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DYNAMIC BEHAVIOR OF CRACKED BEAMS AND
SHALLOW ARCHES

SEMION GUTMAN, JUNHONG HA, AND SUDEOK SHON

ABSTRACT. We develop a rigorous mathematical framework for studying
dynamic behavior of cracked beams and shallow arches. The governing
equations are derived from the first principles, and stated in terms of the
subdifferentials of the bending and the axial potential energies. The ex-
istence and the uniqueness of the solutions is established under various
conditions. The corresponding mathematical tools dealing with vector-
valued functions are comprehensively developed. The motion of beams
and arches is studied under the assumptions of the weak and strong damp-
ing. The presence of cracks forces weaker regularity results for the arch
motion, as compared to the beam case.

1. Introduction

The main goal of this paper is to investigate the dynamic behavior of cracked
beams and arches based on a rigorous mathematical framework. In [8] we
developed a variational formulation for such cracked structural elements. Using
this approach, the equations of motions were derived in [7]. In this paper we
continue the study by establishing the existence and the uniqueness results for
such equations. See [7,8] for a literature review.

A brief review of the main concepts is presented in Section 2, where we
describe special Hilbert spaces V, H}, H. These spaces are broad enough to
contain continuous functions with discontinuous derivatives at the joint points.

Then we introduce the operator A : V' — V’. The main result in [8] is that
the solution u of the equation Au = f in H satisfies the joint conditions at the
crack points, including the slope discontinuities.

Next, in Section 3, we review the equations of motion for cracked beams and
arches in a non-dimensional form following [7]. These equations are expressed
in terms of the subdifferentials of the potential energies Uy, and U, due to the
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bending and axial force, correspondingly. The Appendix (Section 9) presents
a brief review of these concepts, and relevant examples.

In this framework the abstract equation of motion for cracked beams and
arches is

(1.1) i+ 0U(y) + 0U,(y) + cay = p,

where g, i denote the time derivatives.
The main result in Section 3 is that the “classical” equation for a cracked
shallow arch is

L m

g+y" % (5 + % / ly' ()| dw) (y” +Y 0y (i, )5 (x — m) + cay = p,
0 i=1

where § = 6(z) is the delta function.

Motion in viscous media results in the additional term pAy, p > 0 in the
governing equations. Such a case is referred to as the strong damping motion.
If the viscous effects are neglected (u = 0), we have the weak damping case.

In Section 4, we study some properties of functions with values in Hilbert
spaces, including the generalization of the Chain Rule for the subdifferentials,
used to derive critical a priori estimates.

The motion of a cracked beam in the cases of the weak (1 = 0) and strong
(1 > 0) damping is investigated in Section 5. We also consider the case of the
vanishing damping, and show that y*) — y as u — 0. This approach can be
considered as a “parabolic regularization” method.

While studying the motion of cracked arches, we encounter the following
obstacle. The solution y of the problem is sought to be the weak limit of the
approximate solutions, but the subdifferential U, is a non-linear operator.
Generally speaking, non-linear operators are not weakly continuous. In Section
6 we undertake an additional examination of the weak convergence, and use
the special structure of the operator dU, to justify the passage to the limit
under these circumstances.

The strong arch damping problem is studied in Section 7. In this case the
results for the arches are similar to the ones for the beams. The weak arch
damping problem is considered in Section 8. We show that y can also be
obtained as a weak limit of the corresponding strong damping solutions ).

The presence of the nonlinear subdifferential of the axial potential energy
0U, results in weaker results for the arches. In particular, in the weak arch
damping case the solutions are less regular, than for the beams. Also, their
uniqueness could not be obtained.

2. Variational setting for cracked beams and arches

This section contains a brief review of our results from [8], to which we refer
for further details.

The transverse motion of a beam or an arch is described by the function
y(z,t), ¢ € [0,7],t > 0, which represents the deformation of the beam/arch
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measured from the z-axis. For definiteness, the boundary conditions are of the
hinged type

(2.1) y(0,t) =y"(0,t) =0, y(mt)=y"(m,t)=0, te(0,T).

Other types of boundary conditions can be treated similarly.

According to the common practice in the field, see [4], a crack is modeled
by a massless rotational spring with the spring flexibility . The flexibility 6 is
equal to 0 if there is no crack, and it increases with the crack depth.

Suppose that there are m cracks along the length of the arch (or a beam),

located at 0 < 27 < -+ < @z, < w. For convenience, we denote zyg = 0, and
ZTm41 = m. Consequently, the cracked arch is modeled as a collection of m + 1
uniform arches over the intervals I; = (z;-1,2;), i =1,...,m+ 1.

Let H be the Hilbert space
m—+1

(2.2) H =P L*(l:).

Let the inner product and the norm in L?(l;) be denoted by (-,-); and |- |;
correspondingly. The inner product and the norm in H are defined by

m—+1 m—+1
(2.3) (w0)e = Y (wv)ss fulfy =D ulf.
i=1 i=1

Define the linear space

m—+1
(24) V = {u e P H (L) : u(0) = u(r) =0, Ju)(z;) =0, i = L...,m} :
i=1

Let the inner product in V' be

m—+1 m
(25) (o) = > @ ")+ > JW(@:)J[v](x;) for any u,v €V,
=1 i=1

where (u”,v"); = [, u'(z)v"(z) dz.
The corresponding norm in V is

m—+1 m

(2.6) lullf = > [u")F + 1)) for any u €V,
i=1 i=1

where | - |; is the norm in L?(l;). It can be shown that V is a Hilbert space.
The Hilbert space H} = H}(0,7) is equipped with the inner product and
the norm given by

(2.7) (w,v)1 = W'\, Nullf =W}, w0 e H.
The norm in (H}) will be denoted by || - ||-1. It can be shown that the

identity embedding i : V — H{ is linear, continuous, with a dense range in Hg.
Furthermore, it is compact.
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We have
(2.8) VCcHYcHC(H) cV,
with dense embeddings. Furthermore, the embeddings V' C H} C H are
compact.

Now we can introduce the operator A : V' — V' that “absorbs” the junction
boundary conditions. This operator is central to the variational setting of
problems for cracked beams and arches. Here J[u)(z) = u(z™) — u(x™).

Definition 1. Define the operator A on V' by

m+1 m
(2.9) (Au,v)y = Z (u” 0" + Z élJ[u’](%)J[v’](QSl)

for any u,v € V. We will also write (Au,v) for (Au,v)y if it does not cause a
confusion.

Recall that a linear operator A : V' — V' is called coercive if there exists
¢ > 0 such that (Au,u) > c|jul|} for any u € V. We have:

Lemma 2.1. Let A be defined by (2.9). Then A is a symmetric, continuous,
linear, and coercive operator from V onto V'.

Functions u = u(z) modeling an arch with cracks satisfy the hinged bound-
ary conditions

(2.10) w(0) =u(r) =0, u"(0)=u"(n)=0,

and

(2.11) Jule) =0, Ju)@) =0, J)(w) =0, Jlu')ws) = (),
fori=1,...,m, at the crack (or joint) points.

The next theorem is the main result of this section.

Theorem 2.2. Let the domain of A be D(A) ={veV :Av € H}.
(i) If u € D(A), then ul;, € HX(l;), Au=u"" a.e. onl;, i =1,...,m+1,
and u satisfies conditions (2.10)—(2.11).
(ii) If f € H, then equation Au = f in V' has a unique solution u € D(A).

Furthermore, we have:

Lemma 2.3. Let A be the operator defined in (2.9). Then

(i) There exists an increasing sequence of its real positive eigenvalues A}, \3,
.., with limy_, )\% = 00.
(ii) The corresponding eigenfunctions ¢, € D(A) C V, k > 1, and they
satisfy the junction conditions (2.10)—(2.11).
(iii) The eigenfunctions ¢y satisfy Apr = Aior in H, k > 1. That is,
o (x) = Mer(z) a.e. on every interval l;, i =1,...,m+ 1.
(iv) The set {or}3, is a complete orthonormal basis in H.
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An efficient method for a computational determination of the eigenvalues
and the eigenfunctions of A (Modified Shifrin’s method) is discussed in [§].

3. Beam and arch equations of motion

In this section we review our results from [7]. A brief review of convex
functions ¢, and their subdifferentials 0¢ is presented in the Appendix. This
review also treats the potential energy U,(u) due to bending, the potential
energy U,(u) due to the axial force, and their subdifferentials. It is shown
that both functions are convex, lower-semicontinuous function on V and H}
correspondingly.

The variational formulation of the previous section allows us to apply the
Extended Hamilton’s Principle to derive the following abstract equation of
motion for beams and aches

(3.1) i+ OUy(y) + 0U,(y) + cay = p.
The equation is satisfied in V', a.e. for t € [0,T]. Note: U, : V. — V' and
oU, : H} — (H}).

Beam equations. In the classical Euler-Bernoulli beam theory the influ-
ence of the axial force is disregarded, so we let U, = 0. This results in the
following abstract equation for the beam with cracks
(3.2) §+ Ay +cay = p,

which is satisfied in V’, a.e. for t € [0,T].
If u € D(A), then u satisfies the boundary conditions of the problem, i.e.,

(2.10) and (2.11), as well as Au = u”” a.e. on every interval l;, i = 1,...,m+1.
Then equation (3.2) can be written as

(3.3) G+y"" +eag=p

on every subinterval I;, ¢ = 1,...,m + 1. We can call it the classical Beam

equation for cracked beams.

Strong damping. Viscous effects on the beam and arch motion are dis-
cussed in [1,5]. Considerations based on the Voigt model for viscoelasticity
result in the additional term pAg in the governing equations. Here p > 0 is a
non-dimensional normalized dynamic viscosity coefficient.

If such a term is present, we refer to the model as having the strong damp-
ing. Otherwise, if p = 0, the model is for the weak damping. In particular,
equations (3.2) and (3.3) describe the weak beam damping motion case. The
corresponding non-dimensional abstract and classical equations in the presence
of the strong damping p > 0 are

(3.4) i+ Ay + pAy + cay = p,
and

(3.5) G+ y" + uy"" + cay = p.
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Arch with cracks. The axial potential energy U,(y) of the arch has the
expression

(3. v = o= (5 2w

' oW = o 2V lH ) o

and its subdifferential OU,(u) is computed in Example 9.3 as

(3.7) MY(u) = Bu = — Z J' ) (z:)6(x — ;) — v, weV.
i=1

Then equation (3.1) becomes
. 1 1 72 = ’ " .
(38) G+Ay—— B+l ) | DI @)o(w —wi) —y" | +caj =p,
i=1

which is the abstract equation for a shallow arch with cracks. It is satisfied in
V', ae. t €[0,7].

Then, assuming that the function y is smooth, as discussed in Example 9.3,
we can use (9.9) for the subdifferential OU, (u), and 0Uy(u) = Au = u””. This

results in
- ////_l 1 72 mell/ DS — 1) — .
(3.9) G+y™ = —(B+5lylL > 0" (@i, )0(x — 2:) — " | + cay = p,
=1

which can be called the “classical” form of the shallow arch equation with
cracks. These equations are also referred to as describing the weak arch damp-
ing motion. The strong damping equations (u > 0) are obtained from (3.8)
and (3.9) by adding to them the terms pAy and py””’ correspondingly.

4. Vector functions I

In this section we develop some mathematical tools needed to study the
beam motion. First, introduce the Hilbert space of vector-valued functions

(4.1)  WI[0,T)={y : y € L*(0,T;V), y € L*(0,T; H), jj € L*(0,T;V")},

where the functions y, and their time derivatives g, 4 are understood in the
sense of distributions with the values in V', H and V', correspondingly, see [9].
The inner product in W0, T7] is set to be the sum of the inner products in the
constituent spaces.

Similarly to the definition of W0, T], we let

(4.2)  W.0,T)={y : y€ L*(0,T;V), y € L*(0,T;V), ij € L*(0,T;V")}.

For functions y in W,.[0,T], we have gy € L?(0,T; V), resulting in more regular
functions than the ones in W10, T7.
Our main tool is the following crucial result established in [10, Lemma 2.4.1]:
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Lemma 4.1. Let A : V — V' be a linear, continuous and symmetric op-
erator, coercive on V. Suppose that y € L*(0,T;V), y € L*(0,T;H), and
ij+ Ay € L?(0,T; H). Then, after a modification on a set of measure zero,
y € C([0,T);V), y € C([0,T); H) and, in the sense of distributions on (0,T),
one has

. . 1d , .

(4.3) (i + Ay, §) = 5= ([91” + (4g,))
Sometimes, instead of Lemma 4.1, we can use:
Lemma 4.2. (i) Let ye L?(0,T;V), y€ L*(0,T;V'). Then yeC([0,T); H),
and
d, .
(4.4) %\yh{ =2(g,y).
(ii) Lety € W,[0,T]. Theny € C([0,T];V), y € C([0,T]; H), and

d.. .
(4.5) %\ylfq = 2(i, 7).

(iii) Let y,y € L?(0,T;V). Let an operator A satisfy the conditions of Theo-
rem 9.1, and let ¢(u) = 3(Au,u), u € V. Then

(1.6 o) = (A1) = (00(y). ).

Proof. (1) This is [10, Lemma 2.3.2].
(ii) Replace y with g in (i). The continuity y € C([0,T]; V) follows from
y(t) —y(s) = f: y(r)dr in V.
(iii) We have
_yls) —y)
==y =9,
a.e. for t € (0,7"). By Theorem 9.1, function ¢ is Fréchet differentiable on V'
(and 9¢ = A). Furthermore,
C
(4.7) [6(y(s) — S(y() — (Ay(), y(s) —yE)] < S lly(s) =y @IV

for any s,t € [0,T]. Then, since y € C([0,T]; V),

(4.8) llg}f ¢(y(s)i:f(y(t)) 7 <Ay(t), W>'
< &t | L1200 ) gy =0,
v
a.e. t € (0,7T), and (4.6) follows. 0

For completeness, we mention the following related result established in
[2, Lemma 4.4], [3, Lemma 3.3]. It shows that the subdifferential is the proper
concept to generalize the Chain Rule for the differentiation of vector-valued
functions.
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Lemma 4.3. Let X be a Hilbert space, ¢ be a proper, convex, lower semicon-
tinuous function on X, and 0¢p C X x X be its subdifferential. Suppose that
v,y € L*(0,T;X), and g € L*(0,T; X) is such that g(t) € d¢(y(t)) a.e. for
te(0,7).

Then the function t — ¢(y(t)) is absolutely continuous on [0,T], and

(19) L o(6) = (910, 5(0)
a.e. fort e (0,T).

We conclude this section with some eigenfunction expansion results for the
operator A, introduced in Section 2. The existence of its eigenvalues A}, and
the eigenfunctions ¢g, k > 1 was shown in Lemma 2.3.

By Lemma 2.1, the operator A is linear, bounded, symmetric, and coercive
on V. Therefore it defines an equivalent inner product and the norm on V' by

(4.10) (w,0)a = (Au,v)y,  ullly = (Au,u)y, wveV.
This space is denoted by V4.

Lemma 4.4. (i) System {@r}?2, is an orthonormal basis in H.
(ii) System {/\%gok},;“;l is an orthonormal basis in V4.
k

Proof. Part (i) was stated in Lemma 2.3. For (ii) we have

1 1 1 1 1
(4.11) <<)\2<Pj, v@k)) = <>\2A¢j7 )\280k> = ()\?%” )\2@k> =0
j k A j ko k JH

for any j # k > 1. If j = k, then (4.11) shows that [¢x]|% = (Agk, or)v =
Nelowlfr = A, k> 1.

To see that this system is a basis in V4, suppose that there exists w € V4,
such that ((¢,w))a = 0 for any k > 1. Then ((pr, w))a = A\i(pr, w)y = 0.
But {¢r}72, is a basis in H, thus w = 0. O

Lemma 4.5. Let m > 1, and V,;, = span{p1,...,om} C V. Define operators
Po:H—=V,,and Pt :V' =V by

m

(4.12) Puh = (h,ox)mpr, heH,
k=1

and

(413) (P;;Lg7v) = <97PmU>Aa gc V/, vel.

Then

(i) Pm : H — Vi, is an orthogonal projection in H, and |Py,h| < |h| for any
he H. Also |h — Pph| = 0 as m — co.

(ii) P, : V4 — V,, is an orthogonal projection in Vyu, and ||Ppv|la < ||v]|a
for any v € V. Also ||v — Ppvlla — 0 as m — oo.
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(iii) Operator Pk : V' — V' satisfies |Prgllv: < |lgllv:, and Pmg — g weakly
in V' as m — oo for any g € V'.

Proof. Part (i) follows from Lemma 4.4(i). For (ii), let v € Vy4, and P,v =

Z;nzl ((07 /\%gok))A /\%gok. Then we can verify directly that Pm = P, on
k k

V. Lemma 4.4(ii) implies the other assertions in (ii). For part (iii), we have

[(Prg,v)| = Kg, Pmv)al < llgllve [[v]la, and (Py.g,v) = (g, Pnv)a — (g, v)4 as
m — oo for any v € V. (]

5. Beam motion

In this section we establish the uniqueness and the existence of motion for
a cracked beam under the assumption of the weak and strong damping p > 0.
Since the proofs are standard and straightforward, they will be omitted. Our
approach closely follows the one in [10, Section 2.4.1]. Extended proofs are
provided for the arch motion in Sections 7 and 8.

We also show that y*) — y as u — 0, where y*) and y are the solutions of
the corresponding strong and weak damping problems. This can be considered
to be a regularization method having some similarities with the “parabolic
regularization” in [9, Section 3.8.5].

Definition 2. Let ug € V, vo € H, and f € L*(0,T;H). A function y €
W10,T] is called a solution of the weak beam damping problem if it satisfies
y € L>(0,T;V), gy € L*(0,T;H), y(0) = ugp, y(0) = vy, and

(5.1) i+ Ay +cay = f,

in V', a.e. for t € [0,T]. Here the operator A:V — V' is defined by (2.9). We
will write y = y(uo, vo, f) to emphasize the dependence of the solution on the
data.

Lemma 5.1. Let y be a solution of the weak beam damping problem (5.1).
Then y € W[0,T]NC([0,T};V), y € C([0,T]; H), and

62 OP+ O < e (lol + fuold+ 1713020
for any t € [0, T]. Furthermore, the solution is unique.

Now we establish the existence of the solution y by taking the limit of ap-
proximate solutions.

Given m > 1, a function y,, is called an approximate solution of the weak
beam damping problem if it satisfies the same conditions as in Definition 2,
except that ¥, (0) = Pnuo, ¥m(0) = Pyrug, and

(53) m + AYm + €ilim = P f,
in V', a.e. for t € [0,7T].
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Theorem 5.2. Let ug € V,vg € H, T > 0, and f € L*(0,T; H). Then there
exists a unique solution y of the weak beam damping problem (5.1), and it
satisfies y € W0, T)NC([0,T]; V), y € C([0,T]; H). Furthermore,

(5.4) [9() = g (D) + ly(t) — ym ()%
< ¢ (Joo — Pt + ljuo = Putiol% + 1S = Pon 130,750 )
for any approzimate solution yn,, m > 1, t € [0,T).

Note that inequality (5.4) implies that y,,, — y strongly in C([0,T]; V'), and
Um — ¥ strongly in C([0,T]; H) as m — oo.

Definition 3. Let ug € V, vg € H, and f € L?*(0,T;H). A function y €
W[0,T] is called a solution of the strong beam damping problem with g > 0
if it satisfies y € L>°(0,T;V), y € L>(0,T; H), y(0) = ug, y(0) = vy, and
(5.5) §+ Ay + pAy + cay = f,

in V', ae. for t € [0,T]. The operator A : V — V' is defined by (2.9). We
will write y = y(ug, vo, f) = ¥y (ug, vo, f) to emphasize the dependence of the
solution on the data.

Lemma 5.3. Let y = y(ug,vo, f) be a solution of the strong beamn damping
problem (5.5).

(i) Then
(5.6) 50 + MO+ 1132000 < e (ol + uollZ + 17 Baorm)

(i) Let yhn = y(uo1,v0,1,f1) and yo2 = y(uo2,vo,2, f2) be two solutions of
(5.5). Then their difference z = y(uo1,v0,1, f1) — y(uo,2, 0,2, f2) satisfies

(5.7) (2@ + =012 + 1l 2122 0,6v4)
<C (lvo,l — o2l + lluos — wozll’ + 11 — fz\QLz(om;H)) -
(iii) The solution y(ug,vo, f) is unique.

Given m > 1, a function y,, is called an approximate solution of the strong
beam damping problem if it satisfies the same conditions as in Definition 3,
except that y,,(0) = Pnuo, Um(0) = Pprvo, and
(58) Ym + Aym + M-Aym + calym = P f,
in V', a.e. for ¢t € [0,T].

Theorem 5.4. Given ug € V, vo € H, and f € L*(0,T;H), there exists

a unique solution y = y*) of the strong beam damping problem (5.5). The
solution satisfies y € C([0,T]; V), and y € C([0,T); H). Furthermore,

(59 10 = I OF + 90 = v O+ 1l = 9200 00
< ¢ (lo = Prvol? + lluo = Ptol %+ 1f = PoaS 20 7))
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for any approzimate solution y,, m > 1, t € [0,T].

Note that inequality (5.9) implies that y,, — y strongly in C([0,T];V),
Um — ¥ strongly in C([0,T); H) and in L?(0,7;V) as m — co.

Finally in this section, we show that the vanishing damping p© — 0 causes
the strong damping solutions to converge to the weak damping solution.

Theorem 5.5. Let > 0, and y™ = 3y (ug,vg, f) be the solution of the
strong beam damping problem (5.5) for someug € V, vg € H, f € L*(0,T; H).
Let y = y(ug, vo, f) be the solution of the weak beam damping problem (5.1). If
p— 0, then y™ — y in C([0,T]; V), and g — 3 in C([0,T]; H).

Proof. Let y,(,’f ) and Ym be the approximate solutions for the strong and the
weak beam damping problems. For any ¢ € [0, T], we have

(5.10) lly(®) =y @) < () =ym O+ llym (&) =y % @1+l () =y (0)]]-
Let € > 0. By estimates (5.4) and (5.9), we can make the first and the third
terms in the right side of (5.10) to be less than €, by choosing a sufficiently
large m.

Now let 2z, = ym — yr(# ). Tt satisfies equation

(5.11) Zm A+ Az + Caim = p Ay

with z,,(0) = 0, and 2,,(0) = 0. By the properties of the approximate solutions,
Zmy 2m € C([0,T); Vin). Multiply both sides of (5.11) by 2,,, and use Lemma
4.2 to obtain
L L ) 4 el — (A
3 g7 [zl + 12l2) + calznliy = 1 (A2, 20 )
Integrate it on [0,¢], and get

(5.13) i ()37 + lzmON < enllAGE |20, v Fml 220,70
where the constant ¢ > 0 is independent of m € N and p > 0.

Recall that any two norms on a finite-dimensional space are equivalent. In
particular, the norms |- |z and || - |y are equivalent on V,,. This is also seen
directly from |l¢x||% = Ailexl? = AL, k > 1, see Lemma 4.4. Thus, there
exists a constant Cp,, such that ||ully < Cy,|u|g for any u € V;,,. In particular,

(5.12)

lZmllz200,75v) < Cmlémlr2(0,7;m)-
Using (5.2) and (5.6), which are also valid for y,, and y%’f ) correspondingly,

we conclude that |2, |r2¢0,7; ) < ¢. Therefore (5.13) becomes
(5.14) m O + 2m (DN < cCCmpllAGE || 20,750

Since (5.6) is valid for y,(,’:) for any m > 1, we conclude that the set
{\/ﬁy%)}uw is bounded in L?(0,7;V). Then the boundedness of A on V
implies that H”Ayfﬁ)”L?(O,T;V’) — 0 as w—r 0.

Therefore, the left side in (5.14) approaches zero as u — 0. Thus we can

choose a sufficiently small g > 0, such that ||y, (¢) — g )] = llzmll < €, and
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(5.10) becomes [|y(t) — y*) (t)|| < 3e. This implies that y*) — y as u — 0,
in C([0,T]; V), and the first claim of the theorem is established. The second
claim is proved using the same arguments applied to |¢(t) — §*) (t)| . O

6. Vector functions I1

In preparation for investigating shallow arch dynamics, we have to develop
some additional results on vector functions. Some results on functions with
values in Hilbert spaces have already been discussed in Section 4. The Hilbert
spaces W[0,T] and W,.[0,T] were defined in (4.1) and (4.2). The space V4 was
introduced in (4.10).

In attempting to use the same approach for arches as for the beams, we
encounter the problem of passing to the weak limit in the non-linear term
OU,. This requires us to study the weak convergence in more detail.

Let X be a Hilbert space. A function y : [0,7] — X is called weakly
continuous with values in X if scalar functions ¢ — (y(¢), w)x are continuous
on [0, 7] for every w € X'.

The next lemma deals with weakly continuous functions in Hilbert spaces
X and Y satisfying X C Y. Since the condition X C Y implies that Y’ C X/,
Lemma 6.1 is a non-trivial result.

Lemma 6.1. Let X and Y be two Hilbert spaces such that X CY is a contin-
uous and dense embedding.
(i) Let a function g : [0,T] — X satisfy g € L>(0,T;X). If g is weakly
continuous with values in'Y, then g is weakly continuous with values in
X.
(ii) Let a sequence {xy}n>1 be bounded in X. If x, — yo weakly inY, then
yo € X, and x, — yo weakly in X as n — oo.

Proof. Part (i) is [10, Lemma 2.3.3].

For part (i), suppose that [z,[|x < M for some M > 0, and any n > 1.
Identify Y with its dual Y’. Then X C Y C X’ with continuous and dense
embeddings, and the duality pairing (-,-)x extends the inner product (-,-) in
Y. In particular, there exists ¢ > 0 such that |w| x: < cJw|y for any w € Y.

First, fix w € Y. Then

|(@n, w)| = [{&n, w) x| < MJw]x < Mc|wly.

It is assumed that z,, — yo weakly in Y. Then passing to the limit as
n — 0o, gives

(6.1) (o, w)| = Kyo, w) x| < M||wl|x.

Since the embedding Y C X' is dense, we conclude that inequality |{yo, w) x| <

M||w||x- is satisfied for any w € X'. Therefore yo € X, and ||yo||x < M.
Now we want to show that z, — yo weakly in X as n — co. So, let w € X'.

Because of the density of the embedding Y C X', given € > 0, there exists
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we €Y, such that ||w — we||x < €. Since z, — yo weakly in Y as n — oo, we
have

[(Zn — yo, w) x| < [(Tn — yo,w — we) x| + |(Tn — yo, we)| < 2Me + €

for sufficiently large n. Since € > 0 is arbitrary, we get x,, — yo weakly in X
as n — 00, as claimed. O

The next lemma is needed for the weak limit passage in nonlinear operators.

Lemma 6.2. (i) Let X be a Hilbert space. Suppose that functions y, — y
weakly in L*(0,T; X), and y, — y* in the w*-topology of L°°(0,T; X) as
n — oco. Then y =y* a.e. on [0,T).

(i) Suppose that functions {yn}n>1 and their derivatives {gn}n>1 belong to
bounded sets in L>=(0,T;V), and L>°(0,T; H) correspondingly. Also as-
sume that y, — y weakly in L?(0,T;V) as n — oco. Then y,(t) — y(t)
weakly in V as n — oo, for any t € [0,T].

Proof. (i) The weak convergence y, — y in L?(0,T; X) means that

T T
(6.2) / (4n(5), 0(s)) ds — / (y(s). v(s)) ds

for any v € L?(0,T; X). The weak* convergence y,, — y* means that

T T
(6.3) / (yn(5),0(s)) ds — / (5" (s), v(s)) ds

for any v € L1(0,T; X). In particular, (6.3) is satisfied for any v € L2(0,T; X).
Therefore fOT(y — y*,v)ds = 0 for any such v, which implies that y = y* in
L?(0,T; X), and a.e. on [0,7].

(ii) We have

lyn () — yn(s)]er < / (7)1

for any 0 < s <t < T. Therefore all the functions {y, }»>1 are equicontinuous
and equibounded in C([0,T]; H).

By assumption |y, (t)||[v < M a.e. on [0,7T] for some M > 0. Since the
embedding of V' into H is compact, functions {y, },>1 have all their values in
the same compact set K C H. By the Arzela-Ascoli Theorem the set {y, }n>1
is precompact in C([0,T]; H), therefore in L?(0,T; H).

The embedding L?(0,T;V) — L%(0,T; H) is linear and continuous. There-
fore y,, — y weakly in L2(0,T; V), implies y,, — y weakly in L?(0,7T; H). Since
the functions are in a compact set in C([0,T]; H), we conclude that y,, — y
strongly in C([0,T]; H) as n — oo.

In particular, y, () — y(t) strongly (and weakly) in H for any ¢ € [0, T]. By
Lemma 6.1(ii), y,(t) = y(t) weakly in V as n — oo, as claimed. O
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Let Hi = H}(0,7) be the Hilbert space defined in (2.7), and (-,-); be
the duality pairing between Hg and (H})’, which is consistent with the inner
product (+,-) in H.

Following [7], the non-dimensional axial potential energy is given by

1 1 2
(6.4 ot = 5 (84 ') we A

and the subdifferential OU, : H} — (H})' of U,, at u € H} is given by
1 1 1 1 1
65)  ovuw) =+ (54 3l )0 () =2 (5 + 5l Bu

™

Here B : H} — (H}) is the linear continuous, symmetric, positive and coercive
operator on H} defined by

(6.6) (Bu,v); = (v, v )y, wu,v€ H,

see Example 9.3. Note that [(Bu,v)1| < |lul1 |[v||1, where the norm is in Hg.
Therefore ||B|| < 1.
By Lemma 4.2(iii) used with A = B, we have

d 1

60 U =2 (54 gy ) B = @V

Lemma 6.3. The subdifferential OU, : Hi — (H})' is a continuous non-
linear operator, which is Lipschitz continuous on bounded subsets of HE. More
precisely, if ||ull1, ||a|s < M, where M > 1, then

(6.8) 10U (u) — OU,(@)]| -1 < eM?||lu — al|;.

Furthermore, OU, maps weakly convergent sequences in V into strongly con-
vergent ones in (H})'.

Proof. Let u,u € HE, with |lul|1, ||a]l; < M. Using ||B|| < 1, we get

10U (1) — O ()| -1

1 _ 1 1 _
< g I = 4B Bl -1-+ |54 51| 1650
M _ 1 1 _
< )01 = 1l + 2[5+ 332 -l
T T 2
Since |[v/|g — |W|g| < |u' — @|g = ||u — |1, inequality (6.8) follows.

Now, let u,, — u weakly in V as n — oco. The embedding of V into H{ is
compact. Therefore u,, — u strongly in H} as n — oo, and the second assertion
follows from the Lipschitz continuity of OU,. (|
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7. Arch motion with strong damping pu > 0

The abstract equation for the strong damping arch motion is (3.8) with the
addition of the term p.Agy. The difficulty for the arch motion is that we cannot
claim that the eigenfunctions ¢y, of A are also the eigenfunctions of the operator
B. Thus By, & V.

Definition 4. Let ug € V, vg € H, and f € L?*(0,T;H). A function y €
W,.[0,T] is called a solution of the strong arch damping problem with p > 0 if
it satisfies y € L>=(0,T;V), y € L>(0,T; H), y(0) = uo, y(0) = vy, and

(7.1) i+ Ay + 90U, (y) + pAy + cay = f,

in V', a.e. for t € [0,T]. Here the operator A: V — V' is defined by (2.9), and
the axial potential energy U, by (6.4). We write y = y*) =y (ug, vg, f) to
emphasize the dependence of the solution on the data.

Lemma 7.1. Let y = y(uog,vo, f) be a solution of the strong arch damping
problem (7.1) with >0, and t € [0,T].
(i) Then

(7.2) 1900+ Iy @O+ #9130, v0
< e (Juoly + llwol% + Ua (o) + £ 220 zam) ) -

(i) Let 11 = y(uo1,v0.1,f1) and y2 = y(uo2,vo,2, f2) be two solutions of
(7.1). Then their difference z = y1 — yo satisfies

(73) O+ IO+ rla v
C
< (lox = w2l + Juos = woa %+ 1y = fallfaorin)

where the constant C' depends only on the bounds of the initial conditions,
and the loads f1 and fs.
(iii) The solution y™ = y(ug,vo, f) is unique.

Proof. (1) Multiply (7.1) by ¢, and then use Lemma 4.2 and (6.7) to obtain

1d . d o . .
5 a7 915 + 1120 + 2 Ua(y) + (A9 §) + calilty = (£ 9)n-

Integrate both sides of (7.4) from 0 to ¢t. Note that all the terms in the left
side are non-negative. Thus

2 + 98 12 + 2001912 0.0
t
< ool + [Juo ]2+ 2Ua (o) + 2 / (f(s), 9(s)) ds.
0

Since f € L?(0,T; H), we have

/ (f(s),3(s)) ds
0

(7.4)

(7.5) 2

< \f|2L2(o,T;H) + |?J|2L2(0,T;H)a
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and estimate (7.2) follows by Gronwall’s inequality.

(ii) The difference z = y; — yo satisfies

E4+ Az 4+ pAz + cqz = 0Uy(y2) — OUL(y1) + f1 — fa.

Multiply this equality by 2 € L?(0,T;V), and use Lemma 4.2 to obtain

1d . .. . .

5 (103 11202) + A2, 2) < [OUL() — BUa(an), 1) + G — for 2
The pairing (-,-); refers to the space Hi. By (7.2), the values of y; and yo
remain in a bounded set in H{, that depends only on the initial data and

the loads. The subdifferential OU, is Lipschitz continuous on bounded sets
according to Lemma 6.3. Therefore

(7.6) 015 + 12O + 2002122 0.1v0)

< C<2(0)|12q+ HZ(O)H,24+/O I2(s)lI1lZ(s)]l1 ds

+ / U A - fa(o)l |z<s>|Hds).

The last term is estimated as in (7.5), and for the previous term we have

t
) C W .
(7.7) /O [2(s)[lallZ(s)]l.a ds < ;IIZIIiz(o,t;vA) + 6||z||2L2(0,t;VA)'

The Gronwall’s inequality gives (7.3).
(iii) The uniqueness follows from (7.3). O

Given m > 1, a function y,, = y#f ) is called an approximate solution of the

strong arch damping problem if it satisfies the same conditions as in Definition
4, except that y,,(0) = Ppuo, ¥m(0) = Ppug, and

(7.8) Gm + AYym + Pr,0Ua(ym) + pAYm + caym = P f,
in V', a.e. for t € [0,T]. The operators P, and P were defined in Lemma 4.5.
Theorem 7.2. Given ug € V, vo € H, and f € L?(0,T; H), there exists a

unique solution y of the strong damping problem (7.1). The solution satisfies
y € C([0,T; V), and j € C([0,T]; H).

Proof. Let ym(t) = > pey gk,m(t)¢r, where the functions gg ., k = 1,...,m
satisfy of the following system of m ordinary differential equations

(7.9) <ym + Aym + P;zaUa(ym) + pAYm + Calim, o) = (Pm.f7 ©K)H,
((ym (0), o)) a = (Pmuo, o)) (§m(0), 0x) = (Pmvo, @),
where kK =1,...,m.

Using Lemma 6.3, all the coefficients of equation (7.9) are Lipschitz contin-
uous on bounded sets. Therefore the system has unique solutions gy ,, satis-
fying gk.m, Jk.m € C[0,T], Gr.m € L*(0,T). Thus ym, Um € C([0,T]; V;n), and
Gim € L2(0,T; Vi),



CRACKED BEAMS AND SHALLOW ARCHES 885

Note that

<P728Ua(ym)7(pk> = <3Ua(ym)7apk> for1 <k< m, and
(P, 0Uq(Ym), pr) = 0 for k > m.

Therefore, in fact, equation (7.9) are satisfied for any k& > 1. This implies that
ym satisfies (7.8), that is, y,, is an approximate solution of the strong arch
damping problem.

Notice that (6.7) is still applicable to y,,, i.e., %Ua(ym) = (OU4(Ym)s Ym)-
Therefore, the estimates in Lemma 7.1 are valid for y,, as well. They show that
all the approximate solutions y,,, m > 1 remain within the same bounded ball
in L*>°(0,T; V). Their derivatives ¢, remain in a bounded ball in L>(0,T; H),
as well as in L2(0,T;V), since u > 0 is fixed.

Furthermore, let us move all the terms in equation (7.1) to its right side,
except 4. The estimates for y and ¢ give an estimate for 4 in L2(0,T;V").
Clearly, the same estimate is valid for any approximate solution y,,. Thus ¢,
m > 1 remain within the same bounded ball in L2(0,T;V").

Since the Hilbert space W,.[0,T] defined in (4.2) is reflexive, we can find a
subsequence of {y, }m>1 (still denoted by y,,) such that functions Y, Ym, Jm,
m > 1 are weakly convergent in the corresponding spaces. Since the derivatives
are taken in the distributional sense, it follows that there exists y € W,.[0, T,
such that

(7.10) Ym =Y, Ym =Y Ym — Y,
weakly as m — oco. Furthermore, using Lemma 6.2, we can as well assume that
Ym — Yy, and ¢, — ¢ in the weak™* topologies of the spaces L>°(0,T;V) and
L*>(0,T; H) correspondingly.

Now we show that equation (7.1) is satisfied for the constructed function
y. Indeed, the weak convergence implies the distributional convergence. Since
each y,, satisfies (7.9), we can certainly pass to the limit as m — oo in V'’ in
all the linear terms of this equation. As for the nonlinear operator OU,, we use
Lemma 6.2 to conclude that y,, (t) — y(t) weakly in V for any ¢ € [0,T]. Then
Lemma 6.3 shows that OU, (ym, (t)) — U, (y(t)) weakly in V’ for any ¢ € [0, T.

This argument also shows that ug,, = ym(0) = y(0) weakly in V. Thus
y(0) = up. Using standard methods we can also conclude that ¢(0) = wvo,
[9, Section 3.8.2]. The conclusion is that y is the solution of the strong damping
problem (7.1). The required continuity of y follows from Lemma 4.2. (I

8. Arch motion with weak damping =0

In this section we show the existence of a solution for the weak arch damping
problem. Unlike the previous sections, we do not establish the uniqueness of
the solution. Also, we show only that y € C([0,T]; H}), and ¢ : [0,T] — H
is weakly continuous. Stronger results are available for uniform (no cracks)
arches, see [6].
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The abstract equation for the arch motion is (3.8), which was derived from
(3.1). The solution is defined as follows.

Definition 5. Let ug € V, vo € H, and f € L?(0,T; H). A function y €
W0,T] is called a solution of the weak arch damping problem if it satisfies
Yy e LOO(OaTa V)7 y € LOO(O,T,H), y(O) = Uo, y(O) = Yo, and

(8.1) i+ Ay +0Ua(y) + cay = f,

in V', a.e. for ¢t € [0,T]. Here the operator A :V — V' is defined by (2.9). We
will write y = y(uo, vo, f) to emphasize the dependence of the solution on the
data.

Lemma 8.1. Let y be a solution of the weak arch damping problem. Then
y € C([0,T); H), and § : [0,T) — H is weakly continuous in H.

Proof. Since y € L*(0,T; H), we conclude that y € C([0,T]; H). Thus it is
also weakly continuous in H. Since y € L*°(0,7;V), Lemma 6.1 shows that
y is weakly continuous from [0, 7] to V. The embedding V C H} is compact.
Therefore y is strongly continuous in Hg.

Since §j € L?(0,T; V"), we get y € C([0,T]; V'). Thus g is weakly continuous
from [0,T] to V'. Also §y € L*(0,T;H). Then Lemma 6.1 shows that ¢ is
weakly continuous from [0,77] to H. O

We establish the existence of the solution by two methods: by taking the
weak limit of the approximate solutions, and by the “parabolic regularization”.
That is, by taking the weak limit of the strong damping solutions 3 as y — 0.

Given m > 1, a function y,, € W,[0,T] N C([0,T); Vsy) is called an ap-
proximate solution of the weak arch damping problem, if it satisfies the same
conditions as in Definition 5, except that ¥, (0) = P ug, ¥m(0) = Ppug, and

(82) jjm + Aym + PﬁmaUa(ym) + Cdym = mfv
in V', a.e. for t € [0,T]. The operators P, and P}, were defined in Lemma 4.5.
Theorem 8.2. Given ug € V, vog € H, and f € L*(0,T;H), there exists

a solution y of the weak arch damping problem (8.1). The solution satisfies
y € C([0,T); H}), and § is weakly continuous from [0,T] to H.

Proof. The required continuity properties of the solution y are established in
Lemma 8.1. The existence of the solution is shown by two methods.

Limit of the approximate solutions. Arguing as in Theorem 7.2, the func-
tions ym(t) = > pey 9k,m(t)¢k, are approximate solutions provided that the
coefficient functions gx m, k = 1,...,m satisfy of the following system of m
ordinary differential equations

(8.3) (Um + Aym + P, 0Uo(Ym) + calim, ox) = (P f, 0x) 1,

((Um(0), ox)) 4 = ((Pruos ox)) a5 (9m(0), ) = (Pmvo, k),

where k£ = 1, ..., m. The solution of this system is unique, and we conclude that
so defined functions y,,, satisfy ¥, ¥m € C([0,T); Vin), and i, € L2(0,T; V).
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Multiply (8.2) by @u,. Then use Lemma 4.2 and (6.7) to obtain
1d . d
By, (g% + llym %) + 7

Integrate both sides of (8.4) from 0 to ¢. Note that all the terms in the left
side are non-negative. Thus

(84) Ua(ym) + Cd|ym|%1 = (fa ym)H‘

t
|9 (07 + lym (D)% < ool + llwollZ + 2Ua (uo) + 2/0 (f(5),9m(s)) ds.
Since f € L?(0,T; H), we have

(8.5) 2 / (F(5), Im(5)) ds

< fi2 0,08 + ml720.7:00);

and estimate
(8.6) 9 (1) + Il (D)%
< o (1 -+ [ool + ol + ol + 11320, 7omn)

follows by Gronwall’s inequality. Here we used the fact that |Julj; < c||ul|4 for
any u € V.

The boundedness estimate (8.6) allows us to select a subsequence of the
approximate solutions (still denoted by {ym}m>1) that converges weakly in
W10, T], as well as weak* in L>°(0,T;V) for y,,, and weak* in L>°(0,T; H) for
the derivatives 1,,, as m — oco. Let the limit of the sequence be denoted by y.

Arguing as in Theorem 7.2, we conclude that we can pass to the limit in (8.2)
as m — 0o, and obtain (8.1). Thus y is a solution of the weak arch damping
problem.

Limit of the strong damping solutions. Given p > 0, let y®) = 3 (ug, vo, f)
be the solution of the strong damping problem (7.1). Its existence and the
uniqueness was proved in Theorem 7.2. Note that y(*) satisfies estimate (7.2),
where the constant ¢ is independent of p.

We conclude from (7.2) that all the solutions y*), i > 0 are bounded in
L%(0,T;V), and L>®(0,T;V), and the derivatives §*), i > 0 are bounded in
L?(0,T; H), and L*(0,T; H). Also, the set {MHQ(H)HQLQ(O,T;V)}#>O is bounded
in R. In other words, the set {,/ay*)},~¢ is bounded in L?(0,T; V). In addi-
tion, moving all the terms, except §*), to the right side of (7.2), we conclude
that the set {§(")},~¢ is bounded in L?(0,T;V").

Now we can choose a subsequence of "), 1 > 0 (still denoted by y(”)), such
that

weakly as p — 0 for some y € W/0,T1], in the corresponding spaces. Further-
more, using Lemma 6.2, we can as well assume that y(*) — y, and §*) — g in
the weak* topologies of the spaces L°°(0,T;V) and L>(0,T; H) correspond-
ingly.
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Arguing as in Theorem 7.2, we conclude that we can pass to the limit as
i — 0in (7.1). Note that pAg# — 0 as p — 0, since the set {\/ﬁy(”)},oo
is bounded in L?(0,7;V), and A is bounded on V. Thus y € W0, 7] satisfies
equation (8.1) with y € L*°(0,T;V), y € L*(0,T; H). That is, y is a solution
of the weak arch damping problem. (I

9. Appendix. Convex functions and subdifferentials

Subdifferentials provide the proper mathematical framework for the abstract
formulation of equations of motion. See [7] on how this concept is used for the
derivation of such equations. Here we restrict ourselves to essential examples.

Let X be a Hilbert space. A function ¢ : X — (—oo,+0o0] is called proper
and conver on X if ¢ is not identically +oo, and ¢((1 — N)a + Ay) < (1 —
AN)o(xz) + Ap(y) for any z,y € X, and A € [0,1]. The function ¢ is called lower-
semicontinuous on X if every level set {x € X : ¢(z) < ¢}, ¢ > —o0, is closed
in X.

Given a proper, convex, lower-semicontinuous function ¢ on X, the subdif-
ferential 0¢ : X — X' is defined by

(9.1) 0¢(z) = {z" € X" : ¢(y) = ¢(z) + (z",y — x)}
for any y € X. Thus 9¢ C X x X'.

Theorem 9.1. Let X be a Hilbert space, and A : X — X' be a linear, contin-
uous, and symmetric operator, such that D(A) = X, and (Au,u) > 0 for any
u € X. Then function ¢ : X — R defined by

(9.2) o(u) = %(Au,w, u€ X,

is convex, proper, and lower-semicontinuous on X. Moreover, it is Fréchet
differentiable on X with Vé(u) = dé(u) = Au for any v € X, and D(¢) =
D(0¢) = X.

Example 9.2. Let V be the Hilbert space defined in (2.4), and A be the linear
operator defined in (2.9). Let

9.3) o(u) = %(Au,u), wev.

By Theorem 9.1 with X = V, function ¢ : V' — R is proper, convex, and
lower-semicontinuos on V. Furthermore, D(9¢) = V, and d¢(u) = Au for any
uelV.

For a general u € V, the expression for dp(u) € V' is complicated. However,
if we assume that u is somewhat more regular, then we can get a simpler
expression for it.

Suppose that v € D(A) C V. Then, by Theorem 2.2, we have Au = u""
a.e. on every interval l;, i = 1,...,m + 1. Thus, we can say that dp(u) = u""”
a.e. on every such interval.



CRACKED BEAMS AND SHALLOW ARCHES 889

Suppose further, that u € H} (0, 7)NH*(0,7) C D(A). Then v € L*(0, ),
and v’ is smooth. Thus J[u'](z;) =0 for any ¢ = 1,...,m, and we have

(9.4) (0p(u),v) = (Au,v) = /077 o (x)0"(z) do = /07r u"(x)v(z) dz

"

for any v € V. Therefore, in this case dp(u) = v a.e. on [0, 7).

Example 9.3. Let H} = H}(0,7) be the Hilbert space defined in (2.7), and
(-,+)1 be the duality pairing between H} and (H{})'. Let B be the linear operator
defined by

(9.5) (Bu,v); = (v, v ) g, u,v € Hp.
Then B : H} — (H})' is continuous, symmetric and coercive on H{. In partic-
ular, B is positive, and its range is (Hg)'.

Let

(9.6) P(u) = %(Bu,u), u € Hg.

Theorem 9.1 is applicable with X = H{, and A = B. We conclude that
the function ¢ : Hi — R is proper, convex, and lower-semicontinuos on Hg.
Furthermore, D(9v) = H}, and 0v(u) = Bu € (H}) for any u € Hj.

As in Example 9.2, a simpler expression for the subdifferential 9 (u) can be
obtained assuming an additional regularity of u € Hg.

Suppose that v € V C H}. Then we have

9.7) (Bu, o)1 = (1) gy = /0 " (@) (2) da
m m—+1

== I (@)o(z:) = Y (", 0);
i=1 i=1
for any v € Hj. Therefore, in this case,

(9.8) OY(u) = Bu = — Z JW'(z:)6(x — ;) —u”,
i=1
where 6(z—a), a € [0, 7] is the element of (HJ)’, defined by (§(z—a),v); = v(a)
for any v € Hg.
Suppose further, that v € D(A) C V. Then, by Theorem 2.2, u satisfies
conditions (2.10)—(2.11). In particular, J[u'](z;) = 0;u”(z;). Thus, with this
additional assumption on u, we have

(9.9) MY(u) = Bu = — Z O (z;)0(x — ;) — u”,

which is still an element of (H})'.
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