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MATHEMATICAL MODELS OF SEISMICS IN COMPOSITE
MEDIA: ELASTIC AND PORO-ELASTIC COMPONENTS

ANVARBEK MEIRMANOV, MARAT NURTAS

ABSTRACT. In the present paper we consider elastic and poroelastic media
having a common interface. We derive the macroscopic mathematical models
for seismic wave propagation through these two different media as a homog-
enization of the exact mathematical model at the microscopic level. They
consist of seismic equations for each component and boundary conditions at
the common interface, which separates different media. To do this we use the
two-scale expansion method in the corresponding integral identities, defining
the weak solution. We illustrate our results with the numerical implementa-
tions of the inverse problem for the simplest model.

1. INTRODUCTION

This article is devoted to a description of seismic wave propagation in composite
media @ C R3, consisting of the elastic medium Q(%) poroelastic medium €, which
is perforated by a periodic system of pores filled with a fluid, and common interface
SO between Q) and Q (see Figures 1, 2). That is, @ = QU 5@ U Q® and
Q=Q;UT UQ,, where Q, is a solid skeleton, Q is a pore space (liquid domain),
and I' is a common boundary “solid skeleton-liquid domain”.

The structure of the heterogeneous medium @ is too complicated and makes
hard a numerical simulation of seismic waves propagation in multiscale media. The
main difficulty here is a presence of both components (solid and liquid) in each
sufficiently small subdomain of ). It requires to change the governing equations
(from Lame’s equations to the Stokes equations) at the scale of some tens microns.

There are two basic methods to describe physical processes in such media: the
phenomenological method and the asymptotical one which is based on the upscal-
ing approaches. The phenomenological approach for waves propagation through a
poroelastic medium [4, 5] leads, in particular, to Biot model [1]-[3]. It based on
the system of axioms (relations between the parameters of the medium), which
define the given physical process. But, there can be another system of axioms
defining the same process. Thus, it is necessary choose the correct authenticity
criterion of the mathematical description of the process. It can be, for example,
the physical experiment. As a rule, each phenomenological model contains some
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set of phenomenological constants. Therefore, one can achieve agreement between
the suggested theory and selected series of experiments changing these parameters.

Figure 1. Domain in consideration

The second method, suggested by Burridge and Keller [6] and Sanchez-Palencia
[7], based on the homogenization. It consists of:

(1) an exact description of the process at the microscopic level based on the
fundamental laws of continuum mechanics,and

(2) the rigorous homogenization of the obtained mathematical model.

To explain the method we consider a characteristic function x0(x) of the pore
space Qf. Let L is the characteristic size of the physical domain in consideration,
T is the characteristic time of the physical process, p0 is the mean density of water,
and g is acceleration due gravity. In dimensionless variables

X w t F
X - w - t- F . P
L, at L, T g PO’
the dynamic system for the displacements w and pressure p of the medium takes
the form [6, 7, 8]:

d2w

=v-P+ G, (1.1)

dw , dw
P XoaMD(x, — )+ (1 - XO)anD(x,w) + \oav(V =— ) p)I, (1.2)
p+ apV «w = 0. (1.3)

Equations (1.1)-(1.3) are understood in the sense of distributions as corresponding
integral identities. They are equivalent to the Stokes equations

dv

QFTt = V -Pf+ QfF, dt+aPfv e O (14)

Pf = aMD(x,v) + (a, (V <) - p)l (1.5)

for the velocity v = and pressure p in the pore space Qf and the Lame equations
d2w

&G-g2 =V-Ps+ QsF, p+ apsV sw =0, (1.6)

Ps = antOpk, w) —pi 2.7)
for the solid displacements w and pressure p in Qs.
At the common boundary I velocities and normal tensions are continuous:
dw
~dt
Here n is a unit normal to I'.

V, Psen = Pf en. (1.8)
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In (1.1)-(1.8), D(x, u) = 1(Vu + Vu*) is the symmetric part of Vu, | is a unit
tensor, F is a given vector of distributed mass forces,

ap = ap,fX0 + ap,s(1 —X0~ Q= Q& X0+ (1 —XO0)

L 2p 21
a = a\ =
oar2 arrTLgpO’ aTLg pO
2
a 2V o f — ch
v aTiLg po P. atLg’ aps arLg

where p is the dynamic viscosity, v is the bulk viscosity, J1is the elastic constant,
Qf and gs are the respective mean dimensionless densities of the liquid in pores and
the solid skeleton, correlated with the mean density of water p0O, and Cf and cs are
the speed of compression sound waves in the pore liquid and in the solid skeleton
respectively.

Figure 2. The pore structure

The mathematical model (1.1)—1.3) can not be useful for practical needs, since
the function x 0 changes its value from 0 to 1 on the scale of a few microns. Fortu-
nately, the system possesses a natural small parameter e = L, where | is the average
size of pores. Thus, the most suitable way to get a practically significant math-
ematical model, which approximate (1.1)—1.3), is a homogenization or upscaling.
That is, we suppose the e-periodicity of the solid skeleton, let e to be variable, and
look for the limit in (1.1)—«1.3) ase ™ 0.

There are different homogenized (limiting) systems, depending on of apg,a\,
... Some of these numbers might be small and some might be large. We may
represent them as a power of e, or as functions depending on e.

Let

PO én& ap(e), vO= EIQH av(e), JO= £I\rB a\(e),

G,O E\r?) ap,f(e), CS,O |£|{T(]) ap,S(e),

T aa R
i = lim , = .
PL= 20 e2 1y &5
It is clear that the choice of these limits depend on our willing. For example, for
e = 10-2and a = 2 «10- 1 we may state that a = 2 ee- 2, or a = 0.02 «e0. It is
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usual procedure when we neglect some terms in differential equations with small
coefficients and get more simple equations, still describing the physical process.

The detailed analyses of all possible limiting regimes has been done in [8, 9].
To describe the seismic in two different media (elastic and poroelastic), having a
common interface we must chose one of the two methods discussed above. The first
method suggests only some guesses, while the second method has a clear algorithm
for the derivation of the boundary conditions. That is why we choose here the
second method.

We derive new seismic equations in each component (elastic and poroelastic) and
the boundary conditions on the common boundary. For these boundary conditions
the very little is known and only for the liquid filtration (see for example [10]).

For three different sets of ug, Ag,... for each component we derive three dif-
ferent mathematical models, which describe the process with different degrees of
approximation.

We start with the integral identities, defining the weak solution w* and p®, and
use the two-scale expansion method [11, 12], when we look for the solution in the
form

W%xﬂ:W@J%Fdeu§+f“ﬁ@m§)+d@
Pr(x,) = plx,) + Po(x,t, 2) + 2 Pi(x,8, ) + ofe)

with 1-periodic in the variable y functions W;(x,t,y), Pi(x,t,y), i =0,1,...
This method is rather heuristic and may lead to the wrong answer. But our
guesses are based upon the strong theory, suggested by G. Nguetseng [13, 14]. For
the rigorous derivation of seismic equations in poroelastic media, which dictate the
correct two-scale expansion, see [8].
Finally, to calculate limits as ¢ — 0 in corresponding integral identities, we apply
the well-known result

lim F@?ﬂ@ﬁ:/

e—=0 Jo Q (/YF(Xd’ﬂf)dy) dz dt (19)

for any smooth 1-periodic in the variable y € Y function F'(x,y,?).

2. STATEMENT OF THE PROBLEM

For the sake of simplicity we suppose that Q = {x = (z1, 2, 23) € R® : 23 > 0},
QO =[x = (z1,29,23) e R*: 0 < a3 < H}, Q = {x = (z1,29,23) € R® : 23 >
H} F=0,and

Qp,f = 5?7 aps = G-

Let Y be a unit cube in R?, ¥ = Y; U~y UY,. We assume that pore space Q;
is a periodic repetition in € of the elementary cell £Y}, the solid skeleton €f is a
periodic repetition in © of the elementary cell £€Ys, and the boundary I'* between
a pore space and a solid skeleton is a periodic repetition in Q) of the boundary e+.
Detailed description of the sets Yy and Y is done in [8]. From these suppositions,

where x(y) is a 1-periodic function such that x(y) =1 for y € Y and x(y) =0 for
yeYs.
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For a fixed £ > 0 the displacement vector w*® and pressure p® satisfy Lame’s
system

£

(0) 82W

A==V PO, pf e VowE =0, (2.1)
P = o D(z, w®) — p°T (2.2)

in the domain Q) for ¢ > 0, and the system (1.1)-(1.3) with xo = x*(x), 0 = 0° =
01 X+ os(1—x7), and ap = o, = v $X° + p s (1 — x*) in the domain € for ¢ > 0.

On the common boundary 5 = {x = (1, 3, 23) € R® : 23 = H} the displace-
ment vector and normal tensions are continuous:

lim w*(x,t) = lim w"(x,t), x" e 5, (2.3)
lim_ PO (x, 1) -eg = lim P(x,?) - es, ,x? e 5O (2.4)

where e3 = (0,0,1).
The problem is complemented with the boundary condition
PO ey = —pO(x,t)es, x = (x1,22) (2.5)

on the outer boundary S = {x = (z1,72,23) € R® : 23 = 0} for ¢ > 0 and
homogeneous initial conditions

£

W (x,0) = %()@ 0) = 0. (2.6)

Let ¢(x) be the characteristic function of the domain Q and
& =(1=0)d” +30", a5 = (1 )&y +50f,

Then the above formulated problem takes the form

82 £
5 8:2 — V(1= )P 4 ¢P), (2.7)
PV w =0, (2.8)
£ aWE £ £ Eal’ 8]96 £
P=x %D(%WHO —X")axD(z, w*) — (x Z ot + ), (2.9)

where in (2.9) we have used the consequence of (2.8) in the form

ow* L0y OD°

EURRRATE
Equation (2.7) is understood in the sense of distributions. That is, for any smooth

functions ¢ with a compact support in Q the following integral identity

sxFau (V-

82 £
[ (755 e+ (=P +<B) D) + V- 079)) dodt =0 (2.10)
Qr

holds. We call such solution the weak solution.
In (2.10) Qr = @ x (0,T") and the convolution A : B of two tensors A = (4,;;)

and B = (B,;) is defined as A : B — tr(A-B) = Y30 ., Ay Bji.

i,j=1
Using standard methods one can prove that for any positive ¢ > 0 and given
smooth function p° there exists a unique weak solution of the problem (2.7)-(2.9)
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which makes sense to the integral identity (2.10). We look for the limit of the weak
solutions for the following cases:
(D) o= 2o =AY =0, 1 = At = 00, 0 < v < 00, Ay = lim. g a”;
(H) Mo:)\o:)\(go) - M1 :1/0:07 )\1:OO;

(II) po = vo =0, 0 < Ay, A(()O)7 py < 00

3. HOMOGENIZATION: cASE (1)

According to [9], the two-scale expansion for the weak solution of the problem
(2.7)-(2.9) under conditions (I) has the form

wo(x,t) = w(x,t) + ole), p°(x,t) =p(x,t)+ oe), (3.1)

where lim,_ .o o(g) = 0.
The substitution (3.1) into (2.10) results in the integral identity
X X FPw X,y dp
/ ((X(_)Qf +(1- X(_))QS)W o= X(Z) =5 TPV w) dz dt
Qr e e t eley Ot (32)

’w
A V- (#'¢) dxdt+/9(0) (" 0 = p(V - ) da dit = of<).

Now we use (1.9) and after the limit in (3.2) as ¢ — 0 arrive at the integral identity

o2 15}
/ (é_w.w_( Yo 9p p)V~<p) dz dt + V~(p04p)dxdt
Qp

M—
ot? c? ot Qr
. (3.3)

OZ >, . -

+ /Qg» (o 5z ¢V ¢)) dadt =0,

where ¢ = moy + (1 —m)o, and m = [, x(y)dy.

Next we rewrite (2.8) as

1- sx(%) ol —x(%

Cs,O Cf Cs

We multiply the result by a smooth function ¢ (x,t) with a compact support in @),
and integrate by parts over domain Q7:

/ (w((li—g)+<X(§)+<(1—X(§)))pg_v¢,wg) drdi—0.  (35)

2 -2 2
Co cy c

As above, we substitute (3.1) into (3.5) and pass to the limit as ¢ — 0:

/Q (zb((l,;g) Jrngw)p—Vzﬁw) do dt = 0. (3.6)

Cs,O Cf s

Integral identities (3.3) and (3.6), complemented with initial conditions

g
w(x,0) = 27 (x,0) =0, (3.7)
at
form mathematical model (1) of seismic in composite media.
In fact, these identities contain the differential equations in Q and Q(% and the

boundary conditions on S and S,
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Let ¢ be a smooth function with a compact support in Q(?). Rewriting (3.3) as
’w
O 4 Vp)-pdedt =0
/ng)(gs 5 T VP pde

and using the arbitrary choice of ¢ we conclude that
*w
O vy (3.8)
in the domain Q) for ¢ > 0.
For functions ¢ with a compact support in €, (3.3) implies

FPw vy Op

b =~V tmmg=r), o=moy+ (1= mos (3.9)
Cy L

ot?
in the domain € for ¢ > 0.
Now, if we choose ¢ = (¢1, ¥, ¢3) with a compact support in @ and ¢3(x,t) # 0
for x € S, then the integration by parts in (3.3) together with (3.8) and (3.9)
result in N
ptm 2 dedt = 0
AR

T
where

p (@1, m9,t) = p(w1, w0, H = 0,1),  p' (w1, 20,t) = p(w1, w2, H +0,1).
Therefore,
e,
lim p(x,t) = lim (p(x,t) + m—a L (x,t)), x° €SO (3.10)

XK—X x—x" C? at
er(O) xEQ

Finally, for functions ¢ with a compact support in (%) and pa(x,t) A0 forx e S
the integration by parts in (3.3) together with (3.8) result in

/ (p—p")p3dxdt =0,
St

or
p(x,t) =p°(x,t), x € 5. (3.11)
In the same way as above, it can be shown that (3.6) implies continuity equations
1
Cs,O
and
1 —
(! 72m))p+v.wzo (3.13)
e ez

in the domains Q) and € respectively, and the boundary condition

lim es w(x,t) = lim es w(x,1), x" e 5O (3.14)

on the common boundary S,

Differential equations (3.8), (3.9), (3.12), and (3.13), boundary conditions (3.10),
(3.11), and (3.14), and initial conditions (3.7) constitute the mathematical model
(I) in its differential form.
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4. HOMOGENIZATION: casg (II)
For this case we put
we(x,1) = (1= Jwix, t) + ()W, 1) + < (1= x(2))wi (x,8) + ofe),
PE(x,1) = p(x,) + ofe),

(4.1)

where
Wi x, 1) = Wk, 1, 2),

and W) (x, ¢, y) is a 1-periodic in the variable y function.
The substitution (4.1) into (2.10) results in the integral identity

O*w
V- (%) dxdt+/9(0) (&5 ¢ —p(V - ) dudt

Qr

x PW) X x .\ 0w,
+/QT ((QfX(g)T(XﬂZg)JFQs(l—X(g)) P )~<p—p(v~<p)) dz dt

owfe)
— = [ aux(IDe, ) Dl de e+ ofe),
Qr £ t

(4.2)
which holds for any smooth function ¢(x,t). Let

wi(x,t) = lm x(2)W k6, 2) =< | W(x,1,y)dy
E— £ £ Yf
be the weak limit of the sequence {w®}. Then after the limit as £ — 0 we arrive at
the integral identity
82
V- (p ) du dt + / (oS o= p(V - ) dr
Or ol ot

82w 92w, (4.3)
= /Q ((wa +0s(1 —m) BT ) o —p(V- Lp)) dz dt = 0.

Note that the term o, D(z, 8“’8(;’5) ) in the right-hand side of (4.2) converges to zero

due to the supposition limg\ o o, = lim\ o %ﬁ =0:

ow(le) oW X ay, OW ) X
T(Xﬂf)) = a,D(z, T(XJZ g)) + ?D(% T(XJZ g))~

The substitution of (4.1) into the continuity equation (2.8) leads to the integral
identity

[ (oo o),
T 0 ! : (4.4)
— Vi (1= o)w +ox* W (x,1, ?) +<(1 - xg)ws)) do dt = oe).

ozu]].’))(gs7

The limit here as € — 0 results in
1—-¢ cm  ¢(l—m
Lo S
T CS,O Cf CS (45)
Vi ((1 —ow+ewlH (1 — m)ws)) dx dt = 0.
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As in previous section we conclude that integral identities (4.3) and (4.5) imply
differential equations in Q(® and Q and boundary conditions on the boundaries
SO and S.

Namely, in the domain Q(%) the displacements vector w and pressure p of the
solid component satisfy the seismic system

?w
ng)w = —Vp, (4.6)
1
Cs,O

In the domain € the displacements vector w of the solid component, displacements
vector w/) of the liquid component, and pressure p of the medium satisfy the
seismic system

2wl 9w,
v e os(1 = m)W = —Vp, (4.8)
1 —
(g+( Ezm))p+v~ (W) 4 (1= m)w,) = 0. (4.9)
f s

On the common boundary S(9 the displacements vectors w, w,, and w(/) and
pressure p satisfy continuity conditions

lim p(x,¢) = lim p(x,t), (4.10)
X <
lim es-w(x,t) = lim es- (w(f)(xj) + (1 —m)ws(x,t)). (4.11)
x x2n

Finally, on the outer boundary S,
p(x,t) = p°(x,1). (4.12)
As above, we have to add the initial conditions:

ow Ow,

w(x,0) = —(x,0) = w4(x,0) = (x,0)
ot . ot (4.13)
= wih(x,0) = ——(x,0) = 0.

The obtained system of differential equations and boundary and initial conditions
is still incomplete. We have no differential equation for the liquid displacements
w(). To find the missing equation we pass to the limit ¢ — 0 in (4.2) with test
functions ¢ in the form

X
#08) = h(x, Dol 5,
where h is a smooth function with a compact support in € and ¢o(y) is a smooth
function with a compact support in Y} (that is ¢® vanishes outside of the pore
space Q).
For an arbitrary function ¢o(y) the term pV - ¢° becomes unbounded as ¢ — 0:
- X 1 X
V. = (Vo h(x,1)) 'Wo(g) + gh(xj)(vy : Wo(g))~
Therefore, we require that conditions
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wo(y)=0, yen (4.15)

hold.
The term o, D(z, 8""8(;’5)) : D(z, ¢°) in the right-hand side of (4.2) converges to
zero because of the assumptions lima\ o c, = lima\ o 22 = lima\ o 2% = 0:

aM]D)(x? 7t(x7t)) :D(z, %)

AW W) X 1 OW ) x
= au(D(a, =5 —(x,t,5)) + =Dy, ——(x, 7)) :

1 h X
(VR @0 +40® (V) + =Dy, 20(2)) ) = of).
Here a matrix a® b is defined as

(a®b)-c=a(b-c),

for any vectors a, b, and c.
Thus, the limit as £ — 0 in (4.2) results in the integral identity

92w
[ ([ (o G n=p(¥ ) oy o
Qp Y; ot

FEAVVACD)
- / h(x7t)(/ (s =—55— + Vp) ~<pody) de dt — 0,
Qr Y;

which holds for any smooth function h(x,¢) with a compact support in € and for
any smooth solenoidal function ¢ (y) with a compact support in Y;.
By arbitrary choice of h(x,t), (4.16) implies

(4.16)

W)
/ (of oz Vp) - pody = 0. (4.17)
Yy

This identity means that the function (Q ¥ 828Lt2(f)+Vp) is orthogonal to any solenoidal

function. Therefore there exists some 1-periodic in the variable y function I(x, ¢, y)
such that

92w
in the domain Y} for any parameters (x,t) € Qr.

There is one equation (4.18) for two unknown functions W) and II. To derive
the second equation we put in (4.4) ¢ = ch(x,t)¢o(%) with arbitrary smooth
function h(x,t) and arbitrary smooth 1-periodic function v,(y) and pass to the
limit as £ — 0:

/QT h(xj)(/yx(y)vwo(y) .W(f)(x7t7y)dy)dx o

After reintegration we obtain the desired microscopic continuity equation
V-WW =0, yeVY; (4.19)

A rigorous theory (see [13, 8, 9]) supplies the system (4.18), (4.19) with the bound-
ary condition

(WU (x,t,y) — ws(x,t)) -n(y) =0 (4.20)
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on the boundary ~v with the unit normal n(y), and the homogeneous initial condi-
tions

W)
ot

Problem (4.18)-(4.21) has been solved in [9]:

W (x,0,y) = (x,0,y) = 0. (4.21)

2w () 2=, 3 2=,
U Y _(H_;Vyﬂi@)ez‘)'(WHQf =% (4.22)

ot?
where TI;(y), i = 1,2, 3 are solutions to the periodic boundary value problems

AJL =0, yeYy, (VyIl; —e;) -n(y) =0, yen.

Thus,
2wl 83, o 9?3,
o= — Mg —Bs - (Vpter75), (4.23)
where
3
BY = mI-> [ v, dy®e;. (4.24)
i=17Ys

Differential equations (4.6)-(4.9), (4.23), boundary conditions (4.10)-(4.12), and
initial conditions (4.13) form the mathematical model (II) of seismics in composite
media.

5. HOMOGENIZATION: casg (III)

According to [8] the set of criteria (I11) dictates the form of the two-scale expan-
sion:

we (1) = (1= W t) + o Iw 2 (,8) (1= x(3) (walx,)
+ewi(x,1)) + o(e), (5.1)
P ) = (1= Opt) + e x(S)py (58) + 5 (1= x(2)pEx,) + ofe),

where

Wl (x, 1) = W (x, 0, 2), wilx, t) = Wa(x,t, ), pl(x,t) = Py(x,t,>),
£ £ £

and W (x,t,y), W,(x,t,y), Py(x,t,y) are I-periodic in the variable y functions.
Next we express the pressure p$ in the solid component in € using the continuity
equation (2.8) and two-scale expansion (5.1):

Pix,t) = =2 (Vo wa(x, ) + V- Wolx,8,2) + o(e). (5.2)



12 A. MEIRMANOV, M. NURTAS EJDE-2016/ 184
The substitution of (5.1) and (5.2) into (2.10) results in the integral equality

FPw
; V- (pPp) da dt +/ (ng) 5z Y + ()\(()O)D(x7 w) —p]I) : D(z, Lp)) dz dt

x . PW) X x . 0%w,
+/QT ((QfX(g)T(Xﬂ% S+ (1=x(2)—55) ~<p) dz dt

+/ N1 = x(2)) (RO 1 (D, w,) + Dy, Wolx,t, D)) ) : Dl o) darde
Qr € €

X, [y oW ) x .
(00 St 2) — ) Dl a4 o),
(5.3)
which holds for any smooth function ¢(x,t). In (5.3)

m(O Z sz ®J’Lj SH@H J’Lj _
4,j=1

(ei ®e;+e;®e),

MIH

{e1,e9,e3} is a standard Cartesian basis, and the fourth-rank tensor A ® B is the
tensor (direct) product of the second-rank tensors A and B:

(A®B): C=A(B:C)

for any second-rank tensor C.
After the limit in (5.3) as £ — 0 we arrive at the integral identity

) FPw (0)
(2 o1 (Do) ) <D
o ot

52w ?w
(Qf +os(1 — )—S) <) dxdt
(7 i Jara

+/QT Ao (m<0> (1= m)D(z, w,) + (]D)(y7WS)>yS)) Dz, ) du dt

+ V~(p04p)dxdt+/
Qr

= / (mpf]l) - D(x, @) da di,
Qr
where
A

To pass to the limit as £ — 0 in the continuity equation (2.8) we rewrite it as an
integral identity and use the representation (5.1

):
/ b ((1,2_ Dyt <x(§)§—§ (11— X@fg_g)) da dt

€0 f (5.5)
X
— [ Ve (= ow xCIW o1 = x(D))w) dede = ofe).
Qr
In the limit as ¢ — 0 results in the integral equality
1—¢
[ ooy Sy S (R dear
T sO f s (56)

— [ VY (1—w w41 —m)w,) dadt =0,
Qr
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which holds for any smooth function ¢ vanishing at 5.
Finally, we rewrite the continuity equation in the pore space 1y as the corre-
sponding integral identity

/ w({C—ZpE +x°V - WE) dz dt
Qr €

f
:/ ¢(>f—2€p5+v~w5—(1—xE)V~w5)dxdt
Qr C
= [ @ - (V)W XV W) de
Qrp C¥

and apply the two-scale expansion (5.1):

[ (G x®ms -0 EW5 o+ (1= xE)ws)
far S (5.7)
— 0 (1= XV W + Yy W) ) dadt = of)

In the limit as ¢ — 0 results in the desired integral equality

/ (6 2py =V - wi) = (V, W)y, ) dadt = 0. (5.8)
Qr Cf
The localization of (5.4), (5.6), and (5.8) gives as the Lame system
82
o = VB, P A D, w) L (5.9)
P+ Vow=0 (5.10)
in the domain Q%) for ¢ > 0, the macroscopic dynamic equation
52w ?w, ~
P =200 (1= m)D(z, w,) + (D(y, W)y, ) — mpyI (5.12)
for the solid component and the macroscopic continuity equation
m
gpf+v~w(“ = (Vy-Wy)y, (5.13)

for the liquid component in the domain Q for ¢ > 0.
The same localization of (5.4) and (5.6) also provides the boundary condition

PO ey =p” ey (5.14)
on the outer boundary S with the unit normal es, and the continuity conditions
xlimxo PO (x,t) - e3 = xllrilo ]IAD(XJ) - e3, (5.15)
NG xEQ
xllrilo w(x,t)-es = xlimxo (w(f)(xj) + (1 —m)ws(x,t)) - es (5.16)
NG xEQ

on the common boundary S 3 x” with the unit normal es.
More detailed mathematical analysis shows that
lim w(x,t) = lim (1 —-m)ws(x,?) (5.17)

X—X X—X

er(O) xeQ
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for x” € S Unfortunately we have no possibility to prove the statement due
technical reasons.

Differential equations and boundary conditions are supplemented with initial
conditions

w(x,0) = 2 (x,0) = wa(x,0) = 2 (x,0)
at S at (5.18)
—wi(x,00= " (x,0) = 0.

However, the obtained system (5.9)-(5.18) is still incomplete. We need two more
differential equations for W, and W), More precisely, we have to express the
terms (D(y, Ws))y. and (V, - Wy)y, by means of functions D(x, w,) and p; and
rewrite (5.12) and (5.13) as

P = 29 : Dz, w,) — psC°, (5.19)
gpf +Vewl) = C5 D Ze) 2y (5.20)
Cf )\O

To find the missing equation for the function Wy let us consider the integral identity
(5.3). As in previous section, we choose test functions in the form ¢°(x,t) =
e h(x,t) wo(%), where h is an arbitrary smooth function with a compact support
in Q vanishing on S, and o(y) is an arbitrary 1-periodic smooth function with a
compact support in Y.

The limit in (5.3) as £ — 0 with chosen test functions results in

/ n / (R0l = x(3) (R : (Dl w,)
Qr 4
+D(y, W) = x(y) mpfﬂ) - D(y, <po)dy) dzdt =0
After a localization we obtain the differential equation
V- (Ao(l —x(y) N (D(z, w,) + D(y, W,)) — mpy x(y)) -0 (5.21)

in the domain Y, which is understood in the sense of distributions. That is, as a
usual differential equation

v, (m<0> : (D(z, ws) + D(y, Ws))) ~0 (5.22)

in the domain Y;. In the same way using test functions with a compact support
localizes at v we derive the boundary condition

()\o‘ﬁ(0> (D, w,) + D(y, Ws))) ‘n= —mpsn (5.23)

on the boundary . Here n is a unit normal to ~.
The problem (5.18), (5.19) is completed with the periodicity conditions on the
remaining part 0Ys\~y of the boundary 9Y;.

Let Ugj )(y) and Ugo)(y) be solutions of periodic problems
v, ((1 . (m<0> L (36 4 Dy, Ug‘ﬁ)))) —0, (5.24)

v, - ((1 — ) (N : Dy, U +]1)) ~0 (5.25)
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in Y. Then
i m
Z U( 9 zj X t) + )\_pf(x7t) UgO)(y)7
1,5=1 0
where
1/0u; Ouy
R ¢ < (43)
Dy; 5 <axj 835)7 e = (u1, ug, uz), D(z,w,) jz:lD 5
Thus
<]D>(y7W Ny,

m
- Z D(y, US))y, Dij + ~py (D(y, U )y,

A
1,j=1 0

3
= (32 D, UEM)y, © 39 D B0) + s (Bly, U ).

A
ij=1 0

A0 MO (1= m)D(x, Zo) + (Dly, W)y, ) — mpyl
= XN D(z, Zs) — psC,

3
ij m
(Vy - Woy, = 3V, - US)y. Dy + (V- Uy,
i,j=1 Ao
3 ..
(S V) D 5+ (9, O
ij=1
where
ms = ‘ﬁ(O) : ((1 — m) Z J9 & J9 + Z (]D)(y7 Ug”)»YS ®J(lj))7 (5.26)
4,5=1 i,5=1
€ = ml - (D(y, US)y,, (5.27)
3
Ci= S (V, - U T9, ¢5 = (v, - Uy, (5.28)
i=1

The derivation of the equation for W{/) repeats in its main features the arguments
of the previous section. We choose the test functions ¢° in (5.3) as

@ (x,0) = hix, 1) o (),

where h is a smooth function with a compact support in € and ¢o(y) is a smooth
1-periodic solenoidal function with a compact support in Y;. After the limit as
¢ — 0 and localisation we arrive at the differential equation
2w n
Qfa% =1V - ]D)(y7 8‘2; ) — Vyl_[(f) — Vpy (5.29)
in the domain Y} for ¢ > 0. Here, as in previous section, we also must define a 1-
periodic in y function I1(/) (x,1,y), which appears due to the choice of test functions.
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The missing equation is derived from the continuity equation in its integral form
(5.5) in the same way as in the previous section and coincides with (4.19).

According to [8] and [9] the system (5.29), (4.19) supplies with the boundary
condition

W (x,t,y) = w,(x,1) (5.30)
on the boundary -, and the homogeneous initial conditions
AW
W (x,0,y) = ——(x,0,y) = 0. (5.31)

Problem (4.19), (5.29)-(5.31) has been solved in [9]:

3 t 2
15} 0wy ;
Wi — Ts(x,1) E / “z(f)(yﬂt T)(a];f (x,7) + oy 87’27 (x, 7—))d7—

2W
%1 +Z/ (Wi, 1 =) @e) - (Vpslx7) + o =0 (x,7))dr,

ZU\

2U}
11, y) - Z/ 1t = ) (L )+ oy s, 7)),

where 2, = (ws 1, ws2,ws3) and {ng , Hgf)} , 4 = 1,23, are solutions to the
following periodic initial boundary value problem

aZng) 8W(f)
oy — = mV Dy, —1=) =V, (v, ) eVy x (0,7),  (5.32)
V, W (y,t) =0, (y,t) € Yy x (0,T), (5.33)
oW )
W (y,0)=0, 0= 1—(v,0) = —e;, yeYy, (5.34)
W (y,1) =0, (y,1) € v x (0,T). (5.35)

Thus,

wilxt) = [ WO ty)dy
Ys (5.36)

e 8w,
= més(xﬂf) +/O BS (t - 7—) : (Vp(xw) + of 87'2 (X77—))d7—7
where

B (1) = / W (y, t)dy e, (5.37)

Differential equations (5.9)—(5.11)7 (5.20)7 and (5.36), boundary conditions (5.14)-
(5.17), initial conditions (5.18) and state equations (5.19) and (5.26)-(5.28) consti-
tute the mathematical model (III) of seismics in composite media.

6. ONE DIMENSIONAL MODEL FOR THE CASE (I): NUMERICAL IMPLEMENTATIONS

Direct problem. For the sake of simplicity we consider the space, which consists
of the following subdomains: @y ={z e R: 0 <z < H i}, b ={zecR: H <z <
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H2}, and Q3= {x e R : x > H2}. Differential equations (3.8), (3.9), (3.12), and
(3.13) result in

1 dp
=div( 1 V(P+ rnjon
c2(x) dt2 ('P(X) ( fJ dt‘))
where
1 m (1—m)
2 = + %%
¢ cf 3

and 3= mpf + (1 —m)ps are respectively average wave propagation velocity and
average density of the medium.
Applying now the Fourier transformation we arrive at

d2rP pu2 3 0 6.1
dx2t (1 —mom)e2” (6.1)
cf

where P(x, u)-the pressure obtained after Fourier transform.

- SHALE AT 1 v»0

OIL CONTAINING AREA V>0

Hi,

H?

LIMESTONE v”0
H L - Y. 1 maratainur.jpg

Figure 3. Scheme of arrangement of layers

Depending on the exact physical properties, the sedimentary rock zone is divided
into three subdomains. The value of the geometry of pores, viscosity of fluid, density
of rock, and velocity of seismic wave considered in each layers to be different. In the
experiment in order to get numerical solution, it's assumed that the first medium
is a shale, the second medium is oil saturated sandstone, and the third medium is
a limestone (see Fig.3).

Let us suppose that there is a plane wave which propagates from to. Then the
general solution of equation (6.1) for —to < X < H1in the case vO = 0 is written
down as:

P1= exp \'iAVPTXJ + A2expj:i-/;\\f—p|xj. (6.2)

The general solution of equation (6.1) for H1 < x < H2 in the case vO > O is
represented as:

1 AN
iWoe/p2 _:x?+82expf —i"/p2

1— _In ® 1— in
cf cf

P2 = Blexp (6.3)

Finally the general solution for x > H2 in the case VO = 0 will be the following:

I§3= D lexp invp—sx . (6.4)
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Continuity condition in contact media will be:

A = mv0OA C ., mvOA

B W PaHi-q 12w R P2Hi+q (6.5)

d . mv0 d mv0
- i-ag= - 6.6
1Pl W Pllhi-q= @  [P2 ¢ P2Hl+q (6.6)

M = my05. 5 e my0oWl
[P2- "W 2 BRjH2-Q = [P3- *W 2 RBjrHz (6.7)

f f

2drm emvoi 2drm e mvON! 6.8
SdX[[2- W P2AH2q= ¢3 [P3- "W~  P3]h2+q (6.8)

These relations are nothing else but the system of linear algebraic equations for
the coefficients A2,B1,B2,D 1 which can be easily resolved by any direct method.
These coefficients are used in order to construct the solution in time frequency
domain and after inverse Fourier transform in time the solution in the time domain
can be easily recovered (see Fig.4).

Figure 4. Propagation of seismic waves in different layers

Inverse problem. In inverse problem [15] except P(x, w) the values H1, H2, c2,
v0, m are unknown as well. To determine these values one needs some additional
information about solution of the direct problem - data of inverse problem. Usually
they are given as function P(w) at X = 0. The most widespread way is to search
for these values by minimization of the data misfit functional being L2 norm of
the difference of given functions and computed for some current values of unknown
parameters:

Wh
Fi(H ,H2) |Pi(w,Hi,H2) - P(w,H1L,H2)J2dw ™~ O (6.9)
1}
W —
Fi(Hi,'2) |Pi(w, Hi,c2) - P(w,H1, Q)]2dw ™ 0 (6.10)
W
W —
Fi(H2 ,c<) |Pi(w,H2,c2) - P(w,H2,C2)]2dw ™ O (6.11)
WL
Here P(w,....... ) is the given wave fields at X = 0, while P(w,....... ) are wave

fields computed for some current values of the desired parameters.
In our numerical experiments the minimum is searched by the Nelder-Mead
technique ([17], Fig.5).
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Figure 5. Simple scheme of Nelder-Mead for two variables regular simplex

Recovery of H1 and H2. Behavior of the data misfit functional for this statement
is represented in Figures 6 and 7. As one can see this functional is convex and has
the unique minimum point. Therefore this inverse problem is well resolved.

surfWsveteng.jpg

Figure 6. Minimization of the functional F(H 1,H 2).

t U

ShMQttRm oS

3317 3333 3367
deptt4t*>rier>sonless contourZOOeng.jpg

Figure 7. Level line of the functional F (H1, H2).

Recovery of H1 and c2. Now we come to the non convex functional and therefore
inverse problem may have few solutions (see Figures 8 and 9).

Recovery of H2 and c2. This statement also generates non convex functional, but
now it has excellent resolution with respect to H2 (see Figures 10 and 11).
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Figure 8. Minimization of the functional F(H 1,c2).

Figure 9. Level line functional F(H 1,c2).

Figure 10. Minimization of the functional F(H 2,c2).

Conclusions. In this publication we have shown how to derive mathematical mod-
els for composite media using its microstructure. As a rule, there is some set of
models depending on given criteria p0, A0, ... of the physical process in considera-
tion. For a fixed set of criteria the corresponding model describes some of the main
features of the process.

In the paper the simplest inverse problem was dealt with - recovery of elastic
parameters of the layer by Nelder-Mead algorithm. In the future we are planning
to establish connection upscaling procedure and scattered waves and apply on this
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Figure 11. Level line functional F(H 2,c2).

base recent developments of true-amplitude imaging on the base of Gaussian beams
for both reflected and scattered waves [18, 19].
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ADDENDUM POSTED ON NOVEMBER 28, 2016

The editor from Zentralblatt informed us that a big portion of this article coin-
cides with the article

“Seismic in composite media: elastic and poroelastic components” by Anvarbek
Meirmanov; Saltanbek Talapedenovich Mukhambetzhanov and Marat Nurtas (Sib.
Elekron. Mat. Izv. 13, 75-88) (2016) (Zbl 06607056).

The Electron. J. Differential Equations requested an explanation from the au-
thors. They replied that two co-authors submitted the manuscript to two different
journals, and each eventually published it without consulting the other. They write,

It’s my fault that I did not control the process. There is not any
other explanation. Now I do not know what I should do. Maybe the
best way here is to remove the paper from the site, if it is possible.
I apologize once again,

yours sincerely,

Anvarbek Meirmanov.

Since the article is already published, the EJDE editor posted this explanation.
We recommend that co-authors inform each other about their submissions. End of
addendum.
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