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We consider a model for the vibration of a beam with a damping tip body that appeared in a previous article. In this paper we derive
a variational form for the motion of the beam and use it to prove that the model problem has a unique solution. The proofs are
based on existence results for a general linear vibration model problem, in variational form. Finite element approximation of the

solution is discussed briefly.

1. Introduction

In article [1], the authors model and analyze the damped
vibration of a cantilever beam with an attached hollow tip
body that contains a granular material. The Euler-Bernoulli
theory for a beam with Kelvin-Voigt damping is used. The
beam is clamped at one end and the tip body is attached to the
other end. The authors state that “the problem contains more
complicated boundary conditions” than problems “treated
previously” (and provide references). This is due to the fact
that the model is more realistic—as we explain below. It is an
interesting model for more than one reason. The dynamics of
the rigid body is treated in a realistic way: the fact that the
center of mass of the rigid body is not at the endpoint of the
beam is taken into account. The damping mechanism is also
explained unlike other papers where vibration models with
boundary damping are considered. There are other articles
with realistic models of a beam with damping, for example
[2]. However, [1] provides the only realistic model for the
relevant beam-body configuration.

The existence of a unique solution for the model problem
is established in [1]. To obtain the result, the problem is
written as an abstract differential equation and an abstract
existence result from a previous paper [3] is applied.

In this paper, we also prove the existence of a unique
solution. Our approach differs from that in [1]: we write the
model problem in variational form and use results from [4]

where general linear vibration models in variational form are
considered. The existence theorems in [4] were applied to the
vibration of a complex plate beam system in [5]. It should be
noted that the same variational form can be used for finite
element approximations (see Section 7). Since our approach
differs from that in [1], it is natural to consider differences
regarding assumptions and results. There are indeed some
differences but these are not substantial (see Section 6).

The mathematical model is considered in Section 2. In
Section 3, we write the model problem in variational form
and present the weak variational form in Section 4. Auxiliary
results are proved in Section 5. The existence theorems are
stated and proved in Section 6 where different methods are
also compared. In Section 7, natural frequencies and modes
are discussed as well as finite element approximation.

2. Model Problem

The Euler-Bernoulli model for the transverse vibration of a
beam is derived from the equation of motion for the beam
deflection w:

pARw =0V + f 1
and the relation

o.M =-V. @)

X


http://dx.doi.org/10.1155/2014/298092

FIGURE 1: The tip body at the end of the beam.

In these equations, p denotes the density, A the area of the
cross section, V the shear force, M the bending moment, and
f aload (beam models are treated in [6, pages 323-324], [7,
pages 337-338], and [8, pages 392-395]).

The usual constitutive equation is M = EI9’w, where
E is an elastic constant (Young’s modulus) and I is the area
moment of inertia. Due to Kelvin-Voigt damping, it changes
to

M = EI}w + A9,0’w, (3)

where A denotes the damping parameter. The partial differ-
ential equation (which we do not use) is

pAd}w = —EI0%w + A9,0w + f. (4)

The constitutive equation for the moment M and the
relation between the moment and shear force V are also used
to model the interface conditions.

The left endpoint of the beam is clamped where the
boundary conditions are the usual

w(0,£) = d,w (0,£) = 0. (5)

The interface conditions at the other endpoint are deter-
mined by the interaction between the beam and the rigid
body. This is explained in [1] in some detail. It is necessary to
consider the equations of motion for the rigid body carefully
when deriving these conditions.

The position of the center of mass of the tip body relative
to the endpoint of the beam is

d cos 0i + d sin 0j, (6)

where 0 is the angle of the neutral plane with the horizontal
(see Figure 1). Therefore, the velocity v, and acceleration a.
of the center of mass are given by

ve = 0w (¢,1) j — dB sin Bi + dO cos 6,
ac = afw & nj- d6 sin 0i + d6 cos 0j (7)

— d6? cos Bi — d6” sin 0j,
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where ¢ denotes the length of the beam. For the linear
approximation, it is assumed that the term 67 sin6j may
be neglected, 6 =~ 9,0,w(,t), 6 ~ 3?0,w(e,t), and cosO
=~ 1. Using these approximations, we have the following
expressions for the vertical components of the velocity and
acceleration:

Qw(6,t) +do0,w(L,t),  Qw(lt)+ddow(l,t).

(8)

In [1], the term d0,0,w(¢,t) in the expressions for the
vertical component of the velocity is neglected. In our
opinion, this should not be done and we motivate our point of
view in the next section where we discuss the decay of energy
for the system.

In the equations below, y and y* denote damping param-
eters, m the mass, and J the moment of inertia of the rigid
body. Using Newton’s second law for the motion of the center
of mass, we have

mafw (&,t) + mdafaxw (e, 1) ©)
9
=-V(¢,t)+ fg(t) — yo,w (€,t) — ydo,0,w (¢,t),

where fg(t) is an external force that may act on the rigid
body, for example, gravity. Taking moments about the center
of mass, we have

JOiOw (8,t) = ~M (£,t) +dV (£,t) — dy*9,0,w (£,1).
(10)

Following [1], we combine (9) and (10) and find that

mddjw (6,1) + (] +md”) 3} 0w (£,1)
=-M (¢,t) — ydo,w (£,1) (11)
—(yd +y")do,0w (6,t) +dfs (t).

It is convenient to rewrite (9) and (11) as follows:

V(6,t) = —md w (L t) — mdd;o.w (6,t)
—yo,w (¢, t) —ydo, 0w (£,t) + f5(t),
M(6,t) = —mddw (e,t) — (J +md”) ;o,w (6,1)

—ydo,w (6,t) — (yd + y*) do,0,w (6, t) + df (t) .
(12)

Model Problem. The mathematical model consists of equa-
tions of motion (1) and (2) and constitutive equation (3) for
the beam, boundary conditions (5), and interface conditions
(12). Initial conditions w(-,0) = w, and J,w(-,0) = w, need
to be specified.
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3. Variational Form

Multiply (1) by an arbitrary smooth function v and integrate.
Using integration by parts and (2) yields

r pPA (afw (-,t))v
0
4 4
_ —J V0 + [V(x,t)v(x)]g+J Fat)v
0 0

e
_ _J MOV + [V (D v 0L+ [M ()Y ()]
0
14
+ L fGtwv
(13)

Test Functions. A function v is a test function if v € C'[0, ¢],
Vs integrable, and v(0) = Y (0) = 0. The space of test

functions is denoted by T'[0, £].
It follows that

r pA (Btzw ( t)) y
0

4
=-J MOV +V (@0 vE@) +MEH)Y (€)  (14)
0

+ J:f(-,t)v

for each v € T|0, £].
We now use the constitutive equation M = Elaiw +

/\atafcw and the interface conditions (12) to derive the vari-
ational form of the model problem.
It is convenient to introduce the following bilinear forms:

_ ¢
b(u,v) = J Eld"V",
0

¢
¢ (u,v) = J pAuv + mu (€) v (€) + mdu' (€) v (8)
0
+mdu (0)v' (&) + (] +md) ' ()v' (o),
¢
a(u,v) = J. DY TvA yu (&) v (€) + ydu' @)ve)
0
+ydu (€)v' () + (yd +y") du' (&) V' ().
(15)
We now have the variational form of the model problem.

Problem PV. Find w such that, for each t > 0, w(-,t) € T(0, ¢)
and

c(Fw(0),v)+a@w1),v) +bw(-1),v)
(16)
=(fG),v)+ fp®)v(@) +dfp(t) Vv (0),

for each v € T(0, £), with w(:,0) = w, and J,w(:,0) = w;.

Remark 1. Note that the bilinear forms a, b, and ¢ are
symmetric. The additional term ydu'(e)v(e) in the definition
of a is necessary for symmetry. Problem PV may be used to
compute finite element approximations.

Mechanical Energy. The mechanical energy (kinetic energy
plus elastic potential energy) of the system is

E() = 520w (0,00 (0) + 5D W 0,w(0). (1)

Using the symmetry of b and ¢ and assuming that w is
sufficiently smooth, we have

E'(t) =2 (0}w,0w) + b (w,0,w) = -a (w,w), (18)

for the homogeneous case. It is obvious that b(u,u) is
nonnegative and not difficult to show that a(u, ) and ¢(u, u)
are nonnegative:

14
c(u,u) = J pAM2 +mlu(0))
0
+2mdu (&) u(€) + (+md®) [u (0]
- rpAuz wmlu@+du @) + [ @] >0,
0
_ ¢ m\2 2 !
a(u,u) = L Mu'") + ylu @] + 2pdu () u’ (£)
+(yd+y")d[u @)
¢ 2 2
_ L Au") +y[u (@ + dud (©)]

+ y*d[u' (t’)]2 > 0.
(19)

As a result, E'(t) < 0. This result is to be expected
from Physics. The fact that a is symmetric and a(u, u) is
nonnegative is due to the additional term.

4. Weak Variational Form

Let H™(0, £) denote the Sobolev space with weak derivatives
up to order m in Z%(0, £). The inner product for H™(0, £) is
denoted by (£, 9),,,, with (f, g), = (f, 9), the inner product for
P40, £). The corresponding normsare || |, and | fll, = I fIl.

Consider Problem PV. We start off as usual by considering the
closure of the space of test functions. Let V(0, £) be the closure
of T[0, £] in H*(0, £); then V(0, ¢) is a Hilbert space (being a
closed subspace of a Hilbert space).

We require the so-called trace operator which we denote
by I. Foru € C'0, £], Tu = u(®) but (as is well known) T can
be extended to H 1(0, ?); see, for example, [9]. Clearly I is
defined for u € H*(0, £).



The following product spaces are necessary for the
abstract problem:

X=%%0,0)xRxR

H™ =H"(0,£) x RxR
(20)
Vp=V(0,) x RXR

V={veVplv,=Tv,v,=Tv}.

An element y € X is written as y = (y;, ¥, ¥3). An
obvious inner product for X is

¢
(V) = J Uy + Uy, + UV, (21)
0

and we denote the corresponding norm by || - [|x.

Definition 2 (bilinear forms). For u and vin X,

e
c(u,v) = J pAu v, + mu,v, + md (uzv, + u,vs)
0 (22)

+ (] + mdz) Us Vs,
and for v and v in H?,
e
b(u,v)= L EIu)v!,

o (23)
a(u,v) = J Ay vy + yuyvy + yd (uzv, + uyvs)
0

+(ypd +y") duyvs.

Remarks. (1) The bilinear forms a, b, and ¢ are symmetric.
(2) Foru and v in V, a(u,v) = a(uy,vy), b(u,v) = bluy,v,),
and c(u, v) = c(uy, v;). (3) It is essential to use product spaces
since the bilinear form ¢ is not defined on &%(0, ¢).

For the weak variational form of the model problem,
we need to show that the bilinear forms ¢ and b are inner
products for X and V, respectively. We use the well-known
Poincare type inequalities given in the proposition below. The
boundedness of T is also required.

Proposition 3. For each u in V(0; £),
lull < '] < € u"].

(24)

[Tu| < \/Z"u'"
Proof. Using the fundamental theorem of calculus, the
inequalities are easy to prove for the space of test functions
TT[0, £]. Since V (0, €) is the closure of T'[0, €] with respect to
the norm of H*(0, £), the result follows. O

Proposition 4. There exists a constant K such that

c(u,u) > K(u,u)x, foreachue X. (25)
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Proof. It is sufficient to show that there exists a constant K,
such that m(u, +du3)2 + ]ug > K, (ug +u§) for each (u,, u;) €
R,. From a well-known inequality,

m(uy +du;)’ = m(1 —e)u§+m<l - l)dzug. (26)
€

By the definition of the moment of inertia of a rigid body;,
J = Bmd? for some 3 > 0. Now choose 0 < ¢ < 1 and € <
(1 + B)”" and the desired result follows. O

Corollary 5. The bilinear form c is an inner product for the
space X.

Definition 6 (inertia space). The norm | - ||, is defined by

lully = Ve(u,u). We refer to the vector space X equipped
with this norm as the inertia space and denote it by W.

Proposition 7. There exists a constant K such that

b(u,u) > K||u1||§, for each u € V. (27)

Proof. We use Proposition 3 and the definition of the bilinear
form b:

2+e+1
++b

i (u,u). (28)

2
e lly <
O

Corollary 8. The bilinear form b is an inner product for V.

Proof. Clearly b(u,u) = 0 implies that u; = 0 and therefore
u, =Tu; = 0and uy = Tu) = 0. O

Definition 9 (energy space). The space V equipped with the
inner product b is referred to as the energy space. The norm

| - Iy is defined by [lull,, = Vb(u, u).

We proceed to determine a weak variational form of the

model problem. Let f(t) = (f(-t), fz(t),dfs(®)), uy =
(W, g 55 Ty 30> and wy = (wy, Uy 5, 1) 3), With By ,, U 5, ) 5,
and #, ; arbitrary.

Problem PW. Find u such that, for each t > 0,u(t) € V,u'(t) €
V,u'"(t) € W, and

c(u' (), v)+a(d ®,v)+bw®),v) = (F@©),v), -
for each v €'V,
with #(0) = 1, and 1’ (0) = u,.
Remark 10. It is natural to think that #,, = Tw, and so

forth are the correct initial conditions. This is discussed in
Section 6.

5. Auxiliary Results

We need the results of this section to apply Theorems 15 and
16 in Section 6.
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Proposition 11. Space V is a dense subset of X.

Proof. Consider any y € W. Since C3°(0, £) is dense in #*(0,
?), there exists a sequence {¢,} ¢ C;°(0,¢) such that [|¢, —

nl — 0.
It is not difficult to construct sequences {#,} and {{,} in

H?(0, ¢) with the following properties:

T, =0, |n] — 0

16l — o

Now;, let v, = ¢, + .1, + ¥3(,; thenv, € V(0,£),Tv, = y,,
andI'v) = y;.

Consequently, u, = (v, v,(£), v.(€)) € V and |lu, — yly
— 0. O

I, =1,
(30)

I{,=0, TI¢ =1,

Proposition 12. There exists a constant K such that

b(u,u) > Kc(u,u), foreachuelV. (31)

Proof. We use Proposition 3.
Consider

¢
c(u,u) = J pAU + m(uy + du3)2 + Jul
0

< pAE4“u;'||2 +2m(Tu, ) + antdz(l"uD2 + ](Fu;)z

< Ju |3 (pAL* +2me® +2md’e + Je).

(32)

Now apply Proposition 7. O
Proposition 13. There exists a constant K such that

la (u, V)| < Klully[vlly, (33)

foreachuandvinV.

Proof. We use Proposition 3.
Consider

la (u,v)| <A "ui'" "vi'" +y |Tu,Ivy| + yd |1"uil"v1|
+yd 'Full"v;' +(yd+y")d |Fu'1Fv;'

< Jaarll vl (A + y€* + 2yde* + (yd + y°) de).
(34)

Now use Proposition 7. U

The result above is true for A > 0. If A > 0, the bilinear
form a is positive definite on V' and this has implications for
existence results.

Proposition 14. Consider
Ao
Ju) > — . 35
a(u,u) 2 o lully (35)

2
Proof. We have that a(u, u) > /\Ilu;'ll = (A/EI)IIuII%,. O

6. Existence

In this section, we apply the existence results from [4].
For convenience, we formulate the general linear vibration
problem and present the relevant existence theorems. Let V/,
W, and X be real Hilbert spaces with V. ¢ W ¢ X. Spaces
X, W, and V have inner products (-, -)y, ¢, and b and norms
Il llx Il - > and || - [l/, respectively. Consider also a bilinear
form a defined on V.

Problem PG. Find a function u such that, for each t > 0, u(t) €
V,u'(t) e V,u"(t) e W, and

c(u" @),v)+a(u' ©),v)+b@),v) = (f(),v)y

foreach v €V,
(36)

with u(0) = u, and u'(0) = u;.
In Theorems 15 and 16, the following is assumed.

Assumptions. (Al) V is dense in W and W is dense in X.
(A2) There exists a constant C,, such that ||v[,, < Cpllvlly,
for each v € V. (A3) There exists a constant C, such that
Ivlxy < C.vlly for each v € W. (A4) The bilinear form
a is symmetric, nonnegative, and bounded on V; that is,
la(u, v)| < CllullylIvly for each uand vin V.

Theorem 15 (see [4, Theorem 1]). Suppose that assumptions
(A1), (A2), (A3), and (A4) are satisfied. If

(a) f € C([0,7),X),

(b) uy € V, u, € V and there exists a y € W such that

b(ug,v) +a(u,v)=c(y,v) foreachveV, (37)

then problem PG has a unique solution:

ueC([0,7),V)nC ([0,7),W)
(38)
NnC' ((0,7),V)nC*((0,7),W).

Theorem 16 (see [4, Theorem 3]). Suppose that assumptions
(Al), (A2), (A3), and (A4) are satisfied. If

(a) the bilinear form a is positive definite, that is, there
exists a positive constant C such that a(u, u) > CIIuII\Z,,
foreachu eV,

(b) f is locally Hélder continuous on (0, T),
(QuyeV,u eW,

then problem PG has a unique solution:

ueC(0,7),V)nC ([0,7),W)
(39)
nC' ((0,7),V)nC*((0,7),W).

If f =0, thenu € C([0,00),V) N CY([0,00), W) N
C*®((0,00),V).



6.1. Applying General Results. Theorem 15 above is applied
to the case where A = 0 and Theorem 16 to the case where
A > 0. Note that assumptions (Al), (A2), (A3), and (A4)
are satisfied due to Propositions 11, 12, 4, and 13, respectively.
In the formulation of the theorems, we denote the function

t — f(,t)by f;.
Theorem 17. Suppose that A = 0 and
(@) f, € C'([0,7), Z%(0,¢)) and fz € C'([0,7), R),

(b) uy € V, u, € V and there exists a y € W such that

b(uy,v)+a(u,v)=c(y,v) foreachveV.  (40)

Then problem PW has a unique solution:

ueC([0,7),V)nC ([0,7), W)
(41)
nC' ((0,7),V)nC*((0,7),W).

Proof. Clearly f e CY([0,7), X). The result follows from
Theorem 15. O

Theorem 18. Suppose that A > 0 and
(a) f, is locally Holder continuous on [0, T) with respect

to the norm of £*(0,€) and fy is locally Holder
continuous on [0, T),

(b) uy e Vandu, e W.

Then problem PW has a unique solution:
ueC([0,7),V)nC ([0,7),W)nC*((0,7),W). (42)

If fi = fg =0, thenu € C([0,00);V) N CY([0, 00); W) N
C*®((0,00); V).

Proof. Clearly f is locally Holder continuous on [0, 7) with

respect to the norm |- [y and the bilinear form a is
positive definite by Proposition 14. The result follows from
Theorem 16. O

6.2. Sufficient Conditions for Existence. The case A > 0 is
trivial.

If A = 0, sufficient conditions on 1y = {(wy, ity ,, 7 3) and
u; = (wy, 1 ,,1 ;) are required to satisfy condition (b) in
Theorem 17. It is obviously necessary to assume that 1, and
u, are in V which implies that u, = (w,, Twy, Twy) and u; =
(wy, le,l"w{). Suppose that w, € C*[0,£] and w, € c?[o, 2).
From the definition of the bilinear form b, using integration
by parts, we obtain

e
b(u,v) = j EIwé‘“v1 ~ Elw,’
0

(€) v, (€) + Elw, (&)V, (£).
(43)
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From the definition of a, we have

b(u,v) +a(u,v)

4
_ I ETw®v, - EIw" (€) v, (¢) + EIW!' (€) V. (¢)
0

+ ywy (€) vy (£) + ydw, (£) v, (€)
+ydw, ()] (&) + (yd +y*) dw] (&), (£).

Therefore,
¢

bu,v)+au,v) = J Elwé4)v1, foreachveV, (45)
0

if and only if

n

0= —Elw' (&) v, (€) + ETw, (£)v; (£)

+ywy (O) vy (0) +ydw] () v, (0) + ydw, (€) v] (©)

+(yd +y") dwy (&) vy (),
(46)

for each v € V. Since v, (£) and v; (¢) are arbitrary, it follows
that

— ETw," (£) + yw, (£) + ydw, (€) = 0;
(47)

Elwg (€) + ydw, () + (yd +y") dw] (£) = 0.

Therefore, a sufficient condition for existence is w, €
C*[0, €], w, € C*[0,£], and

w, (0) = wy (0) = w; (0) = w, (0) = 0;
V(£,0) = - Elw," (£) = —yw, () - ydw, (£);

M (£,0) = Elw; (£) = —ydw, (&) - (yd +y*) dw) (¢).
(48)

The conditions for the shear force V(¢,0) and bending
moment M (#,0) have an interesting physical interpretation.
Comparing them to (9) and (11), we see that the force and
moment at the endpoint must match the force and moment
due to damping.

6.3. Discussion. In [1], the model problem is written in the
form

(By) +(Ay) = g, (49)

equation (3.11). The existence of a unique solution then
follows from the theory in [3]. It should also be possible to
use [10]. Relevant abstract existence results may also be found
in other publications, for example, [11].

Theorems 15 and 16 (existence results in [4]) are conve-
nient for application when the model problem is in weak
variational form. This is so because the assumptions are in
terms of the bilinear forms a, b, and ¢ and it is not necessary
to consider linear operators as in the publications cited above.
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The approach in [4] is relatively new and therefore we
discuss briefly how it is related to semigroup theory. Problem
G is equivalent to a first order differential equation in the
product space H = V x W. A linear operator A with domain
D(A) ¢ V x W is constructed in [4] and problem G is
equivalent to an initial value problem of the form

w = Aw+g with w(0) = (ug,u,). (50)

The pair (uy,u;) € D(A) if and only if u; and u; in
V satisfy condition (b) in Theorem 15. The properties of A
are determined by the properties of the three bilinear forms
¢, a, and b. Under the assumptions in Theorem 15 A is the
infinitesimal generator of a C, semigroup of contractions and
under the assumptions in Theorem 16 A is the infinitesimal
generator of an analytic semigroup.

7. Application

71. Natural Frequencies. In the second half of Section 4 in
(1], the sequence of natural frequencies of the undamped
system is considered. The conjecture on pl041 concerning the
eigenvalues for the undamped system is indeed correct. For
each f € W, the problem b(x,v) = c(f,v), for each v € V,
has a unique solution x € V. The mapping K, defined by
x = Kf, is a symmetric linear operator. Since K is bounded
as a mapping from W into V and the embedding of V into W
is compact, K is compact. Considering b as a bilinear form
in W, its eigenvalues are real and if A is an eigenvalue, then
A7!is an eigenvalue of K. The corresponding eigenvectors are
the same. It follows that the sequence of eigenvalues tends to
infinity and the sequence of eigenvectors is complete in W
(see, e.g., [12, Theorem 4.A, p.232]).

For the model problem with the damping tip body, the
situation is different. To the best of our knowledge, there is no
general spectral theory for systems with boundary damping.
However, results are known for specific model problems. In
[13], it is proved that the sequence of eigenfunctions for an
Euler-Bernoulli beam with boundary damping has the Riesz
basis property, but there is no attached body.

Galerkin Approximation for Problem PW. Let S" be a finite
dimensional subspace of V.

Problem PW". Find u,, such that, for each t > 0, u,(t) € S"
and

c(uy (1),v) +a(w, ©),v)+ bw, (),v) = (F©),v),,

foreach v € Sh,
(51)

with 1, (0) = ué’ and u;l(O) = ui‘. The functions u’g and ui’ are
suitable approximations for 1, and u, in S".

Problem PW" is equivalent to a system of ordinary differ-
ential equations:

Mu' +Cd +Ku=F(@). (52)

The system can be used to approximate the solution
of problem PW. How to construct the relevant matrices is
explained in [14].

The quadratic eigenvalue problem
A Mii+ ACi+ K =0 (53)

can be used to calculate approximations for the natural
frequencies (see [14]).
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