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SHALLOW ARCHES WITH WEAK AND STRONG DAMPING

SEMION GUTMAN AND JUNHONG HA

ABSTRACT. The paper develops a rigorous mathematical framework for
the behavior of arch and membrane like structures. Our main goal is to
incorporate moving point loads. Both the weak and the strong damping
cases are considered. First, we prove the existence and the uniqueness of
the solutions. Then it is shown that the solution in the weak damping
case is the limit of the strong damping solutions, as the strong damping
vanishes. The theory is applied to a car moving on a bridge.

1. Introduction

Building long span arch roofs and bridges has been an important practical
problem that has occupied structural engineers for many years. The motion
of such structures has been studied by engineers and mathematicians since at
least 1930s, see [9]. A general mathematical model for the motion of arches and
membrane like structures can be found in [4], and it is given by the following
non-local integro-differential equation

Yu + oAy — <ﬂ + 7/ [Vy|? dw> Ay + &y + Ky — My + pAy,
Q

/ Vy - Vy; dx
Q

The function y = y(x,t) describing the membrane’s deflection is defined
on Q x (0,T), where € R% In the one-dimensional case d = 1, function
y(x,t) describes the deflection of an arch, which is positioned over the interval
Q= (0,1) of the z axis.

The physical meaning of the parameters in (1.1) can be found in [4]. We just
mention that the parameters o and ~ are always positive, parameters d, A,
are non-negative, and the others are arbitrary real numbers. The unsigned
parameter § accounts for the axial force acting in the reference configuration.
Values 8 > 0 appear when the beam is stretched, and 5 < 0 when the beam

(1.1)

q—2
— |6 /Vy~Vytd:c Ay = f.
Q
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is compressed. Both hinged ends and clamped (or built-in) ends boundary
conditions are considered. Mathematical and engineering issues of interest
related to (1.1) are local and global existence and uniqueness, stability and
bifurcation of solutions, as well as their chaotic and snap-through behavior.

These and other results on the weak solutions for (1.1) have been established
by us in a more general framework in [7] assuming f € L%(0,7; L?(€2)). This
paper also contains some additional background information.

There has been significant recent activity in the engineering research on
shallow arches with the emphasis on concentrated, distributed and moving
loads. Assuming the initial arch shape to be half-sine, circular or parabolic,
experimental and computer simulated behavior of arches has been studied, [3],
[8]. The questions are the static and dynamic buckling of the arch.

To simulate the concentrated load, the acting forces have been modeled
with delta functions as f(z,t) = Pd(x)S(t), where the constant P is the load
magnitude, and S(t) is a step function, see [5]. In [2], the Fourier expansion
of the solution has been used to study the snap-through buckling of a shallow
arch under a moving point load f = Qd(x — ct). However, in such a setting we
can no longer assume that f € L2?(0,T;L?(2)), since the load f should have
the values in a larger space of distributions. Thus the previously mentioned
theoretical results are no longer valid.

The main purpose of this paper is to establish the existence and uniqueness
and the stability of solutions of (1.1) under such more general assumptions
on the load f. The new elements of our study are considerations of the weak
(1 = 0), and the strong (u > 0) damping cases, and the relations between them
as u — 0. These results form a theoretical foundation for subsequent studies
of the stability of shallow arches with constant and moving loads.

The problem is set on a bounded domain  C R? with a sufficiently smooth
boundary 0f2. The governing equation is

(1.2) Y + APy — [ﬂ+7/ IVylzdw] Ay + pNy + Ky = f
Q

on 2 x (0,7). The initial conditions are

(1.3) y(x,0) = up(xz), yi(z,0) =wvo(x), €.
The boundary conditions are either of the hinged type
(1.4) y=Ay=0, (z,t)€dx(0,T),
or the clamped (built-in) type
0
(1.5) y:a—yzo, (z,t) € 89 x (0, T).
n

Here o,y € RT = (0,00), > 0, 8,k € R, and the load f € L*(0,T;V").
The space V' is defined in the next section, where we consider the weak for-
mulation of the problem. Note that the parameter § in (1.1) is set to zero.
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However this assumption does not restrict the generality of our approach. For
the extension to the case § > 0 see [1].

The abstract framework for the problems is given in Section 2. The unique-
ness and the existence of solutions in the strong damping case p > 0 is consid-
ered in Section 3. The weak damping case p = 0 is examined in Section 4. The
regularization, i.e., the continuous dependence of the solutions on the damping
parameter u, as pu — 0, is considered in Section 5. The developed theory is
applied to a car moving across a long bridge in Section 6.

2. Setup

Let the Hilbert space H = L?(Q2) have the norm |u/, and the inner product
(u,v). For the hinged boundary conditions we choose V = Hg(Q2) N H?(Q),
and for the clamped boundary conditions let V' = HZ(2). In both cases V
is a Hilbert space with the inner product ((u,v)) = (Au, Av), and the norm
|lull = |Aul, u,v € V. This norm is equivalent to the standard norm in H?(),
see [6].

Since C§°(£?) is dense in H, it follows that V' is densely embedded in H. In
fact, the embedding is compact and continuous. Identifying H with its dual
gives a Gelfand triple V. C H C V', where the duality pairing (-, -) between V'
and its dual V/ with the norm || - ||y+ is consistent with the inner product in
H. Given a function f defined on [0, 7] with values in a Banach space X, we
denote by f its derivative with respect to ¢ in an appropriate sense.

To set up the weak formulation of the problem (1.2)-(1.5), we introduce
operators A, B, and G, corresponding to the terms of the equation (1.2), and
state their properties in the following lemmas, proved in [7].

Lemma 2.1. (i) Define operator A by
(2.1) (Au,v) = / AuvAvdx, u,v e V.
Q
Then A is a linear continuous operator from V into V'.
(ii) Define operator B by
(2.2) Bu=Au, uelV.

Then B is a linear continuous operator from V into H.
(iii) Define operator G by

(2.3) Gu = |Vul*Au, weV.
Then G is a nonlinear continuous operator from V into H, which is
Lipschitz continuous on bounded subsets of V , that is,

(2.4) Gu — Go| < c([[ul® + [[o]*)lu = vll, u,v € V.
Considered as an operator from V into V', operator G is Lipschitz
continuous on bounded subsets of V', that is,

(2.5) |Gu — G|y < c(HuH2 + ||vH2)|Vu - V|, u,v € V.
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Furthermore, operators B and G map weakly convergent sequences in
V into strongly convergent sequences in V'.

We also need the following technical result established in [7].

Lemma 2.2. Let h € L*(0,T). Suppose that yi, € L>=(0,T;V), g, € L>=(0, T}
H), with ||ly(t)]| <1, and |gx(t)] < h(t) a.e. on [0,T] for any natural number
k € N. Suppose that yr. — y, weakly in L*(0,T;V) as k — oo. Then, after a
modification on a set of measure zero in [0,T],

(i) yx =y in C([0,T]; H) as k — oo,

(i) |Vyr — Vy| = 0 in L*(0,T) as k — oo.

Let X be a Banach space, and H*(0,7;X) = {f : f.fe L?(0,T; X)}. We
will need the following integration by parts formula.

Lemma 2.3. If f € H(0,T;V"), and g € H*(0,T;V), then
t

(2.6) /O<f,9>d8<f(t),g(t)><f(0),g(0)>/0 (f,9)ds.

Proof. Formula (2.6) is valid for any f € C*([0,T],V’), and g € C'([0,T],V).
Fix g € C1([0,7],V), and approximate given f by smooth functions f, €
C1([0,T], V') in such a way that f, — f and f,, — f in L2(0,T; V") as n — oc.
Then f, — f in C([0,T],V’). Use (2.6) with f replaced by f,, and pass
to the limit as n — oo to obtain (2.6) valid for any f € H'(0,T;V’), and
g € C1([0,T],V). Now approximate g by g, in H'(0,7;V). Passing to the
limit in (2.6) for such a sequence gives the desired result. O

Let the operator A be defined by equation (2.1). Its eigenfunctions {ws}72
C D(A) form an orthonormal basis in H. Let Awy = ppwg, k € N. Then
system {wg/\/fix }72, is an orthonormal basis in V/, see Section 2.2.1 of [11].
We have the following results needed for the approximation of the solutions,
see [7].

Lemma 2.4. Let m € N, and the operator P, : H — H and P}, : V' — V' be
defined by

=1
and
(2.8) (Prg,v)={(g,Pyv), geV' veV.
Then

(i) Operator Py, is an orthogonal projection in H, with |Pph| < |h| for
any h € H. Also, |Pnh —h| — 0 as m — oo.

(ii) Operator P, is an orthogonal projection in V, with ||Pynv|| < ||v|| for
any v € V. Also, | Pmv —v|| = 0 as m — oo.
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(iii) Operator P}, is the adjoint operator of Py, in V', with |Pkgllv: <
llgllv: for any g € V'. Also Pk g — g weakly in V' as m — co.

3. Existence of solutions in the strong damping case pu > 0

First, we consider the theory for the strong damping case > 0, and post-
pone the weak damping case . = 0 to Section 4. Here and in the sequel ¢
denotes various constants that do not depend on the solution y or its approxi-
mations y,,. Keeping in mind that one of our goals is to consider what happens
to the solutions when the strong damping vanishes, i.e., u — 0, we will keep
an explicit dependency on the damping parameter pu. Let

Wo[0,T]={y : y € L*(0,T;V), ¢eL*0,T;V), §elL*0,T;V")}.
Here ¢, 4 denote the derivatives with respect to t. They are understood in the
sense of distributions with the values in V' and V', see [10]. Space W,[0,T]

becomes a Hilbert space when its inner product is set to be the sum of the
inner products in the constituent spaces.

Definition 3.1. Let ug € V, vo € H, T > 0, and f € L?(0,7;V’). Func-

tion y € W,.[0,T] is called a weak solution of the problem (1.2)-(1.5), if y €
L>(0,T;V), y € L*>(0,T; H), equation

(3.1) i+ pAY + Ky + aAy — BBy —vGy = f
is satisfied in V' a.e. on [0, 7], and the initial conditions
(32) y(0) = ug, 9(0) = vo,

are satisfied in Vand H respectively. We write y = y(uo, vg, f) to emphasize
the dependence of y on the initial conditions and f. The initial conditions
make sense, since it follows from Lemma 3.3, that y is continuous in V', and gy
is continuous in H.

Definition 3.2. Let m € N. Function y,, is called an approximate solution of
the abstract problem (3.1)-(3.2), if Y, Um € W,[0,T] N L>*(0,T; V), equation

(3.3) Gm + HAYm + KYm + @AYm — BBYm — YGym = P, f
is satisfied in V"’ a.e. on [0,7], and the initial conditions
(34) ym(O) = P’mu07 ym(o) = PmUO;

are satisfied in V. The solution y,, will be denoted by y., (uo, vo, f), when it
will be necessary to indicate its dependence on the initial conditions and f.

The following lemma is central to our method.
Lemma 3.3. Let w € W,.[0,T]. Then, after a modification on the set of mea-
sure zero, w € C([0,T]; V), w € C([0,T); H) and, in the sense of distributions
on (0,T), one has

d 2 . d <12 . .
. — =2(A — =2
(3.5) dt”wl' (Aw,w), and dt'wl (1w, ),
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where the linear operator A is defined in (2.1).

Proof. According to Lemma 2.3.2 in [11], if u € L?(0,T;V) and its derivative
@ € L*(0,T; V"), then u is continuous from [0, 7] into H after a modification
on a set of measure zero, and it satisfies d/dt|u|?> = 2(u,u). Letting u = 1 we
get w € C([0,T]; H), and the second equality in (3.5). For the first equality in
(3.5) we can use Lemma 2.3.2 in [11] with V' = H = V’, or just notice that the
mapping = — ||z||? is Fréchet differentiable. O

First, we give a priori estimates for the weak solutions y. They are also valid
for the approximate solutions y,, with the same ¢, since (3.3) is the same as
(3.1) with f replaced by PJ f, and || Py fllv: < || fllv-

Lemma 3.4. Let y be a solution of (3.1)-(3.2). Then y € C([0,T];V), y €
C([0,T); H). Furthermore, there exists ¢, independent of 1, such that

(i) If f € L?(0,T; H), then
t
(3:6)  [gOF +ly@)* <c <|vo|2 + [luo|* + [Juo]|* +/O |f|2d5) ,

(ii) If f € L2(0,T; V"), then

9% + ly(@®)]? +/ 19(s)]1? ds
(3.7) 0

t
Cc
< & (ol + foal? + ol + [ 171345

(iii) If f € HY(0,T; V"), then

t
(3:8) [P +y@®)|* < ¢ <|vo|2 + Jluoll® + lluoll* + 11 £ (O[3 +/0 1F11% d5>
for any t € [0,T].

Proof. Take the inner product of (3.1) with ¢, and use Lemma 3.3 to get
1d, . y . . . .
5 Uo7 +alyl® + S IVy} + wllg@)1” = (£,9) = slgl* + B(Ay, §).

Integrate (3.9) from 0 to ¢ to get

(3.9)

t
\ gt . gl
917 + ally]|* + §|Vy|4 + 2u/ [1911* ds — vo]* — at]|uo||* — §|V1Lo|4
(3.10) 0

t t t
_ _zm/o |y-|2ds+2ﬁ/0(Ay,y)ds+2/0<f,y>ds-

The estimate of the last term depends on the condition imposed on f.

If f € L?(0,T; H), then
t t t
2\/ avds| < [ 15 ds+ [ 1P as.
0 0 0
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Therefore, using |Vug| < c||uo]|,
¢
MF+MMWS|%F+GWMP+dWﬂ4+ﬂM/,MQ%

0

¢ ¢ ¢

18] [l + tPyds+ [ 1P ds+ [ 1o ds
0 0 0

and (3.6) follows from the Gronwall’s inequality.

If f € L*0,T;V"), then
1t b
<= WV ds+p [ l9l7ds,
HJo 0

quws

t
MP+MMP+MAHMF—O%F+awﬂ2+¢wW%%

2

and

t ) t ) 1 t
< 18] / (lyll? + 1917) ds + 2/ / 2 ds + L / 17112 ds.
0 0 HmJo

Whence we have

t
2+ o+ [ alds
0
t t
& .
< S (Il + uol? + (Tl + [ UfReas+ [yl + 15 ),
0 0

and Gronwall’s inequality gives (3.7).

To obtain inequality (3.8), we use the integration by parts formula (2.6)
to estimate the f term in the above derivation. First, notice that the term
|l f(#)||3, can be estimated as follows

t t 1/2
1@l < 1£Ov + [ 1lveds < 1w+ Ve ( [ 17Ias)
0 0
which implies

Hﬂ%%SMﬂWW+%AHN§M

Then
(3.11)
2 / (f,4) ds =2\<f<t>,y<t>>—<f<o>,uO>— / (Fry) ds

IN

a ) t . t
SO + 2N+ 1O + ol + [ 1717 ds+ [ ulas

4 4 t . t
Sl + (2 1) 15 + (1) [ 1Reds+ [ olPas.

IN
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Therefore

t
. Y . Y
9+ all® + F1991*+ 20 [ 9P ds = o = ol = F Vol

t t t
= 2 [Pds+28 [ @uiyds+2 [ (i

IN

t t 4
ol [l ds 181 [ ol + 15 ds + S+ (3 1) 15OIR.

4 t . t
+ (—t+1)/ |\f||%,/ds+/ lly||2ds.
« 0 0

Whence we have

1917 + Iy < e(lvol® + [|uoll* + [Vuol* + | F(O)I})

t t
+</ ||f||2V/ds+/O <|y|2+|y'|2>ds),

and Gronwall’s inequality gives (3.8).
The conclusions y € C([0,T]; V), y € C([0,T]; H) follow from Lemma 3.3.
(]

Next, we show the continuous dependence of the solutions y(ug,vo, f) on
the initial conditions and f. Just like in Lemma 3.4, there are three estimates,
depending on the conditions imposed on f.

Lemma 3.5. Let ug,ig € V, vo,% € H, f,f € L*>(0,T;V"), and y =

y(uo,vo, f), ¥(To, Vo, f) be the corresponding solutions of (3.1)—(3.2). Then
there exists a constant c, independent of u, such that

(i) ]ffvaE L2(0,T;H), then
5(t) = 907 + [ly(t) — y(®)|?

t
<c (|Uo — wol? + ||@o — uol|? + ||@o — uo|* +/ If — f? ds) ,
0
(i) If f, f € L%(0,T; V"), then

[5(t) — g + 17() — y(O1* + /O 15— 9> ds

(3.12)

(3.13) t
C _
<5 (wo —wf? + o ol + o — ol + [ 17~ IR ds>,
0
(iti) If f.J € H'(0,T: V"), then

[9(t) = 9O + [lg(t) —y@)]* < c(lﬁo —wo* + [@o — uol|®
(3.14)

to.
o — wol* + 1F(0) = FO)]12 + / \F - Iz ds>
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for any t € [0,T].
In every case the solution of the problem (3.1)—(3.2) is unique.

Proof. Let y, § be two solutions of (3.1)—(3.2). Then their difference z =g —y
satisfies
4+ pAi + ki +aAz — BBz —v(Gy — Gy) = f — .
By Lemma 2.1, B,G : V — H are Lipschitz continuous on bounded subsets of
V. Also,
Gy(t) — Gy(t)| < Clly(t) —y@), ¢ <]0,T].

The same inequality is also satisfied when operator G is replaced by B. The
constant C' depends on the bounds for § and y in V. These bounds depend
only on the initial conditions, as well as on the functions f and f according
to Lemma 3.4. Now we can argue as in Lemma 3.4 to obtain the required

inequalities. The uniqueness follows from these inequalities when ug = up,
’L_)():’Uo,andf:f. [l

It remains to show the existence of the weak solutions in the strong damping
case.

Theorem 3.6. Fiz 1> 0. Letug €V, vo € H, T >0, and f € L?>(0,T;V").

(i) Then there exists a unique solution y of the problem (3.1)—(3.2). The
solution satisfies y € W,.[0,T]NC([0, T]; V), and y € C([0,T); H).

(i1) If ym is an approximate solution, then y,, — y in C([0,T];V), and
Um — ¢ in C([0,T]; H) as m — oo.

Proof. Fix m € N. Let us construct an approximate solution x,, with values

in V,,, = span{ws,wa,...,w,} as follows. Let

m
(3.15) Tm(t) =Y gjm(t)wy,

j=1
where the expansion is over the eigenfunctions of A, and real-valued functions
gi = g;m(t), 7 = 1,2,...,m are the solutions of the following system of m
equations

(o + WALy + K& + @Ay, — BBy — YGX, wi) = (f, wi),
((Em(()),’wk) = (Pmanwk)a (-Tm(()),’wk) = (Pm’U(),’LUk),
where k = 1,2,...,m. Here we used (P f,wi) = (f, Pnwi) = (f, wy) for such
k.
Since (Vwy, Vw;) = 0 for k # j, and |Vwg|? = A\, := /g, we get an
explicit expression

(3.16)

1 (0)F AR gk (8) R0k () +arE g (8)+BNegr () +7 Ak Z Mg () gie(t) = {f, wr),
j=1

gk(o) = (anwk)’ gk(o) = (UOawk)’
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where k = 1,2,...,m. This initial value problem for the system of m ODEs
has a unique solution satisfying g, gx € C[0,T), gx € L?[0,T]. Thus @y, im €
C([0,T); Vin), and &, € L*(0,T; Vyy,).

To conclude that z,, is an approximate solution of the problem (3.1)-(3.2)
in the sense of Definition 3.2, it is enough to establish that

(3.17) (Fm + ATy + Kl + @ATy, — BBy — YGZm, wi) = (P f,wi)

is satisfied for any k € N. For 1 < k < m, equation (3.17) is the same as (3.16),
which is satisfied by the construction of z,,. For k > m, the left side of (3.17)
becomes 0, and the right side is also 0, because (P f,wy) = (f, Pnwi) = 0 for
such k. The uniqueness of the approximate solutions follows from Lemma 3.5.
Therefore we conclude that x,, is the only approximate solution of (3.1)-(3.2),
i.e., Ty = Ym-

By Lemma 3.4, the approximate solutions y,, remain in the same bounded
ball in L*(0,7;V), and their derivatives ¢, remain in a bounded ball of
L>(0,T; H) for all m € N. Furthermore, g, stay within a bounded ball in
L?(0,T;V). Let us show that jj,, are also staying within a bounded ball for all
m.

By Lemmas 2.1, 2.4, and using the continuous embedding of V' C H, for
each w € V we have

A

[ (Gm )| < pl (A, w)| 4 [£] [(Gm, w)] + @ [(Aym, w)| + B|(Bym, w)|
+ 7 (Gym, w)| + (P, f,w)]
clgmll + 15m| + 1ymll + lymll + ymll® + £ 1) ]l

IN

Thus
lmllve < cllgmll + 19m] + ymll + lyml® + 1 £11v7)-

Together with already established bounds for y,,, and ¥,,, it concludes the proof
that y,, remains within the same bounded ball in W,.[0, T] for all m € N.

Since W,.[0,T] is a reflexive space, we can find a subsequence of y,, (still
denoted by y,,) such that it and the derivatives ¢y, U are weakly convergent
in the spaces L%(0,7;V), L?(0,T; H), and L?(0,T;V’) correspondingly. Since
the derivatives are taken in the distributional sense, it follows that there exists
y € W,[0,T] such that

(3.18) Ym =Y, Um =Y Gm — G

weakly in the corresponding spaces. Since sequence y,, is bounded in L*°(0,T;
V), and sequence g, is bounded in L*°(0,T; H), by Lemma 2.2 the weak
convergence (3.18) yields

(3.19) ym(t) = y(t) in V, gm(t) = ¢(t) in H

weakly for all ¢ € [0,7]. By the property of the weak convergence the limiting
function y is in W,.[0, T1.
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Now we are going to show that y satisfies the abstract problem (3.1)—(3.2),
i.e., it is a weak solution of the problem (1.2)—(1.5). By the definition of the
approximate solution

in V', a.e. on [0,7T], and
(321) ym(o) = Ppuo, y(O) = Pnvo.

Clearly, we can pass to the limit in V' for §m, £¥m, Bym, and P} f as
m — oo. For the nonlinear operator G we have estimate (2.5)

1Gym — Gyllv: < cllymll” + [Y1I*) [ Vym — Vyl.

The norms ||y, || and ||y|| are bounded by (3.7). Now we conclude by Lemma 2.2
that |Vy, — Vy| — 0in L2(0,T) as m — oo. Thus Gy,, — Gy in L*(0,T; V"),
which implies the validity of the passing to the limit.

As for Ay, and Ay,,, the linear operator A is continuous from V into V',
therefore it continuous from L2(0,7;V) into L2(0,T;V’). Thus it is weakly
continuous in these spaces, and the passage to the limit as m — oo in (3.20) is
justified.

Concerning the initial conditions (3.21), it was also argued in Lemma 2.2
that the weak convergence of y,,, to y in L?(0,T; V) implies that y,, (t) — y(t)
weakly in V' for any ¢ € [0,7]. Since yn(0) = Pnuo — ug in V, we conclude
that y(0) = ug. A straightforward modification of Lemma 2.2 shows that
Um — ¢ weakly in H for any ¢ € [0,T]. Therefore ¢(0) = vp.

Assume that f € L?(0,T; H). For such an f, we have P¥ f = P,,f. Let
Ym,y € W,[0,T] be the solutions obtained in this theorem. Then we have
inequality
(3.22)

[Gm (£) = 9O + llym (8) — ()]

t
<e <|vao — ol P ol P+ Pt — o+ [ 1P (5) f(8)|2d8>
0

for any t € [0, T, since it is (3.12) with @y = P,uo, 9o = Pvo, and f = Py, f.
It implies the convergence of y,,, to y in C([0,T]; V'), and ¢y, to g in C([0,T); H)
as m — oo.
Finally, assume that f € L?(0,T;V’). Approximate f by a sequence g, €

L?(0,T; H), such that g, — f in L?(0,T;V’) as n — co. We have
(3.23)

||ym(anUOa f) - y(UOa o, f)HV

< ||ym(u07’007 f) - ym(UOa vagn)”V + ||ym(’lL0, UO;gn) - y(uoa vagn)HV
+ Hy(u()a vagn) - y(u()vUOv f)HV

Let € > 0. The first and the third terms in the right side of (3.23) are less than €,
for sufficiently large n, by (3.13). The second term is less than e, for sufficiently
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large m, by (3.22). The same argument goes for |¢,(uo, vo, f) — ¥(uo, vo, f)|-
This establishes the second claim of the theorem. (I

4. Existence of solutions in the weak damping case u =0

An arch is said to have a weak damping, if 4 = 0 in the system (1.2)—(1.5).
The goal of this section is to prove the existence of weak solutions for this
problem under the condition f € H'(0,T; V). Since less damping is present in
the system, the solutions are less regular. The main tool in the proof is Lemma
4.3. However, it is applicable only if f € L?(0,T; H). Therefore we are forced
to take a more indirect route. Let

WI0,T)={y : y € L*(0,T;V), 9 L*0,T;H), 4¢cL*0,T;V')}.
Definition 4.1. Let ug € V, vo € H, T > 0, and f € L?(0,T;V’). Function
y € WI0,T] is called a weak solution of the problem (1.2)—(1.5) in the weak
damping case, if y € L>=(0,T;V), y € L>=(0,T; H), equation
(4.1) i+ Ky +ady— BBy -Gy =f
is satisfied in V'’ a.e. on [0, 7], and the initial conditions
(4.2) y(0) =uo, 9(0) =10

are satisfied in V and H correspondingly. We write y = y(ug, vo, f) to empha-
size the dependence of y on the initial conditions and f.

Definition 4.2. Let m € N. Function y,, is called an approximate so-
lution of the abstract problem (4.1)—(4.2), if y,, € WI[0,T] N L>(0,T;V),
Um € L>=(0,T; H), equation

(4.3) Gm + Km + @Ay — BBYm — YGym = Pp, f
is satisfied in V'’ a.e. on [0,7], and the initial conditions
(4.4) ym(0) = Ppug, 9m(0) = Prug

are satisfied in V and H correspondingly. The solution y,, will be denoted by
Ym (w0, vo, ), when it will be necessary to indicate its dependence on the initial
conditions and f.

The following crucial result is established in Lemma 2.4.1 of [11]:

Lemma 4.3. Let A: V — V' be defined by (2.1). Suppose thaty € L*(0,T;V),
g € L%(0,T;H), and jj + 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

-2 2
5 o il + I}

(4.5) (i + Ay, ) =
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Suppose that y is a weak solution of (1.2)—(1.5) with u = 0. Since A, B,G
are Lipschitz continuous on bounded subsets of V, and y € L>®(0,T;V), y €
L?(0,T; H), it follows from Lemma 2.1 that Ay, By,Gy € L?*(0,T;V"), so
equation (4.1) makes sense. Functions y : [0,7] — V, and ¢ : [0,7] — H are
weakly continuous, so conditions (4.2) make sense as well.

The main result of this section is:

Theorem 4.4. Let ug €V, vo € H, T >0, and f € H'(0,T;V"). Then
(i) There exists a unique weak solution y € W10,T| of the problem (1.2)-
(1.5) with u = 0. Furthermore, y € C([0,T];V), y € C([0,T]; H).
(il) The solution satisfies
(4.6)

t
me+anFSchF+wm2+me+nﬂmm~+A|v@m%d9

for any t € [0,T7].

(iii) Let § = g(to, Vo, f) be the weak solution for the initial conditions tg €
V, %9 € H, and f € HY(0,T;V"). Then the difference y — § satisfies
the inequality

I15() = 4@ + Iy (&) — 5(1)]1*

< (o —50f? + o — ol + [l — oll* + 17(0) ~ FOI}
+ [ 1) = flo)13 as)
for any t € [0,T].

(iv) If ym is an approzimate solution, then y,, — y in C([0,T];V), and
Um — ¢ in C([0,T); H) as m — oo.

(4.7)

The proof of the theorem is provided below. It follows the proof in the
strong damping case with some modifications. In particular, Lemma 4.3 is
used instead of Lemma 3.3. The existence result was previously obtained by
us in [7] for f € L?(0,T; H).

Lemma 4.5. The solution of the problem (4.1)—(4.2) is unique.

Proof. Let y, § be two solutions of (4.1)—(4.2) with the same initial conditions
and f. Their difference z satisfies
(4.8) i+ k4 adz— BBz —v(Gy — Gy) =0,
with z(0) = 0, 2(0) = 0. By Lemma 2.1 in conjunction with z € L*>(0,T;V),
z2€ L*>(0,T; H) we have
(4.9) i+ adz = —ki+ BBz +~(Gy — Gy) € L*(0,T; H).
Multiply both sides of (4.9) by Z. Then use ? +aAz € L*(0,T; H) and Lemma
4.3 to rewrite the result as

1d

(410) 5= [P+ allzl?] = sl + B(Bz, £) +2(Gy - G, ).
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By the Lipschitz continuity of G, B : V' — H on bounded subsets of V" according
to Lemma 2.1, we have

(vGy =G, 2)| < elllyll* + 11"z 1] < ell=]| 2],
and
(Bz, 2)| < cllz]| [2]-
The solutions and their derivatives are weakly continuous from [0, 7] into

V and H correspondingly, so their values are well-defined for any ¢, see [7].
Therefore we can integrate (4.10) on [0, t], and use the above inequalities to get

t
P+ 10 < ([ (2 + 1217 ds).
0
Gronwall’s inequality implies that z = 0, i.e., the uniqueness of the solution. [J

The following estimates are provided for completeness, as well as because
they are needed in subsequent sections.

Lemma 4.6. Suppose that ug € V, vo € H, T >0, and f € L?(0,T; H). Let
y= y(UOaUOa f)
(i) Then

t
(4.11) |Mﬂf+¢@@m2SCOwﬁ%ﬂWMF+HwM“+AIfF%)-

(i) Ifag €V, 0o € H, f € L*(0,T; H), and (g, 0o, f) is the correspond-
ing solution, then

30) — w0 + 1) — y(O)|P
t
Sc<woWP+HMuﬂ2+Wmuﬂ4+/foﬁw>.
0
Proof. We have

i+ Ay = —ky + BBy + Gy + f € L*(0,T; H).

Take the inner product of this equality with y in H, and use Lemma 4.3 to
rewrite the result as

1d
2 |
Integrate it from 0 to ¢, and use |(f,9)| < |f]|9], as well as other such estimates
to get

t
&P +Hly@OI? < (Ivol2 + [luol|* + fJuol* +/0 |f|2d8+/ (19> + lly*) dS) -

(4.12)

91 + allyll?] = —klg1> + B(By,9) +v(Gy, 9) + (f,9)-

t
0
The Gronwall’s inequality gives (4.11).
Estimate (4.12) is proved similarly, by applying this method to the difference
z =9 — vy, as in the proof of Lemma 4.5. O
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Lemma 4.7. Fiz m € N. Let V,;, = span{wy, k =1,2,...,m}. Suppose that
up €V, vo € H, T >0, and f € H'(0,T;V"). Then
(i) There exists a unique approximate solution Y., of the problem (4.1)-
(4.2). This solution satisfies Ym, Ym € C([0,T]; Vin), iim € L*(0,T; Vy,).
Furthermore, for any t € [0,T]
(4.13)

[ (O + ym (D] < (Ivol2 + lluoll® + [luoll* + 1 £(0)II5 +/0 £ )3 dS) :

where the constant c is independent of m. Also, there exists C' =
C(ug,vo, f) independent of m, such that

(4.14) gm0,y < C

for any m € N.
(ii) Let Ym = Ym(to, Vo, f) be the approvimate solution for the initial con-
ditions g € V, 9 € H, and f € H(0,T;V'). Then the difference
Ym — Ym Satisfies the inequality
(4.15)
() = G (OF + lym(6) — G (0P

< (oo — 7ol + lluo — @)II* + I1£(0) — FO)IIF + / 1£(s) = F() 13 ds ).

Proof. The uniqueness of the approximate solution follows form Lemma 4.5,
since it is applicable to (4.3)—(4.4) with f replaced by P, f.

Now we construct an approximate solution x,, with values in V,,, as in The-
orem 3.6. Let

(4.16) T (t) = D gim (B,

where the expansion is over the eigenfunctions of A, and real-valued functions
g; = gjm(t), 7 =1,2,...,m are the solutions of the following system of m
equations

(e + K& + QAT — BBy — YGp, wi) = (f, wi),
(xm(O),wk) = (Pmu()vwk)ﬂ (xm(O),wk) = (vaoﬂwk)v

where k = 1,2,...,m. Here we used (P}, f, w) = {f, Prnwi) = {f,w) for such
k.

The solution ., of this system of ODEs satisfies z,,, m € C([0,T]; Vin),
#m € L%(0,T;V"). The uniqueness of the approximate solutions implies that
Ym = Tm-

The next step is to obtain estimate (4.13). Multiply (4.3) by ¢, and rewrite
the result in the form

1dr,. . . .
(4.18) 52 [l l” + allymll® + 5 V[ *| = ALl + BT, ) + ().

(4.17)
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Integrate (4.18) from 0 to t to get

. v
5m | + ellyml* + 5|Vym|4 = |vol® + alluo|* + %|Vu0|4
t t t
—2,%/ |gm|2ds+2ﬁ/ (Vym,ym)ds+2/ (fyim) ds
0 0 0

t t
'Y . .
< foof* + alfuol + J1Fuol* + 20| [ [l ds +203lc [l linl ds
0 0

[ 4t as].

The last integral can be estimated using the integration by parts formula
established in Lemma 2.3 like (3.11) with y = v, € C*([0,T]; Vin). Hence

+2

(] + lymlI* < e(Jvol* + [luoll* + [Vuol* + | £(O)I})

t t
<c ( [ vits + [ i+ ||ym||2>ds).

Now |Vug| < ¢flugl|, and Gronwall’s inequality gives (4.13). Here the constant
c is independent of m, but is dependent on 7.

Let us prove inequality (4.14). By Lemmas 2.1, 2.4, and using the continuous
imbedding of V' C H, we have for each w € V

|G )| < 6] (@, w)| + @ [(Aym, w)| + B [(BYym, w)|
+7|(Gymaw)| + |<P:1faw>|
([gm! 1wl + 11yml 1wl + lym |l wll + lymll® lwll + [ £llve [Jw])-

IN

Thus
dimllv: < elgm| + Nlymll + lyml® + 1 £]lv)

and the result follows.
Finally, let us show (4.15). The difference z,, = Yy, — Um satisfies

(4'19) 2m + "izm + OéAZm - BBZm - 'yGym + 'ngm = P’;:L(f - .f)
in V. Multiply (4.19) by 2, € V to get

]. d . 2 2 . 2 :

a1 m m = - m B ms ~m
a0y 3gi Vol Hollent®] = = wlnl? + B(Bam, )

+ 'Y(Gym - Ggmazm) + <P:1(f - f_l);'ém>'

By the Lipschitz continuity of G, B : V' — H on bounded subsets of V', accord-
ing to Lemma 2.1, and (4.13), we have

|(YGYm = VG Tms 2m)| < c[ymll® + 1GmlI*) | 2l 2m] < cllzmll 2m]
and

|(Bzm, 2m)| < cllzml| [2ml,
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where c is independent of m. Similarly to the estimate that used the integration
by parts formula in the previous part

2| [(Pir = )z ds

< Slen®P + (5 +1) 170 - FOIR,

4 t . . t
w(Gern) [ 17 ias+ [ el as
@ 0 0

Integrate (4.20) over [0, t], and apply the above three inequalities to get

[am® + [|2m|?

< c(jvo — To|* + [|vo — o)

t t

+(1£00) = O + [ 17 = AR s+ [ e + P as).
Then Gronwall’s inequality gives (4.15). (]
Proof Theorem 4.4. The uniqueness of the weak solutions has already been
proved in Lemma 4.5. For the existence, let y,,, m € N be the sequence of
the approximate solutions. By Lemma 4.7 this sequence is bounded in W0, T').
Since W0, T is a reflexive space, we can find a subsequence of y,, (still denoted
by ym) such that it and the derivatives ¢y,, U are weakly convergent in the
spaces L2(0,T;V), L*(0,T;H), and L%*(0,T;V’) correspondingly. Since the
derivatives are taken in the distributional sense, it follows that there exists
y € W[0,T] such that

weakly in the corresponding spaces. Since sequence y,, is bounded in L>°(0, T
V), and sequence ¢, is bounded in L*°(0,T; H), by Lemma 2.2 the weak
convergence (4.21) yields

(4.22) ym(t) = y(t) in V. gm(t) = g(t) in H
weakly for all ¢t € [0, T]. By the property of the weak convergence
(4.23) Iy(®)]| < limint g ()], 19(0)] < liminf [§,(0)].

Therefore inequality (4.6) follows from (4.13) by taking the limit as m — oo.

Now we are going to show that y satisfies the abstract problem (4.1)—(4.2),
i.e., it is a weak solution of the problem (1.2)—(1.5). By the definition of the
approximate solution

(4-24) Ym + KYm + aAym - ﬁBym - ’7Gym = P:;mf
in V' a.e. on [0,T], and

(4.25) ym(O) = Pmuo, y(O) = Pm’Uo.
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Clearly, we can pass to the limit in V' for §m,, K0m, AYm, Bym, and P} [ as
m — oo. For the nonlinear operator G we have estimate (2.5)

1Gym — Gyllv: < clllymll® + [1Y11*) [ Vym — Vyl.

The norms ||y, || and ||y|| are bounded by estimates (4.13) and (4.6). Since ¥,
and y satisfy all the conditions of Lemma 2.2, we conclude that |Vy,,, —Vy| — 0
in L?(0,T) as m — oco. Thus Gy, — Gy in L?*(0,T;V’), and the passage to
the limit as m — oo in (4.24) is justified.

Concerning the initial conditions (4.25), it was also argued in Lemma 2.2
that the weak convergence of ¥, to y in L2(0,T; V) implies that y,, (t) — y(t)
weakly in V for any t € [0,7T]. Since y,(0) = Pnug — ug in V, we conclude
that y(0) = ug. A straightforward modification of Lemma 2.2 shows that
Um — ¢ weakly in H for any ¢ € [0,T]. Therefore ¢(0) = vp.

Inequality (4.7) follows from (4.15) by passing to the limit as m — oo, like
in (4.22). Also note that since the weak solution y is unique, then the entire
sequence {ym, }5°_; of the approximate solutions is weakly convergent to y, and
not just its subsequence.

The only parts of the Theorem that still need a proof are the assertions
about the convergence of the approximate solutions, and the continuity of the
solutions. We proceed as at the end of the proof for the strong damping case.

Approximate f by a sequence g, € L?(0,7;H), such that g, — f in
L2(0,T; V"), and g, — f in L2(0,T; V") as n — co. We have
(4.26)

Hym(u07 Vo, f) - y(UOa Vo, f)HV

< Hym(u07 Vo, f) - ym(uoa Vo, gn)HV

+ [[ym (w0, vo, gn) — y(uo, vo, gn)llv + ly(vo; vo, gn) — y(uo, vo, f)llv-
Let € > 0. The first and the third terms in the right side of (4.26) are less
than ¢, for sufficiently large n, by (4.7). The second term is less than ¢, for
sufficiently large m, by Lemma 4.8. The same argument goes for |9, (uo, vo, f)—
Y(ug,vo, f)]. Since the y,,, € C([0,T]; V), and ¢, € C([0,T]; H), it implies that
y € C([0,T);V), and y € C([0,T); H). O

Lemma 4.8. Let p = 0. Suppose that ug € V, vo € H, T > 0, and g €
L?(0,T;H). Lety be the weak solution of the problem (1.2)—(1.5), and y,, be
its approximate solution. Then

(4.27)
[9m () = ()% + [lym(t) — y(@)]?

t
<o <|vao — o+ Pt = ol [ P o+ | |Pg(s) - g<s>|2ds>
0

for any t € [0,T],
Proof. Use (4.12) with f = g, f = Pn.g, as well as @y = P, ug, 9 = Ppvo. [



SHALLOW ARCHES WITH WEAK AND STRONG DAMPING 963

5. Vanishing strong damping u — 0

Fix the initial conditions ug,vg and the function f in equations (3.1), and
(4.1) describing the strong and the weak damping cases. Let the corresponding
solutions be y™ and y. The goal of this section is to show that y*) — y as
1 — 0. Thus the solution in the weak damping case is the limit of the strong
damping solutions, when the strong damping is vanishing.

A comparison of the equations (3.1) and (4.1) shows that their difference
is the Ay term. To make it approach zero, as i — 0, one has to assure
that the set |||y is either bounded, or its bound does not grow faster than
1/p. However, estimate (3.7) shows that this is not the case. This forces us to
consider solutions for some special choices of the initial conditions and f.

The operator A : V' — V' was defined by (Au,v) = [, Audvdz, u,v e V.
Define the domain of A by D(A) = {v € V : |Av| < oo}. Let the norm of
v € D(A) be given by |Av|. Then D(A) is a Hilbert space, and A : D(A) —» H
is an isometry, see [11].

Since D(A) is densely and compactly embedded in V', we can consider the
Gelfand triple D(A) C V C H, where V is identified with its dual V', and
[D(A)]" with H, see Section 2.4.2 of [11] for details. Within the framework of
this new triple, the results for the solutions y*) and y obtained in Sections 3
and 4 can be restated as follows.

Lemma 5.1. Suppose that f € L?(0,T;V), ug € D(A), and vo € V. Then
both y*") and y satisfy y* € C([0,T]; D(A)), 3™ € C([0,T];V), and

t
(5.1) 1Ay® &) + 39 (1)]2 < e lvol® + | Auol* + | Auo|* + / | £(s)]1 ds)

for any 0 <t < T. That is, inequality (5.1) is satisfied for any pu > 0 for the
same ¢ > 0.

Lemma 5.2. Suppose that f € L?>(0,T;V), ug € D(A), and vg € V.. Then
y " =y in C([0,T]; V), and g™ — g in C([0,T]; H) as pn — 0.

Proof. Let z =y —y. Subtract (4.1) from (3.1) to obtain
(5.2) i+ ki+adAz — BBz —y(GyW — Gy) = —pAgW,

with z(0) =0, 2(0) =0.

By Lemma 5.1, 2 € L?(0,T;V). Take the inner product of (5.2) and # in
H, and then use Lemma 3.3 to obtain

1d

2 dt
Integrate this equality from O to ¢, and use the Lipschitz continuity of G on
bounded subsets of V, as shown in (2.4), to get

t
(5:3) 27 +al|2|* < C(MHA?)(”)HV' +/O (1217 + 11211) dS)-

{127 + all=®} = —u(A5", 2) — w]2]° + B(Az,2) + 7(Gy™ — Gy, 2).
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Let w € V with ||jw| < 1. From the definition of A
(A1) w)| < (19| [lw]] < |5 implies | Ay < [[§)].

From (5.1) we get [|[§)(t)|]] < ¢,0 < ¢t < T. Finally, Gronwall’s inequality
applied to (5.3) gives

22+ allz]? < cull AGW v < ep.
The continuity follows by letting © — O. (I
The main result of this section is:

Theorem 5.3. Let y™), >0, and y®) be the solutions of the problem (1.2)-
(1.5) in the strong and the weak damping cases, correspondingly. Then the
mappings u — y* from [0,00) into C([0,T);V), and pu — 5 from [0, 00)
into C([0,T]; H), are continuous.

Proof. The difficult case is ¢ — 0. For simplicity, we will break it into two
steps.

Assume f € L%(0,T;V), ug € V, vg € H. Choose sequences u, € D(A),
such that in u,, — ug in V, and v, € V, such that v, — vy in H as n — oc.
For example, we can let u,, = P,ug, and v,, = P,vg, since the eigenfunctions
wy € D(A) for any k € N. Then
(5.4)

”y(#)(um Vo, f) - y(O) (Uo, Vo, f)”V

S ||y(u)(anUOa f) - y(u)(unavna f)HV + ||y(u)(unavna f) - y(O) (Un, Un, f)HV
+ Hy(O)(unvvna f) - y(O) (Uo, Vo, f)”V

Let € > 0. The first and the third terms in the right side of (5.4) are less than
€, for sufficiently large n, by (3.12), and (4.12). The second term is less than e,
for sufficiently small p, by Lemma 5.2. Thus we have the required convergence
for f € L2(0,T;V), and any ug € V, vy € H.

Now assume that f,f € L2(0,T;V’). Approximate f by functions g, €
L2(0,T;V), such that g, — f, and g, — f in L2(0,T;V’) as n — oo. Then
(5.5)

1y (o, vo, £) =y (uo, vo, f)Iv
< Hy(u)(UOa Yo, f) - y(ﬂ) (U’O; Vo, gn)HV + ||y(ﬂ) (U’Oa Yo, gn) - y(O)(UO’ Vo, gn)HV
+ 11y (uo, vo, gn) — ¥ (o, vo, f)|v-
Let € > 0. The first and the third terms in the right side of (5.5) are less than
€, for sufficiently large n, by (3.14), and (4.12). The second term is less than
€, for sufficiently small u, as was shown in (5.4).

A similar argument goes for the derivatives ), and (®). This proves the

result for p — 0.

If  — v > 0, then estimate (3.7) shows that the derivatives y*) are uni-
formly bounded in L?(0,T;V) for u on any interval in R, bounded away from
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zero. Then the required continuity results are obtained in a straightforward
manner, as in the proof of Lemma 5.2. (]

6. Car motion on a bridge

We model a long bridge as an arch over the interval 2 = (0, 7). Its shape
y(x,t), z € Q, ¢t > 0 is required to satisfy the one-dimensional arch equation
(1.2). For definiteness, let us assume that it satisfies the hinged boundary
conditions y(0,t) = y”(0,¢t) = 0, and y(w,t) = y'(w,t) = 0. The proper
variational setting for this problem is described in Definition 3.1, with V =
HYQ) N H(Q).

We are interested in the dynamics of the bridge when cars move across it.
The cars are modeled by concentrated loads represented by a forcing function
f(t) € V' for t > 0. For simplicity we assume that all cars have the same mass.

Since any w € V can be considered to be continuous on €, let us define a
linear functional §, : V. — R, h € R by

h), heq,

For h € Q, we have [(dp, w)| < |w(h)| < ¢||lw], so we conclude that o, € V.
For convenience, we will also use the more common notation §, = §(z — h).
Let a car move across the bridge with the velocity v > 0. This motion is
modeled by the forcing function f(t) = 6(z —wvt). Of course, f(¢t) =0 for ¢t <0,
and t > m/v. As we have just shown, f(¢) € V' for ¢t > 0.
Let t1,t2 € Q. Then for any w € V

(8(z — vt1) — 8(z — vta), )| = [w(vtr) — w(vts)| < / “w(s)|ds

’Utl

< evlty — ol ||wllv.

Thus f € Cp(R;V’). By Theorems 3.6 and 4.4, the solutions for the bridge
motion y(x,t) exist on any interval [0, 7] in the weak and the strong damping
cases.
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