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Identification of an unknown spatial load
distribution in a vibrating beam or plate from the
final state

Karel Van Bockstal

Abstract. The theoretical and numerical determination of a space-dependent load distri-
bution in a simply supported non-homogeneous Euler-Bernoulli beam and Kirchhoff-Love
plate is investigated. The uniqueness of a solution to this inverse source problem is proved,
whilst counterexamples are constructed to discuss the conditions under which uniqueness
holds. A convergent and stable iterative algorithm is proposed for the recovery of the
unknown load source and a stopping criterion is also given. Several one-dimensional nu-
merical experiments are considered to investigate the properties of the proposed iterative
procedure.
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1 Introduction

In the presented work, the problem of identifying a spatial load distribution in a
vibrating beam or plate from the deflection « in z direction at final time ¢ = T is
studied. The additional information is given by

u(-,T) = &r(). (1.1)

This problem belongs to the class of inverse source problems (ISPs). The domain
Q C R is a thin beam (1d elastic structure in the 3d space) or a rectangular
thin plate (2d elastic structure in the 3d space) with boundary I". The dynamic
vibration of a simply supported non-homogeneous Euler-Bernoulli beam (d = 1)
and Kirchhoff-Love plate (d = 2) is governed by the following forward problem

KVB is a postdoctoral fellow fundamental research of the Research Foundation - Flanders
(106016/12P2919N).



2 K. Van Bockstal

(for small deflection):

O (pu) + popu + A(kAu) — T"Au = f(x)h(t) in Qr,
u =0 on Xr,
kAu =0 on Xy, (1.2)
u(x,0) = ap(x) x €Q,
Oru(x,0) = Tp(x) x € Q,

where Qr := Q x (0,7) and X7 := T x (0,7). Here, u is the displacement
function from the equilibrium position u = 0, i is the initial deflection, ¥ is the
initial velocity, f(x) (unknown) and h(t) (given) are the spatial and temporal load
distributions. Further, p(x, t) is the mass density, ((x, t) is the damping coefficient
and T,.(x, t) is the traction force. If d = 1, then k(x,t) = EI(x,t) where FE is the
elasticity modulus and I is the moment of inertia, whilst k is the bending stiffness

of the plate if d = 2, e.g. k(x,t) = %

thickness h where F is the Young modulus and v is the Poisson ratio.

for a rectangular uniform plate of

1.1 Literature overview

Vibration problems related to the static and dynamic response of beams and plates
have applications in building science, mechanical and aircraft engineering, in earth
science and engineering [8]. For the simplest Euler-Bernoulli and Kirchhoff equa-
tions, the coefficient identification problems have attracted a great deal of attention
in inverse problems, cf. [3-5,11,16,21,23,28-30,37]. In these papers, the deter-
mination of spatial coefficients based on additional measured data is studied using
methods based on spectral theory and on observations (input-output mappings).
This contribution focuses on the determination of a unknown spatial load dis-
tribution f(x) from the final in time deflection in the nonhomogeneous Euler-
Bernoulli beam and Kirchhoff-Love plate equations with arbitrary but separable
source term. Other source identification problems for Euler-Bernoulli equations
from boundary or final in time observations can be found in [12—-15,20,24,32] and
for the Kirchhoff-Love equation in [10]. In [32], using spectral theory, the point
source a(x) is uniquely determined in the constant coefficient dynamic Euler-
Bernoulli equation i + u” = A(t)a(z) where A € C'([0,7]) is given and
x € (0,1). The missing information is compensated by the following boundary
measurements: respectively u'(0, ) or u” (0, ¢) forall ¢ € (0,T). This source iden-
tification problem has been reconsidered in [20] for more general Euler-Bernoulli
equation, which includes a constant damping and a constant traction force. An ef-
fective combination of the Lie-group adaptive method and the differential quadra-
ture method is proposed in [24] to recover an unknown space and time dependent
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load in a constant coefficient Euler-Bernoulli beam vibration equation. For the
variable coefficient Euler-Bernoulli equation p(z)ii + (k(z)u”)” = F(x,t) with
(z,t) € (0,L)x(0,T), using the least-square method (or quasi-solution approach)
combined with the adjoint problem approach, Hasanov [12] considered the inverse
problems of determining the unknown source term F'(z, t) from the measured data
u(x, T) or ug(x, T). Uniqueness of the solution can be obtained when a positivity
condition holds on the solution [12, Lemma 7.2] . The theory developed in this
article is then applied in [13] to the problem of determining the unknown spatial
load f(x) from the final displacement observation in a cantilever beam of the form
p(x)ii + (k(x)u”)” = f(x)h(t). In [15], two inverse source problems of iden-
tifying asynchronously distributed spatial loads governed in the Euler-Bernoulli
beam equation p(z)ii + p(x)i + (k(z)u")" — T = My (t) frn () with
hinged-clamped ends are studied. In the first identification problem, (f1,..., far)
is determined from the measured deflection in a neighborhood of a finite set of
points. In the second identification problem, (f1,. .., far) is determined from the
measured slope in a neighborhood of the same set of points. Solution to the ISPs
are obtained by using Tikhonov regularization (thus by minimizing a cost func-
tional). In [14], the problem of identifying the temporal load distribution A (¢) and
the problem of identifying the spatial load distribution f(x) in a vibrating beam
p(x)ii + (k(z)u”)” = f(z)h(t) from the boundary observation u/(0,t) (i.e. the
slope at z = 0) is investigated. The approach in that article is based on the weak
solution theory of PDEs and the quasi-solution method for inverse problems. Fi-
nally, in [10], an inverse source problem for the Kirchhoff-Love plate equation
Oyu + kA’u = h(t)f(x) is studied. The load source f(x) is determined from a
measurement of the displacement at one or more discrete points over a time inter-
val under the assumption that h(t) is a harmonic load. The uniqueness theorem
for this problem is stated, and the fundamental solution to the plate equation is
derived. The fundamental solution method and the Tikhonov regularization tech-
nique are used to calculate the source term.

1.2 Discussion and outline

In this contribution, the recovery of the unknown source f(x) is not achieved by
minimizing a cost functional or by using a spectral method or an adjoint prob-
lem. First, a variational approach is used to obtain the uniqueness of a solution
to the ISP, which is a new result. The conditions under which uniqueness holds
are examined by explicitly constructing counterexamples, that is by constructing
more than one solution in the case when the conditions for uniqueness are vi-
olated. Moreover, a Landweber-Fridman type iterative regularization method is
developed to obtain an approximation of the unknown load source. This approach
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is already successfully applied for the heat conduction equation [6, 18] and for
thermoelastic systems [35,36]. Note that the coefficients in problem (2.1) are also
time-dependent, which is not the case in the other papers referenced before.

The paper is organized as follows. First, the corresponding forward problem is
studied in Section 2. Then, the uniqueness of a solution to the inverse problem
under consideration is established in Section 3. Also counterexamples are given.
Afterwards, in Section 4, an algorithm for the recovery of the unknown spatial load
function is proposed. This method is based on a sequence of well-posed direct
problems, which can be numerically solved at each iteration step by using the
finite element method. The instability of this inverse source problem is overcome
by stopping the iterations using the discrepancy principle. Finally, some numerical
experiments are developed in Section 5 and some concluding remarks and ideas
for future work are presented in Section 6.

Remark 1.1 (Other boundary conditions). The approach given in this article is
also applicable in the case of other boundary conditions arising in engineering
applications. More specifically, the results above remain valid, when instead of
the hinged-hinged end conditions v = kAu = 0 on X7 in (2.1), the following
conditions are given [8]: clamped-clamped ends © = Vu -v = 0 on X7 (v is
the unit normal outward vector); hinged-clamped ends w(0,¢) = u”(0,t) = 0,
u(L,t) = u'(L,t) = 0 (d = 1); sliding-clamped ends u(0,t) = (ku”)’(0,t) = 0,
uw(L,t) = u/(L,t) = 0 (d = 1); clamped-free ends (cantilever beam) u(0,¢) =
W' (0,t) = 0, v'(L,t) = (ku") (L,t) = 0 (d = 1); hinged-free ends u(0,t) =
u”(0,t) = 0,u”"(L,t) = (ku") (L,t) =0(d = 1).

Remark 1.2 (Notations). Denote by (-, -) the standard inner product in L?(Q) and
by ||-|| its induced norm. The norm |-|, is the Euclidean norm. Consider an abstract
Banach space X with norm ||-|| . Let p > 1. The space L” ((0,7"), X) consists of
functions v : [0,7] — X such that

T 1/p
|uHLp<<o,T>,X):(/O |u<t>||§<dt) <.

The space C ([0, T'], X) consists of continuous functions u : [0, 7] — X satisfying

= 4 < 00.
HUHC([O,T],X) r[g%\lu()llx o0

The space L*>° ((0,7"), X) consists of all measurable functions u : (0,7) — X
that are essentially bounded. The space H'((0,T’), X) consists of functions u :
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[0, T] — X such that

1
T 2
2
[ull (0,9, %) = </0 lu@) 15 + [l O] % dt> < oo.

The symbol X* stands for the dual space of X. Moreover, the values C, € and C;
are generic and positive constants independent of the discretization parameter 7.
The value ¢ is small and C. < C(e71).

Remark 1.3. The analysis made in this contribution is valid for a Lipschitz domain
Q c R?withd € N.

2 The forward problem

Let V := H?(Q) N H)(Q). The norms >lal<2 | D*ul|* and || Aul|* are equivalent
in V, see [9, Theorem 1]. In the left-hand side (LHS) of the governing PDE, an
additional term Au is added, and moreover a not necessarily separable source in
the right-hand side (RHS) is considered, i.e.

pOnu 4+ popu + A+ A(kAu) — T"Au = f in Qr,
u =0 on Xp,
kAu =0 on Xp, 2.1

Remark 2.1. This problem is equivalent with (1.2) when the following replace-
ments are made:
w— u+20p and X — Oup. 2.2)

Further one, the reader needs to keep these replacements in mind when interpreting
the assumptions on the data i and p in problem (1.2).

After two times application of Green’s theorem, the variational formulation of
problem (2.1) reads as follows:

Find u(t) € V with Gyu(t) € V and dyu(t) € L*(Q) such that

(p(1)Breu(t), @) + (u(t)dru(t), ©) + (A(H)u(t), ¥) + (k()Au(t), Ap)
— (T"(D)Au(t), ) = (f(1), ), (2.3)

forall p € Vand a.a. t € (0,77



6 K. Van Bockstal

Remark 2.2. The variational formulation is well-defined when dyu(t) € L*(Q)
and p(t)0yu(t) € V* for a.a. t € (0,T]. However, the requirement dyu(t) € V
is necessary to be able to prove the uniqueness of a solution to the inverse source
problem, see Theorem 3.1. This also implies that 0;u can be used as test function
in the proof of uniqueness of a solution to the direct problem, see Theorem 2.3.

To obtain the existence of a weak solution to problem (2.1) for given f :
[0, T] — L?(Q) in the required function spaces, it is assumed that the functions p,
s A, k, T, g, Do and f satisfy the following conditions:

0<p0\p(X t)gﬁla (X,t)EQX[O,TL

|Oep(x,t)| < 2,
lu(x, )| < fur,
|Oep(x, )| < fiz,
IM(x,1)] < Ap,
DA (x,1)] < Xa,
0 < ko < k(x,t) < ki,
|0:k(x, 1) < ka,
Ok (x, )| < ks, 2.4)
[VE(x,0)], < ka,
|Ak(x,0)| < ks,
T (x,t)| < Th,
0,17 (x,t)| < T,
feH" ((0,7),L*(Q)),

iip € H*(Q) NHY(Q),
k(x,0)Atp(x) =0, xe€T,
vy e V.

Theorem 2.3 (Uniqueness of solution to the direct problem). Let the conditions
(2.4) be fulfilled. Then, there exists at most one solution satisfying problem (2.3).

Proof. Problem (2.3) has a unique weak solution when @y = 9y = f = O results
inu = 0. In (2.3), we put for a.a. t € (0,T) the testfunction equal to dyu(t) € V
and then we integrate the sequence of problems in time over (0,7) C (0,7) to
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arrive at

n n
/ (p(t)Ou(t), Opu(t)) dt + / (1(t)9pu(t), Opu(t)) dt

0 0

+/n (A()u(t) 8,gu(t))dt—|-/77 (k(t)Au(t), Adyu(t)) dt
0 7 0 ’
— /n (T (t)Au(t), Ou(t))dt = 0.
0

Using integration by parts, we readily obtain that
n
/ (p(#)Ouu(t), Dru(t)) dt
0
1 2.1 M
=5 [Vemoat|[ =3 [ (wte). @u(o)?) at

and
/ " k() Au(t), Adyu(t)) dt
0
=5 [VEmsum | =5 [ (arkto). @ue)?) ot

We derive the following estimates

JRCZORCTD \ [ 1ol e,
/On (8tk(t),(Au(t))2 dt‘ < ]};2/0 1Au(t)|? dt.

Applying the Cauchy and Young inequalities (remember iy = 0), it holds that

[ o).t ] m [ ol a,

0
/OU(A() (t), dyu(t))d ‘ / /atu ds 2dt+;/0n||6tu(t)||2dt

+ N7
< <2> [ 10wt ar
0

Y] T2 ) 1 (7 )
/0 (Tr(t)Au(t),atu(t))dt' < 21/0 |Au(t)]| dt+2/0 [|Opu(t)]|~ dt.

and
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After collecting all estimates above, we arrive at

||3t (I1* + = N1 Au(m)|®

372 T? k
(1+u + 240 )/ 18eu(t)] dt+< 2>/ Au(®) | dt.

An application of Gronwall’s lemma [2] gives 0yu = 0 a.e. in Q7. Due to iy = 0,
it holds that w = O a.e. in Q7. O

Theorem 2.4 (Well-posedness of the direct problem). Let the conditions (2.4) be
fulfilled. Then, there exists a unique weak solution to problem (2.3) satisfying

weC(0,1],V)
with
du € C ([0,T],L*(Q)) NL*((0,T),V)

and
duu € L? ((0,7),L*(Q)) .

In the special situation that iig = 0, Ty = 0 and f = f(x), there exists a positive
constant C such that the following estimate is valid

2 2 2
max |0 + max |[Au(t)||" < C . 2.5
ma [u(®)] + max, |Au(t)| < €11 @5)
Proof. The derivation of the estimate follows the same lines as the proof of unique-
ness of a solution except that f # 0. In the case that f = f(x), the corresponding
term can be handled as follows

n T 1 [
" (routna <SP+ [ 1owolPar

To address the existence of a solution to the variational problem (2.3), the semidis-
cretization in time is employed [19]. First, the interval [0,77] is divided into

n € N equidistant subintervals [t;_1,¢;] with the time step 7 = — < 1, thus
n
t; =i7,i = 0,...,n. With the standard notation for the discretized fields, for any
function z
Zi = Zi—1

zi = z(t;), Owz(t) = 0z =
-

and
Zi — Zi-1 0zi-

2 T’

Ouz(t) =~ 8%z =

T
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the following linear recurrent scheme is proposed to approximate the original prob-
lem (2.3)fori =1,...,n(forall ¢ € V):

(pidui, o) + (iduz, ©)+ (N, @)+ (kidug, Ap) — (T Aug, @) = (fi, ), (2.6)

with ug = g and dug = ¥y, which is equivalent to solving

((% + % + )‘i) Ui, 90) + (kiAui, Ap) — (T; Aui, )

J

= (fuo)+ (B + ) uie) + (Bouie). @)
T T T

The Lax-Milgram lemma gives the existence and uniqueness of a solution u; € V

to (2.7) if g, o € L*(Q).

Next, a priori estimates are derived, which serve as uniform bounds to prove the
convergence of the semidiscrete scheme (2.6). The following version of Abel’s
summation rule will be frequently used: for any sequences of real numbers {z; }I" |
and {w;},, it holds that

i=1°

Zzzwz Wi — wz—l)

n
2 2
= Znwp — 20wg — 3 (2iwi — zio1wio1) Wi
=1

n

1 1 1

= Eznwi—izowg—i;( P — Zie1)Wi_ 1+ Zzz Wi — Wi—1) 2. (2.8)
1=

We set ¢ = du;7 in (2.6) and sum up these equations for 1 < i < j, with

1 < j < n. We obtain that

J J
Pz5 u;, 0u;) T Z (pidus, dug) T + Z()\iui>5ui)7
i—1

i=1 =1

MQ

J J J
+ ) (kidug, Adu;) 7 = > (T7 A, ) 7 Z fis0ui) 7. (2.9)
i=1 =1

i=1

Using (2.8), the first and fourth term on the LHS can be estimated from below as
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follows

p15 Uy 5“1

M“

i=1

2 1 .
= EH\/pjéujH —§||¢%vo|\2
1< , 1 )
_2_21/95%(6“%-1) T+2Z/Qpi (5ui—5ui,1)
Po ~ Po
> 20 5y ~ 2 ol Z/am (6ui )7+ 22 Znauﬁauz P,

J
Z (kiAu;, Adu;) T
i=1
ko 2 1 T 2
> 50 P~ panol? 157 [ ok + 2 s~ A
i=1

i=1

We have that

J Jj—1
Z [wi 1> 7 < pa [0l + A2 Y 16wil® 7,
i=1

7j—1

J
Z A P 7 < R || AT |1* + R D [ A 7,
i=1 i=1
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The other terms in (2.9) are estimated by Cauchy’s and Young’s inequality, i.e

J
<fin Y [lows? 7,
=1

2
1o +Z5uk7 T+ = ZH‘M%” T

J

<32

i=1
I 1+ X072\ &

<+ (F55) Y loulP
i=1

J

Z (uidui, 5uz) T
i=1

J

Z (Ajug, oug) T

NP”

1E:IIAuzII T+ ZIIMH 7,

J
Z (T} Aug, 0ug) T
i=1

J

Z fzaéuz

Collecting all the results above and applying Grénwall’s lemma give for suffi-

_1 4 1
5 Z I £ill? 7+ 5 Z S| 7.
i=1 i=1

ciently small 7 that

{llgwlP? + Naw?}

max
+ 37 (6u; = Sus 1|2 + i — Awi 4 |?) < 1, 2.10)

0<isn

i=1

with C) = C (T, HfHLZ((O,T),Lz(Q)) olly 5 Dol 2 ) From

i
Ui:ﬂ0+725uj

j=1
max |lu;|| <

Jmax lao|| + /C\ T =: Cs.

For the following a priori estimate, we need that the discrete variational formu-

and (2.10), it follows that
(2.11)

lation (2.6) is well-defined for : = 0. We can define

52UO(X) = 8ttu(x, 0)
- p(xl70) (f(x,0) — pio(x) — Adig(x) — A(k(x, 0)Adip(x)) + T"(x, 0)Adig(x))

e L}(Q),
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if the following compatibility conditions are satisfied

iy € HYQ)NH(Q),
k(x,0)Alg(x) =0, xeT,
IVE(x,0)|, < ka, x€Q,
|Ak(x,0)| < ks, x € Q.

Then, we are able to replace ¢ by ¢ — 1 in (2.6) and to subtract it from (2.6). Next,
we put ¢ = 6u; and we sum the result up for i = 1,2,...,j with 1 < j < n.
Using the rule

5(aibi> = b;jda; + a;—10b;,

we obtain that

M

J
(pi0 u; + 8pidTui1, 0%w;) T + Z (1i0%u; + Spidui—y, 6% u;) T
i=1 1=1
J J
+ Z ()\l5uz + 5)\Z-ui_1,(52ui) T+ Z (k:lA(Suz + 0k;Au;_q, A(Szui) T
i=1

i=1

J
1=

J
(T7 Adu; + 6] Aui_y, 0%us) 7= > (8fi,0%u;) 7. (2.12)
1 =1

The crucial estimates in the LHS are (using (2.8))

J
Z pid u;, 6%u;) T

=1

> 205~ a5 / Spi(ui T+p°z||azuz—az

J
Z (kiAéui, A(Szui) T
=1

> ?0||A5 H2——HA A —Z/(Sk (Adus_1 )P+ ZHMW—MW 2.
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‘We have that

j—1
<2 [0l + 72 > || 6% 7.
i=1

5
>/

7—1
< B | A% | + F2 > [|Adus | 7.
i=1

ki(Adu;_1) 2r

/5pz5u11 T

Using
J J
Z b16az = ajbj — aob() — Z ai,lébi, U_1 = ﬂo — 7"50,

we obtain that

J
Z ((5kiAui_1,A62u,-) T
=1

MQ

= (0kjAuj_1,Adu;) T — (OkoAu—y,Aly) T d (0kiAu;—1) ,Adu;—1) .

zzl

We separately estimate each term on the RHS of the previous equality as follows

| (5ijUj_1 N A(Suj) T
|(5k0A’LL_1 y A’INJ()) T

| < CREC) + < ladu P
| < k2 |0 — 750)]| ATl

and

J
Z (52kiAui7] + 5ki,1A6uz~,1 y Aéui,l) T

72 J—1

j—1

ok 1 i - \%
< S a5 3 il o (5 + o) sl (3 4 ) 3

i=1

=1

3
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The other terms in (2.12) are handled as follows

j ~2 ~ 1 ]
3 (s ) 7| < 2wl o+ (2 1) D

i=1 i=1

J ~2 J
D (mi6*ui + Spidus1, 8 us) 7| < MZC;T ( +m>Z||5 w7,

i=1

J 32 X212 J
Z ()\léuz + 5)\iui,1,52ui) T S )\ICIT —; /\zczT + Z |’52Uz‘HzT,

i=1 i=1
72 J 1 J
=+ Z Adus* 7 + z_: 673 7,

J
> (6T w1, 5 7 < ZOT L ZHMH -

N

J
Z (TZA&LZ‘, 52’LLZ) T

J

1 1
S (6820 1) < 5 ST USFIP T+ 5 D [l
i=1 =1

i=1

Collecting all the results above, fixing ¢ sufficiently small and applying Gronwall’s
lemma give for sufficiently small 7 that

max {Hézuin + ||A5ui||2}

0<isn

+y (Hézui — 0%u; ||+ [|Adu; — A5u¢_1||2) <Cs (2.13)

i=1
with O3 = C3 <T7 HfHHl(((LT)J_Z(Q)) ] ”aOHH“(Q)ﬁHé(Q) M olly HézUOH)
Finally, the existence of a solution can be proven. Now, we further introduce

the following piecewise linear in time functions u,, : [0,7] — L*(Q) and v,, :
[0, 7] — L*(Q)

up(t) = w1 + (t —tic1)ous,  t € (timr,ti], 1<i<n;

t) = du;j—1 + (t — ti_1)52ui te (ti—hti], 1 <4 <n,
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and the piecewise constant in time functions @, : [0,7] — L*(Q) and T, :
0,7] — L*(Q)
Un(0) = tg, Un(t) =wi, t€(timrti], 1<i<m

Un(0) = 0o, Dn(t) =du;, te (timi,ty], 1<i<n.

Using these so-called Rothe’s functions, the variational formulation (2.6) can be
rewritten, for all ¢ € V and a.a. ¢t € [0, 7], as

(P ()0rvn (t), ) + (T, () Opun (t), 0) + (A (£)Tn (1), )
+ (kn(t)MUn (1), Ap) — (T (t)ATL (1), 0) = (f(t), ) . (2.14)

From @iy € V and (2.10), it follows that

max { |7 (1)}, + |97 ()]} < €

t€[0,T

Moreover, it holds that V' <5< Lz(Q). The conditions of [19, Lemma 1.3.13] are
satisfied and, therefore, there exist a functionu € C ([0, T],L*(Q))NL> ((0,T), V)
and a subsequence {uy, }ren of {uy, }nen (denoted by the same symbol yet again)
such that

Up — U in C([0,7],L*(Q)),

up(t) = wu(t) in V, forall ¢ € [0,T],

Up(t) — u(t) in V, forall t € [0,T],

dyun, — 0w in L7 ((0,7),L*(Q)) .
The a priori estimate (2.10) implies that

/ ([t (£) — T (2)||* At = Z/tl (¢ — t;)6u;||* dt < 72Cy T,

ti—1

i.e. {u,} and {%, } have the same limit in L* ((0,7"), L*(Q)). Moreover, estimate
(2.13) implies that
Oyun — Ou in L?((0,T),V)

and
Oyvn, — Oyu  in L? ((0,7),L*(Q))

by the reflexivity of these spaces. Therefore,

ueC([0,7],V) and 9ueC([0,7],L*(Q)),
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cf. [33, Lemma 7.3]. It holds that p,, — p, @,, — f» An — A\, ky — k and
Tr, — T"inL?* ((0,T),L*(Q)) as n — oco. Now, we integrate (2.14) in time and
pass to the limit for 7 — 0 using the preceding convergence results. Afterwards,
we differentiate the result with respect to the time variable to arrive at (2.3). The
convergence of Rothe’s functions towards the weak solution has been shown for a
subsequence. However, taking into account the uniqueness of a solution, the entire
Rothe’s sequence converges towards the solution. i

Remark 2.5. As already noted in Remark 2.2, the well-posedness of the forward
problem can also be obtained under lower regularity assumptions on the data.
When

0 < po < p(x,1)

< A1, [0ip(x, )] < po, |(x, 1| < fur, [A(x,8)| < Ay,
0< k() <k

(x,t) <k, [0k (x, )| < ko, [T7(x,8)| < T,
feL?((0,T),V*), @i € V, 7 € L*(Q),

then a priori estimates (2.10) and (2.11) are satisfied. Moreover,

g”luazuw

v T

when |Vp(x,t)|, < p3 and |Ap(x,t)| < p4. These additional estimate is suffi-
cient to do the convergence analysis and to obtain the existence of a weak solution
satisfying

u € C([0,T],L3(Q)) NL2((0,T),V)

with
Owu € L* ((0,7),L*(Q))

and
dpu € L*((0,T),V*).

When |0y p(x,t)| < ps (note that this is already satisfied if A = Oy p), then the
solution is also unique. Remember that problem (2.3) has a unique weak solution
when @ig = T = f = 0 results in v = 0. Now, we first integrate (2.3) in time
over t € (0,€) C (0,7), then we put for a.a. £ € (0,7) the testfunction equal to
u(§) € V and afterwards we integrate again in time over £ € (0,1) C (0,7) to
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obtain that

tAn(pruﬁ%uu%ﬂﬂda>df+:zn<qu@ﬁ%u@ﬁhﬂdg>dg
+/077 </05 At)u(t) dt,u(§)> d£+/0" </0§ k(t)Au(t) dt,Au(§)> d¢
_ /On (/05 T, (t)Au(t) dt,u(g)) dé = 0.

A careful handling of all the terms (especially multiple times partial integration)
is needed to get that
2

)2 + H [ s <o

3 Uniqueness of a solution to the ISP

In this section, the uniqueness of a solution to the ISP (determining f(x) from
1) is discussed. First, the governing partial differential equation (PDE) in (2.1) is
divided by the known (given) function h € C'([0, 7). In doing this, it is assumed
that h # 0, i.e. h(t) > 0 (or h(t) < 0) forall ¢ € [0,77]. Let

_u(x,t) _h(t)
v(x,t) = n) and «ft) = no)’
then
% = 0w + va,
8ttu

= Ov + (20 + va) a + va.

It follows that the PDE in (2.1) can be rewritten in terms of the unknown v as
follows

pOuv + (1 + 2pa) dpv + (A + pa + po’ + pa’) v+ A(kAv) — T, Av = f(x),

3.1
with
v =0 onXr,
kAv =0 on Xr,
v(x,0) “}3((5‘)) x € Q, (3.2)
d(x,0) =3 - ¥a(0)  xeQ,
v(x,T) =52 x e Q.
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Thus, problem (1.1)-(1.2) is transformed in problem (3.1)-(3.2) wherein the right-
hand side solely depends on the space variable. The variational formulation of
the forward problem corresponding with (3.1) is given by: find v(t) € V with

dw(t) € V and dyv(t) € L2(Q) such that

(p(0)Brev(t), ) + () + 2p(t)ex(t)) Bru(t), )
+((A®) + p)alt) + pt)alt)* + p(t)a () v(t), ¢)
+ (k(D)Av(t), Ap) — (T (H)Av(t), ) = (f, ), (3.3)
forall ¢ € V and a.a. t € (0,7]. Following Theorem 2.4, this formulation is
well-posed for given f € L?(Q) if the conditions (2.4) are satisfied and

la(t)| < ar,  [/(t)] < a2, |&"(t)] < a3, te€[0,T], (3.4)
which is satisfied if next to h € C!([0,77]) also holds that
|W'(t)| < ha,  |R"(t)| < hs, t€[0,T).
In the following theorem, the uniqueness of a solution to the ISP is investigated.

Theorem 3.1 (Uniqueness). Let the conditions (2.4) and (3.4) be satisfied. More-
over, assume that T, is solely time dependent with

TN(t) <0, te]lo,T],

r

and
tr €LXQ), Op<0, p>po>0, k<

and
a(t) =0, 5’t(/\ + po+ po® + po/) <0.

Then, there exists at most one f € Lz(Q) such that problem (2.1) together with
condition (1.1) holds.

Proof. A classical variational approach is used to establish the uniqueness of a
solution. The proof is by contradiction. Suppose that there are two solutions
<U1, f1> and <UQ, f2> to (1.1)-(1.2). Set u = u; —up, v = vy — v and f = f1 —fz.
Then u(x,0) = 0, u(x,7") = 0 and d;u(x,0) = 0. Therefore, also v(x,0) = 0,
v(x,T) = 0 and dyv(x,0) = 0. First, we prove that v = 0 (thus © = 0) and
then we show that f = 0. In doing this, we subtract the variational formulation
(3.3) for the corresponding solution (v,, f,) from the variational formulation for
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(v1, f1). We choose ¢ = Opv(t) as testfunction and integrate in time over (0,7
to obtain that

T T
/O (p(t)uo(2), Dyu(t)) di + /0 (u(t) + 2p(t)(t)) pot), Byo(t)) dt
T
T /0 () + s(B)a(t) + p(H)a(t) + p(t)al (1) v(t), Beo () dt
T T
¥ /0 (k()Av(t), Adyo(t)) dt — /0 (T, (H)Av(t), Byu(t)) dt

T
- /0 (f. (b)) dt = (£,0(T) — v(0)) = 0.

The first four terms in the LHS can be handled as follows:
T 1 2 1 T
/ (p(H0(t), () dt = 5 || /o) ore(T)|| =5 / (e, (@0)?) at > 0,
0 0

T a0 T )
/ (1 + 2pa) Byo(t), dpo(1) dt > pig / Bt dt,
0 0

T
/0 (X + pa+ pa® + pa’) v(t), Oy (t)) dt

1

T
= 2/0 (A + po+ pa’ + pa, 9 (v%)) dt

1 [T
= 2/0 (0:(\ + pa + pa® + pa’),v?) dt > 0,

/ ! (k(t)Av(t), Adyo(t)) dt
0

1T 1 2
- / Ok (1), (A0)2(1)) dt + 3 | VEDA(T)| > 0.

0
The traction term is the most difficult term to handle. If T, is solely time depen-

dent, then (using d;v = 0 on X7 and Vou(-,T) = Vo(-,0) = 0in Q)

T B 1 T )
—/0 T,(t) (Au(t), dyu(t)) dt = 2/0 Tr(t)[)aﬂvp(x,m dx dt

T
_ _;/ /(1) Vo) dt > 0.
0
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T
o / |8o(t)]? dt < 0
0

Therefore, v = 0 a.e. in Q7. Substituting v = 0 in (3.3) gives

From this, we get that

(fi) =0, VpeV.

We conclude by [38, Proposition 18.2] that f = 0 in L2(Q). O

Remark 3.2. Note that in terms of the original problem (1.2), the assumption p >
to > 0 means that p + 20:p > po > 0, see the replacements (2.2). Moreover,
(A + pa + pa? + pa’) < 0 is equivalent with 9, (O p + pa + pa® + pa’) <
0.

Remark 3.3. The assumption «(t) > 0 is equivalent with A/(t) > 0if h(t) > 0
for all t € [0,T] and with A/(t) < 0if h(t) < O forall t € [0,T].

In the following subsection, the ‘changing sign’ assumptions made in the proof
to guarantee the uniqueness of a solution are examined.

3.1 Counterexamples uniqueness

Example 3.4 (h(t) is changing sign). Consider the following one-dimensional ISP
for ,t € (0, 7) with zero final time data

Ut + Ut + Uggze — Uz = h(t)f(l‘) (‘T?t) € Qr,
u(0,t) =u(m,t) =0 t e (0,7),
Uz (0, 1) = Uge(m,t) =0 t e (0,7), (3.5)
u(z,0) =0 x € (0,m),
ut(z,0) =0 x € (0,m),

where h(t) = (t + 1) sin(t) + (¢ + 2) cos(¢) in [0, 7r]. Besides the trivial solution
(u, f) = (0,0) to (3.5), also the following non-trivial one exists

u(zx,t) = sin(z) sin(¢)t,
f(z) = sin(z).
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Example 3.5 («(t) is changing sign). Consider the following one-dimensional ISP
forz € (0,7), t € (0,4) with zero final time data

Ut + Ut + Uggzs — Uze = h(t)f(2) (2,1) € Qr,
u(0,1) = u(m,t) =0 te (0,4)
U (0,8) = Ugg (m,8) =0 t e (0,4), (3.6)
u(z,0) = x € (0,m),
u(x,0) =0 x € (0,m),

where h(t) = A+ tcos(t) > 01in [0, 4] with

A 2exp(—2)sin (2v/7) V7 + 14exp(—2) cos (2+/7) + 14 cos (4) + 21 sin (4)

—7 + exp(—2) sin (2v/7) V7 + T exp(—2) cos (2/7)

Besides the trivial solution (u, f) = (0,0) to (3.6), also the following non-trivial
one exists

e 9)=(2)(3)

+% (t—2)cos(t)+; (t —1)sin (¢ )+§

Example 3.6 (7)(¢) is changing sign). Consider the following one-dimensional
ISP for z,t € (0, ) with zero final time data

Ut + Ut + Uzzza i(()t)umz = h(t)f(l’) (ZC, t) € QT?
u(0,t) = u(m,t) =0 t e (0,7),
U (0,) = g (m,t) = t e (0,7), (3.7
u(z,0) =0 € (0,m),
ut(xz,0) =0 € (0,m),
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where /(t) = 50t + (¢ +2) cos(t) +sin(t) > 0, a(t) > 0and (a + o +a') <0
in [0, 7]. Besides the trivial solution (u, f) = (0,0) to (3.7), also the following
non-trivial one exists

These examples show that the ‘changing sign’ conditions in Theorem 3.1 cannot
be removed without violating uniqueness of the ISP (1.1)-(1.2).

4 Reconstruction of the spatial load distribution

In this section, an algorithm for finding the spatial load distribution f is described.
It is assumed that the assumptions (2.4), (3.4) and the assumptions of Theorem 3.1
are satisfied. The solution (u, f) to problem (1.1)-(1.2) is given by (hv, + hv, f)
where v, is the unique solution (see Theorem 2.4) to

POuVss + (1 + 2p) Opvis + (A + pa + pa + pa’) vss
+ A(kAvyy) — TrAve =0, (4.1)

with
Ve =0 on Xr,
kEAve, =0 on X, 42
Ves(X,0) = ”:2’((8‘)) x € Q, 4.2)
Dpven(x,0) = ”}gg()")) - “ig((())())a(O) x€Q,

and (v, f) is the unique solution (see Theorem 3.1) to

POuvs + (1 + 2pa) Bpvs + (A + par + pa + pa’) v,
+ A(kAv,) — ToAv, = f(x), (4.3)

with
Ve =0 on Xr,
kAv, =0 >
v on =T (4.4)
v4(x,0) = X € Q,

O (x,0) =0 x€Q,
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and

'U*(';T> = %{8 - U**("T) = ET() 4.5)

Therefore, solving problem (1.1)-(1.2) is equivalent with solving problem (4.3)-
(4.4)-(4.5).

4.1 Algorithm for finding the source term

The algorithm for solving problem (1.1)-(1.2) is based on the Landweber-Fridman
iterative regularization method [7,22]. Let v € C([0,T],V) the unique solu-
tion to (4.3)-(4.4) for given f. The corresponding input-output operator My €
L (L*(Q),L*(Q)) is defined by

MTf = U(', T).

The boundedness of Mt follows from (2.5). Finding a solution to the ISP is then
equivalent to solving the following operator equation

Mrf = ér,

or equivalent to solving the fixed point equation

f:f+WMT(gT_MTf)a w >0,

due to the linearity of the operator Mr. The parameter w is called a relaxation
parameter. The method of successive approximations can be applied to this latter
equation as follows (k € N)

Jk = fk—1 —wMr (MTfkfl - ET) ;

with an initial guess fy € LQ(Q). This all gives rise to the procedure presented
below for the reconstruction of the solution u and the source term f in problem
(1.1)-(1.2). The procedure is similar to the one presented in [6,17,18,36] and reads
as follows:

(i) Solve problem (4.1)-(4.2) and determine the transformed final overdetermi-
nation &7, cf. (4.5). Denote the solution by v..;
(ii) Choose an initial guess fy € L2(Q). Let vy be the solution to (4.3)-(4.4) with
= fos
(iii) Assume that fr_; and vp_; have been constructed. Let w1 solve (4.3)-
(4.4) with f(x) = vp—1(x,T) — &p(x);
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(iv) Define
fk(x) = fkfl (X) - wwk*l(x7 T)? aa. xc Qa

where w > 0, and let v, solve (4.3)-(4.4) with f = f;

(v) Repeat steps (iv) and (v) until a desired level of accuracy is achieved, see
Section 4.2;

(vi) Suppose that the algorithm is stopped after k iterations. Denote the cor-
responding solution by (vz, fz). Then, the approximating solution to the
original problem (1.1)-(1.2) is given by (h(vsx + vz), fz)-

An application of [34, Theorem 3] gives the convergence of the proposed algo-
rithm.

Theorem 4.1. Assume that the assumptions of Theorem 3.1 are satisfied and sup-
pose that the relaxation parameter w satisfies 0 < w < ”MT”i(LZ(Q) L2@): De-

note by (u, f) the unique solution to the original inverse problem (1.1)-(1.2). Let
(uk, f) the kth approximation in the iterative algorithm of Subsection 4.1. Then

kll>nc}o {ka = fIl + Nlug = “”C([O,TLLZ(Q))} =9,

for every fy € L2(Q).

4.2 Stopping criteria

In order to simulate errors present in practical experiments, it is considered that
there is some error in the additional measurement (1.1), i.e.

167 — &7l <,

with e > 0. This implies that also §~T is perturbed, see (4.5). The perturbed
function is denoted by 7. The functions f; and v; are obtained by using the
algorithm with no noise on the initial data. In this contribution, the discrepancy
principle by Morozov [31] is used to obtain a stopping criterion for the algorithm.
This principle suggests to finish the iterations at the smallest index k& = k(e,w)
for which

Ek = ‘

vi( T) - SNTH < e (4.6)

for some 19 > 1 (typically between 1 and 1.2).

The following section discusses the results of numerical experiments. These
experiments indicate that the proposed scheme can be successfully applied on the
inverse problem studied in this contribution.
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S Numerical experiments

5.1 Setting

In the experiments, a simply supported homogeneous steel beam (ASTM-A36) is
considered of length [, width b and height i such that [ > b, h. It is assumed
that b = h = 0.01 m such that the vibrations of the beam can be described in a
one-dimensional setting. The governing equations in (1.1)-(1.2) can be rearranged
for constant coefficients in the following nondimensionalized form (it is assumed
that A = 1 in the experiments)

U+U+U®@ — \JeZur —F  in (0,4) x (0,F]
U0,8)=U (3 =0, fe(a%]
U (0,8 =U"(4,7) =0, fe(0,F], (5.1)
U(.’Z‘,O) = UO('i‘% T e (07 Z)
U(z,0) =V(2), 2€(0,1),
U@T) =7 z€(0,7),
by using the following nondimensional variables
1 ~
B=ge, I= %t, Uz,1) = —ulx,t), F(i,1) = =f(zt)
- _ Sr(lT) S S N2
() o Uo(@) = Zuo(lz), Wo(@) = —vo(lr),

where ¢ = kl;’/‘:/z (ST unit: m/s), £ = ""C (ST unit: m), @ = £ and f = pc (SI unit:
kg/s?). Now, F is rewritten as

F(z,1) = F(%) + G(%,%),

with F(Z) unknown. The dimensionless variables are used in the following ex-
periments, however, in the sequel, the tilde is dropped in order to simplify the
notations employed.

In the numerical experiments, the exact displacement is prescribed as follows

Uz, t) =0.01(1 +t)%2*(x — 4)*, 2z ¢€[0,4], telo1].

The moment of inertia (3$I—unit: m*) of the rectangular solid cross section of the
beam is given by I = % The elasticity modulus E is 200 x 10° N/m? such that the
flexural rigidity k& approximately equals 167 Nm?. The other material coefficients
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are given by: p = 8kg/m, T, = 6 x 10°N and 1 = 6 x 102kg/sxm. This setting
corresponds with a beam of length [ ~ 1 m and with final time 7" ~ 0.0133 s. The
exact sources used in the experiments are given by

Fl(z)=0 25><x(x—4)
Fiz) = 0.1 x z(x — 4)%,
F3(y) — (mv)’
() =sin (5
.7-—4(m):e 1:—2)2),
0<z<1
z—1 1<2<2
—x+3 2<x<3
3z <4
and
0 0zl
Fox)={1 1<z<3
0 3<x<4

This implies that a wide range of sources is considered, namely symmetric (F'#)
and non-symmetric (F>3) continuous piecewise smooth load sources and sym-
metric load fields with discontinuities (F>9).

The solution to the inverse source problem is found by applying the algorithm
proposed in Subsection 4.1. The forward problems in this procedure are dis-
cretized in time according to the backward Euler method. It is assumed that the
time step for the equidistant time partitioning is chosen to be 0.001. To solve the
problem (2.1) using Lagrange finite element basis functions, the equation is split
into two second-order equations. Then, at each time step, the resulting elliptic
mixed problems are solved numerically by the finite element method using second
order (P2-FEM) Lagrange polynomials for the space discretization (the number
of finite elements is taken to be equal to 200). The finite element library DOLFIN
[26,27] from the FEniCS project [1,25] is used to solve the forward problems.

In the following subsection, the exact value for the source is compared with
its corresponding numerically retrieved value f;, obtained when the algorithm is
stopped after a finite number of % iterations. The value for the relaxation parameter
w equals 10 in the experiments. Next to the Morozov stopping criterion (with
70 = 1.1 in (4.6)), the algorithm has also the following stopping criteria:

» The maximum number of iterations is set equal to 10000;
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|Ey — Ei—1|

1 x 107
Ek <1 X

The initial guess foy is chosen to be equal to 0. Moreover, a randomly generated
uncorrelated noise with magnitude é is added to the additional condition in order
to simulate the errors present in real measurements.

5.2 Results

The numerical results for different noise levels € are depicted in Figure 1 and 3.
The accurate approximations of the sources show the stability of the numerical
procedure. In Figure 2, the results for the experiments related to F*, 7> and F°
are presented when exact data is used such that the iterative process is continued
indefinitely. From these figures, it can be seen that the numerical solution con-
verges to its corresponding exact solution as k increases. However, this process
is time consuming as each numerical experiment requires about 50 (25) hours for
10000 (5000) iterations (Intel® Core™ i7-4810MQ Processor). The CPU time
(in minutes) and the stopping iteration index & for the experiments with noise can
be found in Table 1 and Table 2. As can be noticed from Table 2, a drawback of
this method is that the process is time consuming for 77, i = 4,5, 6, which gives
a limitation of this method.

The obtained results are in accordance with the numerical experiments per-
formed for the heat conduction equation in [6, 18] and for thermoelasticity in
[35,36]:

» The attainability of the stopping criteria becomes faster if € increases (see
Table 1 and 2);

« Also for larger noise level for 7! and F3, an accurate approximation for the
sources is obtained (see Figure 1);

» The algorithm is sensitive to the amount of noise in the experiment (see Fig-
ure 3).

6 Conclusions and further research

In this paper, an ISP associated with the dynamic vibration of a simply supported
beam and rectangular plate was considered (nevertheless also other boundary con-
ditions can be considered). More precisely, the theoretical and numerical determi-
nation of a spatial load distribution was studied from the knowledge of a supple-
mentary measurement of the deflection at the final time. First, the well-posedness
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Table 1. The stopping iteration number %, the CPU time (mins) and the value of the
relaxation parameter at k for F¢,i = 1,2, 3, with & = 0.05%,0.1% and é = 1%.

€=005% | k time| é=0.1% | k time | é=1% | k time
F! 135 54 Fl 2 1 F! 21
F? 362 163 F? 20 5 F? 9 3
F3 29 12 F3 25 10 F3 15 4

Table 2. The stopping iteration number %, the CPU time (mins) and the value of the

relaxation parameter at E for Fi i = 4,5, 6, with ¢ = 0.01% and é = 0.1%.

¢ =0.01% k time || € =0.1% k time
Ft 5714 1888 Ft 1642 421
ya 6693 2140 F 1962 804
Fo 7458 2321 Fo 2247 918

of the corresponding forward problem is investigated. Afterwards, the unique-
ness of a solution to the inverse problem is proved. The conditions under which
uniqueness holds were examined by constructing counterexamples.

An iterative algorithm of Landweber-Fridman type was proposed for the re-
covery of the unknown load source and a stopping criterion was also given. The
one-dimensional numerical experiments carried out herein were implemented us-
ing the FEM and validated the stability of the proposed iterative procedure. In
these experiments, it was showed that the procedure proposed herein is applica-
ble to the reconstruction of symmetric and non-symmetric continuous piecewise
smooth load sources and symmetric load fields with discontinuities. The main dis-
advantage was that the process is time consuming for the symmetric load fields
with discontinuities and the exponential load field.

A direction for future research concerns the comparison of the results with faster
iterative methods such as the conjugate gradient method.
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Figure 1. The exact sources F!, F2 and F° and its corresponding numerical solu-
tion, retrieved using various levels of noise in the additional measurement (a,b,c).
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Figure 2. The exact sources F*, 7> and F° and its corresponding numerical solu-
tion, retrieved without noise on the measurement (a,b,c).
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Figure 3. The exact sources F*, F> and F° and its corresponding numerical solu-
tion, retrieved using various levels of noise in the additional measurement (a,b,c).



