sample,
so that this size depends on the thickness of the layers. We refer to
these two tests as “constant size” and “variable size”, respectively.

Fig. 1 shows the results of the tests, where the errors corre-
sponding to the ‘“variable size” approach are much lower than
those corresponding to the “constant size” approach. This reflects
the fact that in the latter case the number of layers is lower than
in the former test, showing that a large number of layers is re-
quired to obtain reliable results. Therefore, considering valid only
the “variable size” test, the optimal ratio is about 2000, which cor-
responds to a spatial period of about 7 cm. Notice that the error in
1/Q for this test is very small so that the corresponding curve al-
most can not be seen in the graphic. The 1/Q error value is about
0.5% a ratio of 2000. For the same ratio, the error in the qP-phase
velocity is approximately 0.9%. The analysis performed for the
gSV and SH waves yields a similar conclusion.

We validate the BC theory in the following simulations. The
stratified medium is a square sample of side length L = 50 cm com-

K(w) = A(w) +%#(w) = p<c,23 — %lcg)M](a)), (6.2) posed of 100 alternating plane layers of epoxy and glass of equal
thickness. The spatial period of the layering is then 1 cm, i.e., less
Table 1
Material properties.
Medium /. (GPa) u (GPa) p (kg/m?) ¢p (m/s) ¢s (m/s) Qo1 Qo2
Epoxy 3.94 1.61 1120 2530 1200 30 10
Glass 26.2 25.7 2510 5560 3200 500 100




J.E. Santos et al./ Comput. Methods Appl. Mech. Engrg. 200 (2011) 896-904 903

Constant size
- - - Variable size
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Fig. 1. Preliminar tests to determine the optimal ratio between the P-wave
dominant pulse wavelength and the spatial period of the layering. The frequency is
30 Hz and the propagation angle is 0= 60°. In the constant-size case we used a
square sample of side length L=50cm, varying the number of layers. In the
variable-size case, the number of layers is 100.

5 T T T T T T T T T
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Fig. 2. Numerical (circles) and analytical (solid lines) qP, qSV and qSH phase
velocities as function of frequency. The propagation angle is 0 = 60°.

that the value computed in the preliminar tests. The simulation
uses a uniform partition 7"(Q) into 100 x 100 elements.

Figs. 2 and 3 show the phase velocities and quality factors as a
function of frequency, with a propagation (phase) angle of 0 = 60°.
Figs. 4 and 5 show the same quantities as a function of ¢ at a fre-
quency of 30 Hz. The curves show the values obtained with the
oscillatory tests (symbols), compared to the BC theory (solid line).

In particular, in Figs. 4 and 5 can be seen that attenuation
anisotropy due to fine layering is more pronounced for qSV and

T T T T T T T T T
0.08

O Numerical i
0.06 — Analytical .
o 4
0.04 -
0.02 ap _

0 L 1 L 1 L 1 L 1 L

0 20 40 60 80 100

Frequency (Hz)

Fig. 3. Numerical (circles) and analytical (solid lines) qP, qSV and qSH inverse
quality factors as function of frequency. The propagation angle is 0 = 60°.

5 : : .

r QO Numerical
— Analytical

Phase velocity (km/s)

Propagation angle (degrees)

Fig. 4. Numerical (circles) and analytical (solid lines) qP, qSV and qSH phase
velocities at 30 Hz as function of the propagation angle.
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0.1
< 0.075
0.05]
0.025

0 L 1 L 1 L 1 L 1

20 40 60 80
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Fig. 5. Numerical (circles) and analytical (solid lines) qP, qSV and qSH inverse
quality factors at 30 Hz as function of the propagation angle.

qSH waves than for gP waves. We observe an excellent agreement
between the theoretical and numerical results, which validates the
BC theory being tested. Similar results were obtained for other
finely layered anelastic materials [24].
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7. Conclusion

The Backus/Carcione theory yields the frequency-dependent
effective stiffnesses and wave properties of finely-layered anelastic
media at long wavelengths. In order to test the theory, we intro-
duced a novel numerical procedure based on oscillatory experi-
ments, which allows us to obtain the phase velocities and quality
factors of homogeneous body waves as a function of frequency
and propagation angle. The experiments are defined as bound-
ary-value problems in the space-frequency domain, representing
harmonic compressibility and shear tests which are performed
by using a finite-element method. To illustrate the methodology,
we applied the tests to a periodic sequence of thin epoxy and glass
layers. The agreement between the numerical and theoretical re-
sults is excellent. The theory and numerical solver proposed in this
work can also be applied and/or generalized to complex geological
situations (lower symmetries, stochastic heterogeneities, fractures,
etc.) and used in the processing and interpretation of real seismic
data for characterization purposes.
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