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STABILIZATION OF LAMINATED BEAMS WITH
INTERFACIAL SLIP

ASSANE LO, NASSER-EDDINE TATAR

ABSTRACT. We study a laminated beam consisting of two identical beams
of uniform thickness, which is modeled as Timoshenko beams. An adhesive
of small thickness is bonding the two layers and creating a restoring force
producing a damping. It has been shown that the interfacial slip between
the layers alone is not enough to stabilize the system exponentially to its
equilibrium state. Some boundary control has been used in the literature for
that purpose. In this paper, we show that for viscoelastic material there is no
need for any kind of internal or boundary control.

1. INTRODUCTION

Many structures in mechanical engineering, electrical engineering, civil engineer-
ing and aerospace engineering are formed by a single beam or a number of beams.
We can cite for instance, robot arms, rotor turbine and helicopter blades, turbo-
machineries, electronic equipment, antennas, missiles, panels, pipelines, buildings,
bridges, etc. There are mainly three important theories. The first one is named after
Euler and Bernoulli and the second one after Rayleigh. To alleviate the shortcom-
ings in these two theories, Timoshenko came up with a new theory which is better
suited for engineering practice and is nowadays widely used for moderately thick
beams. Both, rotatory inertia and the effect of shear forces are taken into account.
In his theory, Timoshenko also assumed that the plane cross-sections perpendicular
to the beam centerline remain plane but could become oblique after deformation.
An additional kinematics variable is added in the displacement assumptions. Inter-
nal and external forces like the weight of the beam, heavy loads, wind, earthquakes
and interaction with other bodies or materials are examples of some sources causing
high stresses accompanying unwanted vibration. These stresses not only bring some
discomfort, reduce the fatigue-life of the material and produce annoying noise but
also are harmful to the structure as they may cause significant damage or complete
destruction of the machine or equipment. Therefore, some ways and devices capa-
ble of enhancing dynamic stability must accompany these structures. To this end
various devices and energy dissipation mechanisms have been designed either in the
material itself such as smart materials (piezoelectric, pietzoceramic, viscoelastic),
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on its surface (viscoelastic layers, sandwich plates,...) or at the boundary (or part
of the boundary). Some well-known dampers are: friction dampers, sensors and
actuators, special loads, viscoelastic dampers, tuned mass dampers, tuned liquid
dampers and tuned mass liquid dampers. Sometimes they are classified into active,
semi-active and passive control methods. In this paper, we would like to investigate
the case of two identical beams with an adhesive layer in the interface creating a
restoring force. It has been already shown that when this restoring force is pro-
portional to the amount of slip the created frictional damping is unable by itself
to stabilize the system exponentially. The first investigators have been forced to
control the system by an additional boundary feedback. We intend to seek other
ways and means, preferably less costly, less demanding and easy to implement, to
stabilize the system exponentially.

Statement of the problem. The original structure consists of a two-layered
beam with an adhesive layer bonding the two adjoining surfaces. The adhesive
layer creates a restoring force which is assumed proportional to the amount of slip.
Therefore, we are in the presence of a structural damping due to interfacial slip.
Moreover, we assume that the adhesive layer is of negligible thickness and mass so
that the contribution of its mass to the kinetic energy of the structure can be ig-
nored. The equations of motion modeling the system are derived using Timoshenko
theory and a third equation is coupled with the first two describing the dynamic of
the slip and containing the internal frictional (Kelvin-Voigt) damping. Namely, we
have the system

pWy + G(d’ - wx)x =0,
Ip(gstt - ’lptt) - G(w - wm) - D(gszz - 'l/)mac) - O,
31,54 + 3G (Y — wy) + 4vys + 485y — 3D sz, = 0,

supplemented by the initial data
(w7 1/)7 S)(l’, 0) = (wOa wOa 50)7 (wta ¢ta St)(l', 0) = (wla 1/}1’ 81)

and cantilever boundary conditions.

Here w, v, p,G, 1,,D,~, 3 are transverse displacement, rotation angle, density,
shear stiffness, mass moment of inertia, flexural rigidity, adhesive stiffness, adhesive
damping parameter and s is proportional to the amount of slip along the interface.
The expression & := 3s — 1) is the effective rotation angle.

It has been shown in [31] that the frictional damping created by the interfacial
slip alone is not enough to stabilize the system exponentially to its equilibrium
state. Therefore, a natural question that can be asked is: what are the possible
additional damping that can ensure the exponential stability and other kinds of sta-
bility of the system? We suggest investigating the case of an additional viscoelastic
damping that acts on the effective rotation angle without resorting to any bound-
ary control. Viscoelastic material is very efficient in case there is no considerable
change of frequency or temperature in the structure [2]. The viscoelastic damping
is (according to the Boltzmann Principle) represented by a memory term in the
form of a convolution which arises in the constitutive equation between the stress
and the strain

/0 h(t —7)(3s — 9) gy (r)dr.
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There are basically three main papers in this subject [3,/10,31]. In [10], the
problem has been derived in details. The authors assumed that the adhesive layer
is of negligible thickness and mass and that the restoring force created by this layer
is proportional to the amount of slip at the interface.

In [31], the system is studied assuming that \/G/p and \/D/I, are two different
wave speeds. Putting £ = 3s — 1, they transformed the original system into

pWit + G(SS - 5 - w:z:):r =0,
I& — G(3s — € —wy) — D&y = 0,
3I,8i +3G(3s — & —wy) +4ys +48s; —3Dsz, =0
where 0 < z < 1 and t > 0. In addition to the well-posedness, the authors pointed
out that the frictional damping is enough to asymptotically stabilize the system.
However, it is not possible to have exponential stability. They justified their claim
by the fact that the eigenvalues of two branches are very close to the imaginary
axis as their moduli go to infinity. To achieve exponential decay of solutions they
implemented an additional boundary control
w(0,t) = £(0,t) = s(0,t) =0,
(1) = uy(t) := —k1&(1,t),  s.(1,t) =0,
35(1at) - f(l,t) - wr(lat) = UQ(t) = k2wt(1vt)
where ¢ > 0. The same system but with the boundary control
¥(0,t) —wg(0,t) = uy(t) ;== —kiw(0,t) — w(0,t),
35:6(17t) - ww(lvt) = UZ(t) = _k2€t(17t) - f(lvt)v
has been studied in [3]. The authors proved an exponential stabilization result

in case k1 # \/p/G, ko # +/I,/D and the dominant part of the system is itself
exponentially stable.

For the case of a single viscoelastic Timoshenko beam (therefore without in-
terfacial slip) there exist many papers in the literature. We can cite a few of
them [11|8}(11}|15L|16L|19L20}21}22}|23}24L 28] 29}|30L32}33].

Here, we shall consider the system

PWet + G('@/J - wz)z = 07
I,(3stt — Y1) — G(Y — wa) — (35 — ) e + /0 h(t = 7)(35 = ¥)ga(r)dr =0, (1.1)

4 4
Isy +G(Y —wy) + 5’73 + 5048:: — 8z2 = 0,

where 0 < z < 1 and ¢ > 0, with the boundary conditions
¥(0,2) = 5(0,£) = 0,
s:(1,t) = ¥ (1,8) =0, (1.2)
w,(0,t) =0, w(1,t)=0.
The well-posedness of the system has been addressed in [3}31] (see [45,{79,17] for

the viscoelastic term). We have weak solutions in (V! x L?)3 and strong solutions
in (V2 x H')? where

VE={v:ve H*0,1):v(0) =0}, k=1,2.
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We shall discuss the case where the relaxation function h : Ry — Ry is a bounded
differentiable function satisfying the standard conditions (as we shall not be con-
cerned about finding the largest class of admissible kernels, see [6,/12,/13,[14,/18}[25]
26,,27,/28,/29,/30] for this matter)

— foh < h' < —pih, (1.3)
for some positive constants 3y and 3;. Moreover we assume that
¢:=1 —/ h(r)dr > 0. (1.4)
0

For G we shall use the following assumption

(H1) If ¢p < {5, then G < mm{gp, 5 2y WLQWP} and if 5 < ¢p < 3 then
assume G < min {gp,

2. UNIFORM STABILIZATION
The ‘modified’ energy of the system (1.1))—(1.2]) is given by

1
B(t) = 5 [pllewel + Ip138s¢ = el + 3115t + Gl — ws |
t
(1= [ B s, = 0ol + 3l + vl (2.1)

+ /0 (O35 - ¥)a)da].

for t > 0, where || - || denotes the norm in L?(0,1) and

t
(gTh)(t) = / o(t — $)|h(s) — h()2ds, t>0.
0
Our result reads as follows.

Theorem 2.1. For the energy E(t) defined above, if p = GI,, and (H1) holds, then
there exist two positive constants K and ko such that

E(t) < Ke ™' t>0.

We first give some lemmas that will serve as a support for the proof of this
theorem.

Lemma 2.2. If k and ¢ are two dijj‘erentiable functions then

(k=000 = 36 T00 + 3 [ [ we)as)o0) - (D)0

1
— k(D) (1), 1> 0
where * stands for the usual convolution.

Proof. The statement of the this follows from the identity

D00 = (D00 +2( [ k)ds) u(0)o(e) = 20k + 6) B

= w00 + ([ keas)ao] - ko) )
— 2k )Onlt), >0,
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Lemma 2.3. The energy E(t) given by (2.1)) satisfies

d ~ h(t)
—E(t ——TH(?)S—

2 2 1 ! /
X320 Vel ~dallsl® + 5 [ (D@ =0, 00

Proof. Multiplying the first equation of (1.1)) by w; and integrating over (0,1) we
obtain

NI

d 1
G+ [ = w)wde =0

or

1
Lo ] =G [ (6= wauwands + (606~ w)ury =0
0
and by our boundary conditions (|1.2))

5 dt[Hth G/ (¢ — wy)weedz =0, t> 0.

Note that

G/01(¢ — Wa ) wepdw = —G/1(¢ —wa) (¢ — we — 1p)eda

=T w146 [ - woypde

Therefore,

2dt[pllwt||2+GH¢ wg|?] G/ (b —we)hpdz =0, t>0.  (2.2)

Similarly multiplying the second equation of (1.1 . by 3s; — ¢ and integrating over
(0,1) we obtain

2dt[”3st wt” G/ (Y — we)(3s¢ — y)dz

-/ (85— ) (851 — r)da + /

or, using integration by parts and the boundary conditions (1.2))

1

(38 — wt)/o h(t —r)(3s — ¥)ge(r)drdz =0

1d 5 2 !
5o oll3se = Gl 352 = 0] = G [ (0 = wa)(35: — wi)da
1 t 0 (23)
— / (3s; — @bt)z/ h(t —7)(3s =), (r)drde =0, ¢>0.
0 0
By using Lemma [2.3] we see that
1 t
/ (3s¢ — 1/1t)m/ h(t —r)(3s — )z (r) drdx
0 0
= S0 O = 9))0) ~ WD as, 2 (2.4

4

il / h(s)ds ) 352 — 2> = (HO(3s = ¥)o)(0)], 1> 0.
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Likewise, multiplying the third equation of ([1.1)) by s; and integrating over (0, 1),
we obtain

Ty
2dt
for ¢ > 0. Now it is clear from (2.2))—(2.5)) that

S @”(38 - ¢)a:||2 + % /Ol(hllj(35 - w)x)d‘r’ t>0.

This completes the proof. O

4ry ! 4o
Lllsil? + S sl + ls.1”] + G / (¥ —wo)side + - [lsi|* =0, (25)

E/(t) = —4allsi]

As W(t) < 0, we see that E'(t) < 0 for all ¢ > 0. Therefore the energy is
non-increasing and uniformly bounded above by E(0).
Next we shall construct a Lyapunov functional F' satisfying the inequalities

ME(t) < F(t) < AE(t) and %F(t) < —kF(t)

for some positive constants A1, Ag and k. The first two inequalities show that E(t)
and F'(t) are equivalent. The second one gives the exponential decay of F'(t) (and
therefore the exponential decay of E(t) as well). To this end, we define

5 .
F(t) :E(t)+zi:1 8,;Gi(t), 6 >0,i=1,...,5 t>0,

where

Gi(t) = 1,(s¢,8), Ga(t) = —p(wp,w), G3(t) =1,(3ss — s, 35 — ), t>0,

4 3
G4(t) :_%(wh@)_ g(sxawt)+31p(st7¢_wz)a t207

with O(z,t) = [, s(¢,t)d¢ and

Galt) = =1, (35— v, [ hit =) [(Bs = w)(0) — Bs =) ar). ¢>0.

Using the Cauchy-Schwarz inequality and the Poincaré inequality, one can easily
see that all the G;(t), 7 =1,...,5 are bounded (above and below) by an expression
containing the existing terms in the energy F(¢). This leads to the equivalence of
F(t) and E(t).

We shall now prove several lemmas with the purpose of creating negative coun-
terparts of the terms that appear in the energy in the estimations of the derivatives
of the above functionals.

Lemma 2.4. Along the solutions of (1.1))—(1.2]), we have
G 4 40
Gi(t) < =llsall® + (= +e = 2 lIsl® + oGl — wall* + (I, + =) lIsell?,
4eg 3 9e

for allt > 0 and some €g,e > 0.
Proof. Clearly,

L) = Lllsel? + L(siw,s), ¢>0
and by the third equation in (|1.1)) we obtain that for ¢ > 0,

4y
G(t) = Lplse)l® — [|s=l” — gIISII2 - ?(Stvs) — G — wg, 8)
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G 4 402
< Dollsel® = sell® + (g = ) sl + <0Gl = we | + ells| + - el
G 4y 402
< —llsall? + (5= +2 = sl + oGl — woll? + (1, + 5= ) st
4eg 3 9e

Lemma 2.5. The derivative of Ga(t) along solutions of (1.1)—(1.2) satisfies
G 9G

Gy(t) < —pllwe)|* + (G + ) v — wal® + 5 —l1%w = 3sa[* + S lIsalI*,
2e1 2e1

for allt >0 and some €1 > 0.

Proof. Using the first equation in (1.1)) and the boundary conditions (|1.2)), we have
that for ¢t > 0,

G/z(t) = —P||th2 - P(wtt,w)
= —pllwe]* + G((¢ — wa)a, w)
—pllwe]|* = G — wa, we) + G (¥ — wa)wly
—pllwel* + G(Y) — we, b — we) — G(Yp — wg, 1)

G
< —pllwell® + Gl — we||* + e1G[Y — we||* + — [l |1
461
G 9G
< —pllwe]]* + (G + e1) [ — wa || + % [z — 3sa|* + %, szl

Lemma 2.6. The derivative of G3(t) along solutions of (L1.1)—(1.2) satisfies

G
Gy(t) < Il3se — ve|l* — (s — 1y &)[1352 — Yo ll* 4 £2GllY — we ||
1-¢
4e

1
+ /(hD(3sw—w$))dx, >0
0

foreqs >0, >0.
Proof. Using the second equation in we find that
Iy 3 (850 — 1,35 — ) = L350 — ul* — 30 — v
+[(8se = ¥2) (35 = ¥)]o + G((¥ — wy), (35 — )
+ (/Ot h(t — 7)(350 — 1) (r)dr, 35, — %), t>0.
Then
G (1) < L350 = P = 35, — a1+ £2Gll0 = wal* + 1|35, =

([ 10 650 = 00)0) = 50 — ) 0], 35, — 02

+ (/Ot h(r)dr)((?)sx — g, 380 — z)
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for e5 > 0, or
G3(t) < Ll13sc — ¢ul* — (1352 — ¢a||* + £2G[¢) — we ||

G 1—¢ [t
73m_w2 3(13_,’1,‘2 7/ hD?’a:_md
+ 1350 = 0l el3s, =l + 2 [ (06, — ))da
+ (1= 91352 — v 1%,
for € > 0. Hence

G
Gy(t) < Lpll3se — vl* = (s — 1 e)lI3sz — vull® + £2G 1 — wol|?

1
L / (hO(38, — by))da, t > 0.

+45 0

Lemma 2.7. The derivative of G4(t) is estimated as follows
Gi(t) < —(3G — 1)l — wa||* + ex(1 + &)L, |35 — el® + enlfwe®
492p?  4a? 1 9 9
2 L9+ . >0,
£1G? - €1 O+ e 451) ol
for €1, > 0 provided that I, = &.

Proof. Using the first and third equations in (1.1)),
4 4 3 3
Gﬁ;(t) = _%(wtta 0) - gp (wi, Of) — é)(swnwt) - g(smwtt)

+ 3Ip(8tt7w - wx) + 3Ip(8t7¢t - w:rt) .
Then we find that

G4 (1) = (1 = )2, ©) = 2L (w1, 00) = 2 (500, 0) + 350 (¥ = w2))

G
4 4o
+3(-G(¢Y —w,) — %5 - ?St + Spa, Y — wg) + 31,(5¢, Yy — Wat),

for ¢ > 0. Next, by the definition of © and the assumption I, = &, we obtain

+

Gi(t) = ——-(wi,01) = 3G — w||* = 4a(se, b — we) + 3L, (s, ¥0),
for t > 0. Now, clearly

dp
G

4a
da(se, h — wy) < e[y — me2 + ?\IStH?,
1

47/)

—(w, 04) < eqflwe]* +

9
3(st, 1) < exl|te]* + 1= [EAls
€1
1 9
<er(1+e)[83s: = el> + (9 + = + ) llsell
e 4dey
lead to

4vp

Gi(t) < erllwel® + ——5 Isell* = 3Gllv — wa |* + 1l — wa||* + 7||8t||2

1 9
+51(1+€)1p\|38t—1/1t\|2 +O+ -+ )I Is¢ ]l
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or

Gi(t) < —(3G — 1)l — wa* + e1(1 + €)1, |35 — el® + exlfwe®

492p?  4a? 1 9 9
— 9 — t > 0.
v T R e LA | DY

+[
0

For the next lemma we need to get away from zero to ensure strict positivity of
fg h(r)dr. So for that ¢t >ty > 0 we have fg h(r)dr > Oto h(r)dr = ho > 0.

Lemma 2.8. For the functional G5(t) we have

Gi(t) < Gellp — wy||* + (G+4€+2—<)14E</ (h O(3s — ), )dx
0

+ (2 = e85z — Yull® + Ip(e — ho)l[3s: — vl
1,h(0)

+45

1

/ (JA'103Bs — ) )dx, t>ty>0
0

fore>0.

Proof. We recall that

Ga(t) =~ (35— . [ hlt = )35 0)(0) = Bs = 0)wldr). 1 >0

and therefore

GH{0) = 135 — b, [ Ale = )35 = 0)(0) ~ (35— V)0

1y (35— [ W= 35 - 000~ 35 - )0l
—1, /0 h(r)dr 13s: — ], ¢ >0.

In view of the second equation in and the boundary conditions we write
Gh(0) = (606 = w2) + 35 = D) [ 100 = @5 = 0)0) — 35— )0

([ 1165 =l [ =35 =00 - 65— )rar)

1y (30— [ W= 35 - 000~ (35 - 0)0)lr)
1 /O h(r)dr) 3 —wll%, £ >0

It is easy to see that for ¢t > 0,

=G0 =, [ =) (5 - 0000~ (35 - )] )

G

o (2.7)
-9
S [ oo - v

< Gelly — wﬂﬁ”2 +
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(35— ¥)or. / (t ) (35 —)(6) — (35 — w)(r)] dr)
(13- / bt = 1) (8 — 0)a(t) — (35— v)a(r)]dr)  (28)

< ell3s, — bl + 1 / (hO(3s — ). de,

(/ At =) (35— ) (r)dr / bt (35 - )0 (35 - 6)(r))dr)
= /tht—r 3s — ). (t) — (3s — ) (T)]der
/ h(r 38— / h(t —r)[(3s — ¥).(t) — (33—¢)w(r)]dr)

(2.9)
<1 [ - ies - t)—<3s—¢>x<r>1dru2+<1—<>{e||3sz—me?
7||/ h(t = r)[(85 — )o(t) — (35— v)ar))ar|*}
<090 -0 [ 0065~ v +el1 - Olsss vl
for ¢ > 0. Further
135y = s [ (e~ )35 )0) = 35 )
(2.10)

1
< el,||3s; — ¥¢||* + Ihg(o)/(|h’\D(3sfz/J)z)da:, t> 0.

Taking into account estimates 77 in (2.6) and considering t > to > 0, we
obtain

G40 < Gello = wal? + S [0 065 — w121 + el —vul?
L [ 006s - v+ 0+ 590 -9 [ 0065 - v
o1 — 3 — dal? + <L, 350 — l?
+ 20O [ 3 — e ~ Lol P

or, fort >ty >0
1— 1
Gy(t) < Gell —wa||* + (G +4e +2 — q)T; / (h O(3s — ).)da
0
Jel3se = wall® + Lo(e = ho) |35 — |
1
/
O(3s — .
2 [ ees = )

The proof is complete. O
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Using the previous lemmas we now give the proof of our main result.

Proof of Theorem [2.1. Gathering the estimates in the previous lemmas we find that

h(t
F)=E0)+Y 5610 < —ols? - "D (35 - v,
1 , 9 G 4 9
- [1(3s — _ il _Z
+2A<h<% Ve = 8+ 61 (12 + & = 2 s

2
Q
7)H5t|\2 - 52P||wt||2

9e
Gé 9G6
+02(G +en)llY — wall® + S 13ss — vall® + S

+ 6150G||1/J - U11||2 + 51(Ip +

Hsﬂc”2

+ 63Ip||33t - thQ —03(6—— — E)H?’SI - wwHQ + 5352G||¢ - wa:H2

462
1—¢ 1
#0720 [ (005, — ba))de - 84036 — 2016 - w?
0
2 2 2
Y p 4o 1 9
+ 0461 (1 + €)1, |35 — ¢t||2+54[ ez +?+(9+E+E)Ipﬂ|st\\2

+e18aflwel® + 05 Gell — wa|* + 05e(2 — ¢) 1350 — va)?

1
+95(G+4+2—9) 46§ / (h O(3s —)y)dx
0
2 Iph(o) ' /
+651,(e — ho)|I3s; — Y| + 55T (IM|B3Bs —v¢)z)dx, t>ty>0
0

or

a? 1 9 402 4y2%p? 9
I, - LAY S
<—{ta-a+ T -a o+ T+ oo+ 1 T
. 9Gs G
~ (@ 2me+waIf+e—fwuw
— [54(3G — 61) — (5150G — (52(G + 51) - 5382G - §5GE] ||’(/J — wzHQ
G G 2
{6~ 1 9 5o B2 = f3s: — v
— (62p — €254)||wt||2 + 1, [65 + S4e1(1 4 €) + 05( — ho)] [|3s — ¢
B 1-g¢
{2 gy 46 55(G+4e+2—)——

1
M} / (h O(3s — ¥),)dz.

4e 0

(2.11)

Our strategy for selecting the different coefficients and parameters is as follows:
all the 0;, 7 = 1,...5 will be determined in terms of only one of them (here §;). This
61 will be accountable in front of o and (31 in the coefficients of the first and the last
term in . From the beginning, we have managed in our estimations to balance
the largest coefficients (here 1/¢) on the terms that appear in the derivative of the
energy. This will allow us to ignore € at the beginning of the process of selection.



12 A. LO, N.-E. TATAR EJDE-2015/129

Let us ignore for the moment the first and the last terms in ([2.11)). We shall, at
the same time, ignore the terms having coefficients in €. The focus will be on

9G G 4
B~ 50 =2
1 2 > 0 460 37 < 07
64(3G — 61) — 5160G — 52(G + 61) — 53€2G > 0,
G G
F3(c — —) — 8, > 0,
C-3) T %27

Oop — €904 >0, I3+ dse1 — d5hp <0,

or

010G + 92(G + 1) + 0362G < 04(3G — €1),
G G
— 09 < d3(¢ — —
261 2 3(§ 462)’
£904 < (52;), 03 + 0481 < O5hg.
Let eg = 1 so that the second inequality in (2.12)) is satisfied. Put eo = 50 €1 = G

and ignore the last inequality (we will take 05 large enough as it does not appear
elsewhere), we will be left with

(2.12)

9
552 < 613
G G
(517 + 262 + 53 < 2(54, (213)
G
b < §(53, —is < 52p.
2

Note that 205 < 04 < %62,0 is valid if G < ¢p and §y = %62. Therefore (2.13))
reduces to

9
*(52 < 51,
G G G
51*+53 +§p52’
4y %G
52 < §($3.

By assumption (H1) we may have

G+gp G+¢p G G+§p G+§p
2G 2% Tog v 26 2% Tag 0

These inequalities ensure the possibility of selecting (for instance) do and d3 in terms
of ;. It is now possible to select d5 (satisfying the last relation in ) in terms
of §; and then e. Finally, d; is chosen so small that the coefficients of the first and
the last terms in are satisfied. We end up with an inequality of the form

F'(t) < —CF(t), t>ty>0.

53

G
5lﬂ<

This gives the exponential decay of F(t) on [tg,00). The exponential decay of the
energy follows from the equivalence with F'(t) and the statement of the theorem for
t > 0 is clear. The proof is complete. (I
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Remark. It would be nice to remove the conditions on G although p = GI, (equal
wave speeds) seems natural as we have a similar one in the theory of Timoshenko
beams. The assumption (H1) looks technical and we believe that it may be im-
proved considerably through a better choice of the functionals and adequate es-
timations. Investigations on other boundary conditions would also be of great
importance.
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