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SEMI-COERCIVE BEAM PROBLEM*
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Abstract. The mathematical model of a beam on a unilateral elastic subsoil of Winkler’s
type and with free ends is considered. Such a problem is non-linear and semi-coercive. The
additional assumptions on the beam load ensuring the problem solvability are formulated
and the existence, the uniqueness of the solution and the continuous dependence on the
data are proved. The cases for which the solutions need not be stable with respect to the
small changes of the load are described. The problem is approximated by the finite element
method and the relation between the original problem and the family of approximated
problems is analyzed. The error estimates are derived in dependence on the smoothness of
the solution, the load and the discretization parameter of the partition.
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1. INTRODUCTION

Linear models of beams and plates on elastic subsoil of Winkler’s type are used
in civil engineering and other mechanical applications. Some of them are described
in [3]. However, the models are not always suitable. For example, when the beam or
plate is only laid on the subsoil, then the subsoil is active only if the beam or plate
deflects against it. In such cases, non-linear models of the subsoil are more precise.
The non-linear ones have been studied in [7], [6] and [12]. Some related problems
were treated in [5].

In this article we shall study a one-dimensional model of a beam on a unilateral
elastic subsoil (see Fig. 1). A two-dimensional model of a thin plate has been studied

* This work was supported by the Academy of Sciences of the Czech Republic, Institutional
Research Plan No. AVOZ 30860518.
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in [7] and a one-dimensional rotary-symmetric model of a thin intercircular plate has
been considered in [12]. We will assume that the beam has free ends. Thus, the
problem of finding the beam deflection will be only semi-coercive. Therefore, the
solvability of the problem and the stability of the problem solution with respect to
small changes of data are dependent on the load, in particular on the load resultant
and “the balance point of the load”.

In Section 2, some preliminaries about function spaces, solvability of a minimiza-
tion problem and a numerical quadrature are summarized. In Section 3, we set the
problem and analyze the existence, the uniqueness and the continuous dependence on
data of the problem solution. In Section 4, we approximate the problem by the finite
element method, where the subsoil is replaced by insulated “springs”, and analyze
the relation between the original problem and the family of approximated problems.

2. SOME PRELIMINARIES

2.1. Function spaces

In the paper we will use the Lebesgue spaces LP(Q2), p = 1,2, +00, Sobolev spaces
Wkr(Q), p = 1,2, k = 0,1,2,3,4, and the spaces of continuously differentiable
functions C*(Q), where Q is an open, bounded and non-empty interval in R'. The
spaces are described in the book [1]. Their standard norms are denoted by || - ||,.0,
[ - llk.p2 and || - |cr), respectively. The ith seminorm, i = 0,1,...,k, of the
spaces WHP(Q) are denoted by | - |; , 0. The spaces W*2(Q2), which are also Hilbert
spaces, are denoted by H*(£2). The space of polynomials of the kth degree is denoted
by Pk.

Now, we summarize some useful properties of the Sobolev spaces W*P (). Their

proofs can be found for more general cases in the book [1].

Theorem 2.1 (The Sobolev Imbedding Theorem). Let Q be a bounded non-
empty interval in R'. Then the Sobolev space W*+L.P(Q), p = 1,2, k = 0,1,. ..,
can be continuously imbedded into the space C*(Q), i.e. there exists a positive con-
stant ¢y, such that

(2.1) lollcr@) < copllvlliiipe Voe WHEE(Q).

In addition, the space H**1(2), k = 0,1, ..., can be continuously imbedded into the
space C*1/2(Q), i.e.

22) @) =P W) < Plrprzolr -yl Yoy e, Vo e HMH(Q),
where v\¥) is the kth generalized derivative of the function v.
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Notice that the values v(¥ (z),i=0,1,...k, are correctly defined for any = € Q and
v € WFHLP(Q) in the sense of equivalence classes in the space W +1P(Q). Except
for the parameters p, k, the constant ¢, 5, in the estimate (2.1) depends only on the
length of the interval (.

Theorem 2.2 (The Rellich Theorem). Let {v,},"> be any sequence of functions
belonging to the space H**1(Q) such that there exists a function v € H*+1((Q),
v — v in H*1(Q). Then v, — v in H*(Q).

Lemma 2.1. Let {v,}> be a bounded sequence of functions belonging to the
space H*T1(Q). Let

[Unlk+1,2,0 = 0, 1 — 400,
where |- |41 .2 is the (k+1)st seminorm in H**1()). Then there exist a subsequence
{vn,}; C {vn}12 and a polynomial p € P, such that

Vp, —p in HHQ), j — +oo.

J

Proof. Since the sequence {v,} > is bounded in H**(Q), there exist its
subsequence {vy, }; and a function v € H**1(Q) such that v,, — v in H*"!(Q). By
Theorem 2.2, v,, — v in H*(2). Then

va — Un; ||k+1,279 < |v’ﬂi — Un; |k+17219 + va — Un; ||k,279
< U, [k41,2,0 + [Vng [kt1,2,0 + [0, — U, k2,0
—0, 1,5 — +oo.
Hence, v,,; — v also in H*1(Q) and |v|g+1,2.0 = 0. Therefore v = p € Py. O
Lemma 2.2 (Equivalent norms). Let || - ||x,2,0 be the standard norm in the

Sobolev space H*(2). Let 2, C Q be a non-empty open interval and define
k2.0 = (WR 20 + 1062007 ve HYQ).

Then the formula || 2.0 is a norm in the space H*(Q) which is equivalent to the
standard norm, i.e. there exists a positive constant ¢ such that

k,2,Q Vv e Hk(Q)

(2.3) cllvllkz.o < [lk2.0 < vl

The proof of Lemma 2.2 can be found for more general case in the book [9].
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Lemma 2.3. Let Q be a bounded, non-empty interval in R* and let Q;, C Q) be
any interval whose length is h. Let k > 0 be an integer. Then there exists a positive
constant ¢ = c(k, ) such that

(2.4) Vlk2.0, < ch?vlkr120 Yo HH(Q).

Proof. By the well-known Mean Value Theorem and Theorem 2.1, there exists
& € Qp, such that

1/2
wmm—<Ame%Q — 2 )

< h1/2|

Uen < b2l zn, Yo e HE @)
Since the constant ¢ does not depend on the choice of €2, Lemma 2.3 is proven. [

Lemma 2.4. Let Q be a non-empty interval in R and u,v € H¥(Q2). Then
uv € WH(Q) and there exists a positive constant ¢ = c¢(k) such that

(2.5) |luv] g2allvleea Yu,ve Hk(Q)

k10 < cful

The proof is based on an application of the well-known Cauchy-Schwarz inequality.

Lemma 2.5. Let Q be a bounded and non-empty interval in R' and v € H?(Q).
Then the negative part

v” (z) == min{0,v(z)}, z€Q,

of the function v belongs to the space H'(Q) and |[v™||1.2.0 < ||v]|1.2.0-
In addition, the following inequality holds:

(2.6) lu™(z) — v~ (2)| < |u(z) —v(x)] Yu,veCH), VoeQ.

Proof. Letv € H?(). By Theorem 2.1 we can also assume that v € C1(0Q).
Therefore the set
M :={ze€Q: v(z) <0}

can be expressed as a countable union of open intervals belonging to Q2. Thus the
first generalized derivative of v~ can be defined in the following way:

{v’(x), x e M,

@E=1, zeQ\ M.

Since |(v™)'| < |v'| almost everywhere in Q, we have [[v7|l1,2,0 < [[v]1.2.0-
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The inequality (2.6) follows from the inequality
Is| =t <[s—t] Vs,teR,

since s~ = 4 (s — |s|) for any s € R. O

2.2. Minimization of convex functionals
The main goal of the subsection is to formulate a solvability criterion of the min-
imization problem

findueV: Ju) < Jw) YveV,

where V is a reflexive Banach space and J: V — R is a functional defined on V. We
summarize some basic results, which can be found for example in the book [4].

Theorem 2.3. Let J be a convex and Gateaux differentiable! functional on V.
Then a function u minimizes J in V if and only if

J'(u;v) =0 YveV,

where the symbol J'(u;v) denotes the Gateaux differential at the point u and in the

direction v.

Theorem 2.4 (The fundamental theorem). Let J be a convex, coercive and
Gateaux differentiable functional on the reflexive Banach space V. Then there exists
at least one element u minimizing J in the space V.

Lemma 2.6 (Criterion of convexity). Let J be a Gateaux differentiable func-
tional on the space V. If the inequality

J(uu—v)—=J(wv;u—v) =20 YuveV

holds, then the functional J is convex on V.

2.3. Numerical quadrature

Numerical quadrature will be used to approximate the problem, see Section 4.2.
In this subsection, we summarize some basic properties.

First, we define a numerical quadrature on the reference interval [—1,1]. Let
¢ be any function belonging to W11((—1,1)) and let ¢;, i = 1,2,...,m, be points

! The definition of a Gateaux differentiable functional can be found in [8] or [10].
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belonging to the interval [—1, 1]. An m-points numerical quadrature of the function ¢
with positive weights w; has the form

1 m
(2.7) [ s@ae~ Y asn
-1 i=1

Note that the values ¢(9;), ¢ = 1,...,m, are correctly defined by Theorem 2.1.
We say that the reference numerical quadrature (2.7) is exact for polynomials of
the kth degree if

1 m
| e =Y aia) vie
- =1

We will assume that the numerical quadrature is exact at least for polynomials of
the zeroth degree.

Secondly, we define a numerical quadrature on any interval [s,¢] with the length
h:=t— s> 0. Let ¢ be any function belonging to W' !((s,t)) and ® the transfor-
mation of the interval [s, ¢] onto the interval [—1, 1] such that

(2.8) O(x) ::fz%(x—s)—l, x € [s,1].
Since . Lo
[e@ar=5 [ pede 6@ = e@)

the numerical quadrature of ¢ corresponding to the numerical quadrature (2.7) has
the form

(2.9) / p@)da xS wigys),
s i=1

where y; ;== ®1(9;) = 2h(; + 1) + 5 and w; := Lha;.
Clearly, if the numerical quadrature (2.7) is exact for polynomials of the kth degree
then the numerical quadrature (2.9) is also exact for polynomials of the kth degree.

Theorem 2.5. Let (s,t) be any interval with the length h :=t —s > 0. If
the numerical quadrature (2.9) is exact for polynomials of the kth degree then there
exists a constant ¢ > 0, independent of h, such that

/ (@) de — 3 wio(yi)

=1

(2.10)

<ol Ve € WHL((s,1)).

The proof can be found in the book [2].
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3. SETTING AND ANALYZING THE PROBLEM

The main goal of the section is to analyze solvability of the problem and its
continuous dependence on the data. First, we set the problem and its variational
formulation. Then, we derive necessary and sufficient conditions for the existence and
uniqueness of the problem solution, and finally we prove the continuous dependence
of the problem solutions on the data and consequently describe some situations for
which the solutions need not be stable with respect to a small change of the load.

Since we will mainly use the interval 2 := (0,1) in the remaining parts of the paper,
we will denote the norms and seminorms of the Sobolev spaces H*(2), k = 0,1,2,3, 4,
without the symbol €2 for this particular choice of the interval.

3.1. Setting of the problem

We consider a beam of the length [ with free ends which is situated in the interval
2 = (0,1), and assume that the beam is supported by a unilateral elastic subsoil in
the interval Qg := (z;,2,), 0 < 2; < z, < I. Such subsoil is active only if the beam
deflects against it. Let E, I, ¢ and f denote functions that represent, respectively,
Young’s modulus of the beam material, the inertia moment of the cross-section of
the beam, the stiffness coefficient of the subsoil and the beam load density. The aim
is to find the deflection w of the axes of the beam caused by the beam load. The
situation is depicted in Fig. 1.

LY

(T

) Ty !

====%]

Figure 1. Scheme of the subsoiled beam with axes orientation.

A

If we assume that the functions E, I, ¢ and f are sufficiently smooth, then we can
give (see [10] and [3]) the classical formulation of the problem:

{ (E(x)I(z)w" ()" + q(z)w™ (x) = f(z), z€Q,

3.1
(3-1) w”(0) = w"” (0) = w” (1) = w" (1) =

where ¢ =0 in Q\ Q; and
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is the negative part of w. Thus, the formulation has the form of a non-linear differen-
tial equation of the fourth order with homogeneous Neumann boundary conditions.

In fact, the functions F, I, ¢ and f need not be sufficiently smooth to use the
classical formulation. Therefore, we will work with the variational formulation of
the problem.

3.2. Variational formulation of the problem
We will assume that the functions E, I, ¢ belong to the Lebesgue space L ().
Then we can define forms

a(vy,ve) :z/EIv'l’v'Q'da:, and  b(vy,v2) ::/ quivadr, vi,ve € H(R),
Q QS

to represent the work of the inner forces and the subsoil, respectively. The forms a,
b are bilinear and bounded on the space H?(Q2) by Lemma 2.4.

From the mechanical point of view, we will also assume that there exist positive
constants Fg, Ip and ¢g such that

E(z) > Eo, I(z) 2 Iy, ae. in Q, and g¢(z)>qo a.e. in Q.
Therefore, the following inequalities hold:

(3.2) a(v,v) = Eglg|v[3, 20 Vve H*(Q),
(3.3) b(v™,v) =b(v",v7) 2 qolv[§ 00, 20 Vv e L*Q),
b(vy — vy, v —wve) =b(v] —vy,v] —vy) =0 Yo,vs € L*(Q).

The load density can be expressed in the form

f=fi+fo,

where f1 € L1(2) and f, represents the generalized forces, i.e.

fa= > P, + > M3,

yeXp yEX M

where Xp, X, are finite sets of points belonging to Q, Py, M, € R, 9y, 5; denote
the Dirac distribution and its first generalized derivative at a point y, and P,d,,
Myél’/ represent respectively the point load and the moment at a point y.

The space of all continuous and linear functionals defined on H?(£2) will be denoted
by V* and its corresponding norm by || - ||«. The beam load will be represented by
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a functional L € V* in the form

L) = (fo) = [ frodet 3 Pt + Y M)

yeXp yeEX M

where (-, -) denotes the duality pairing on V* x H?().
The total potential energy functional for the problem has the form

1
(3.5) J(v) == 5(@(1},1}) +b(v",v7)) — L(v), veH*Q).
The variational formulation of the problem can be written as the minimization
problem
(P) find w e H*(Q): J(w) < J(v) Yve H* Q).

To analyze the problem (P), we derive some properties of the functional J.
Lemma 3.1. The functional J is Gateaux differentiable and convex on the
space H%(Q). Its Gateaux derivative at any point w € H?(Q)) and direction v €

H?(Q) has the form

(3.6) J (w;v) = a(w,v) + blw™,v) — L(v).

Proof. Let s, t be any real numbers. Then it can be easily shown that

[(s+et)" ] —[s7]

lim =257 t.
e—0 g
Hence
b -, —b(w—,
iy (w4+ev)~,w 1— ev) — b(w™,w) _ 9w .0).
E—

This easily implies the relation (3.6). Since J'(w;-) is a continuous linear functional
on H?() for any w € H?(f2), the functional J is Gateaux differentiable on H?((2).
Since the relation (3.6) and the inequalities (2.3)—(2.4) imply

J (v1;v1 — v2) — J'(v2;v1 — v2) = a(vy — v2,v1 — v2) + b(v] — vy, V1 — V2)

> Eololvr — va2[3 5 + qolvy — 03§00, =0

for all v, vy € H2(Q), the functional J is convex on H?({2) by Lemma 2.6. O
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By Theorem 2.3 and the relation (3.6), a function w € H?({2) solves the prob-
lem (P) if and only if it solves the nonlinear variational equation

(3.7) a(w,v) +b(w™,v) = L(v) Yve H*(Q).

If the functions w, F, I, ¢ and f are sufficiently smooth, then it is possible (see [11])
to derive the classical formulation (3.1) of the problem from the variational equa-
tion (3.7).

3.3. Solvability of the problem
Since the beam does not have fixed ends (it is only laid on the subsoil), the problem
solvability depends on the beam load. This fact will be demonstrated in the following

lemmas and theorem.

Lemma 3.2 (Necessary condition for existence of the solution). Let the prob-
lem (P) have a solution. Then the condition

(3.8) Lip) <0 VpeP, p=0in Qs

is fulfilled.

Proof. Letw € H?(Q) be a solution of the problem (P) andv=p e P, p=>0
in Q. Then, from the variational equation (3.7), we obtain

L(p) = b(w,p) <0.

O

Thus additional assumptions for the beam load must be considered. Therefore,
the problem (P) is only semi-coercive (the functional J is not coercive in H%(Q) in
general).

Lemma 3.3 (Necessary condition for uniqueness of the solution). Let the prob-
lem (P) have a unique solution. Then the condition

(3.9) Lip)<0 VpeP, p>0in Qs

is fulfilled. In addition, if (3.9) is not fulfilled then the problem (P) has a solution if
and only if the beam load satisfies

(3.10) L(p)=0 VpeP,.
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Such a solution w € H?(Q)) is almost everywhere non-negative in {25 and also solves
the Neumann problem

(3.11) a(w,v) = L(v) Yv e H*(Q).

Proof. Suppose that the condition (3.9) is not fulfilled and there exists a
solution w of the problem (P). Then, by Lemma 3.2, there exists a polynomial
p € P, p > 0in 4, such that L(p) = 0. If we substitute p in the variational
equation (3.7), we obtain b(w~,p) = 0. Hence

w>=0 a.e. in Q.

Therefore, if the solution w exists, it also solves the Neumann problem (3.11). The
Neumann problem (3.11) has a solution if and only if the condition (3.10) is fulfilled.
Therefore, the solution w exists if and only if

Lp)=0 Vpe P

is fulfilled. In such a case, the function w+p, p € P;, p > 0 in Q,, also solves (3.11)
and consequently (P). Therefore only the condition (3.9) can ensure the uniqueness
of the solution of (P). O

Theorem 3.1 (Necessary and sufficient condition for existence and uniqueness of
a solution). The problem (P) has a unique solution if and only if the condition (3.9)
is fulfilled.

Proof. We know that the condition (3.9) is necessary for the existence and
uniqueness of the solution. Its sufficiency remains to be shown.

Ezistence. The existence of a solution of (P) can be proven by Theorem 2.4. To
use this theorem, we must show that the functional J is coercive in H%(Q) if the
beam load satisfies (3.9). Suppose that the functional .J is not coercive in H?(2).
Then there exist a sequence {v,};7>5 C H?(Q), ||vn|l2,2 — +00, and a constant ¢ > 0
such that

J(vp) <c Vn>=1

or

(3.12) 0 < 2a(vn,vn) + 3b(v, ,v,) < L(vy) +¢ Vo> 1.

First, let us divide (3.12) by |[vp[|3 5. Then
(3.13)  Eololwnl3 o + qolwy, [§ 2,0, < alwn, wn) +b(wy ,wy) = 0, n— +oo
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where the sequence {w,}1>5, w, = v,/||vn|l2.2, is bounded in H?(Q2). By Lem-
ma 2.1, there exist a subsequence {wy, }/°; C {w,}>] and p € P such that

Wy, —p in H*Q) for k— +oo.

Moreover, the equality |[p~|o,2,0, = 0 yields p > 0 in €.
Secondly, let us divide (3.12) by ||vn||2,2. Then

0 < L(wn,) +¢/[[vnyll2,2 = L(p)-

Thus the condition (3.9) implies that p = 0. However, this is a contradiction with

1 = ||wn,|l2,2 — ||pll2,2 = 0. Therefore, the functional .J is coercive in H?().
Uniqueness. Let w1, wy € H?(Q) solve the problem (P), i.e.

(3.14) a(wy,v) +b(wy ,v) = L(v) Yve H*(Q),

(3.15) a(wg,v) +b(wy ,v) = L(v) Yve H*(Q).

The choice v = w; — wy and subtraction of the equations (3.14) and (3.15) yield
a(wy —wa, w1 —wz) + b(w; —wy ,w; —wg) = 0.

Hence and by the inequalities (3.2)—(3.4),

(3.16) wy —we=p, pe P, and w; — (w1 —p)” =0 ae. in Q.

If there exists a set M C Q5 with a positive one-dimensional Lebesgue measure such
that wq < 0 in M, then (3.16) implies p = 0 in Q. On the other hand, the case
wy = 0 a.e. in 2 contradicts the condition (3.9)—it is enough to choose v = 1 in
the variational equation (3.14). Therefore w; = wo a.e. in Q. O

Theorem 3.1 can be generalized to the problem with more parts of the subsoils
and also to the 2D case of thin elastic plates (see [7]).

Now, we rewrite the condition 3.9 equivalently for easier verification of the admis-
sible loads.

Definition 1. Let L be a beam load which satisfies the condition (3.9). Then
we can define the load resultant

/f1 ydz+ > P,
yeXp

and the balance point

fQ f1 xdx+zy€Xp yy+zy€XM My
Jo fi(@)da + > yexp Py

T := L(x)/L(1) =

of the load.
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Lemma 3.4. The condition (3.9) is fulfilled if and only if

(3.17) F<0 and x<T <.

Proof. Let pi(x) := 1, pa(z) := x — x; and ps3(z) := 2, — . Then the
inequalities L(p;) < 0, ¢ = 1,2,3, imply the condition (3.17). Conversely, let p € P;,
p > 01in Q. Then there exist constants ¢z, c3 > 0, at least one of which is positive,
such that p = cops + c3p3. Hence,

L(p) = L(1)[ca(T — 21) + c3(zr — T)] < 0.

O

The condition (3.17) means that the load resultant is situated in 25 and oriented
against the subsoil. First degree polynomials p, p > 0 in {2, represent the rigid beam
motions for which the subsoil is not active.

Lemma 3.5 (Solution characterization). Let the condition (3.9) or (3.17) be
fulfilled and let w € H%(Q) be a solution of the problem (P). Then the set

M :={z € Qs: w(z) <0}

has a positive one-dimensional Lebesgue measure. In addition, let (le ;M) C Qg
be the smallest interval (convex closure) containing almost all x € M. Then the
balance point T belongs to (xM, xM).

Proof. The first part of the assertion has been shown in the proof of The-
orem 3.1. Let (Pas) be an auxiliary beam problem with the unilateral subsoil in
the interval (zM,zM). Since the solution w is non-negative almost everywhere in
Qs \ (zM, xM), it also solves (Ps). Since w < 0in M N (zM, M), the problem (P )

has a unique solution by Lemma 3.3. Therefore, by Theorem 3.1, the condition (3.17)
for the problem (P /) holds. O

3.4. Stability of the problem

The aim of the subsection is to analyze the continuous dependence of the solution w
on the data E, I, ¢ and L, and consequently describe the stability of the problem
with respect to small changes in the data. We introduce the following notation for
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sets with addmissible data:

D:={(E,I,q) € L=(Q) x L>®(Q) x L>(Qy):
E(x)I(x) > Eolyp > 0 ae. in Q, g(x) > qgo > 0 a.e. in 5},
S:={LeV*: F(L)<0, z; <T(L) < z,},
Ss:={LeS: T(L) € (x;+9d,z, — )},
Ssem =1L €Ss: F(L) < =£ <0, [[L]« <n},

where §, £, ) are positive constants and F'(L), T(L) are the load resultant and the
balance point corresponding to a load L. If (E,I,q) € D and L € S then we know
that the problem (P) has a unique solution w = w(FE,I,q,L). The set of all such
solutions will be denoted by W, i.e.

W:={we H*(Q): 3(E,I,q) €D, ILeS: w=w(E,I,q,L) solves (P)}.

By analogy, we define sets Ws and Ws¢,,, where the set S is replaced by Ss and
Ss,¢,n, TESpPEctively.

Lemma 3.6. Let § be a positive parameter. Then there exists a constant ¢ > 0,
¢ = ¢(9), such that

(3.18) clwlBz < [l + [0 Bog, YueWs.

Proof. Suppose that the estimate (3.18) does not hold. Then there exists a
sequence {wy, } 72 C W; such that

_ 1
[wnl3e + lwn G20, < —llwall3e, n>1.

In the same manner as in the proof of Theorem 3.1, it can be shown that there exist
a subsequence {wy, }7°5 C {w,};> and a polynomial p € Py, p > 0, in 2, such
that

U, = in H2(Q), wvn, = wn, /||wn,]

2,2-

Since every solution w,, , kK > 1, is negative somewhere in ()5 by Lemma 3.5, the
polynomial p satisfies p(x;) = 0 or p(z,) = 0. Suppose for example p(x;) = 0 and
p > 01in Q5. Then the solutions wy,, can only be negative in the interval (z;, z;+¢€y, ),
where 0 < ¢,, — 0. However, by Lemma 3.5, T'(Ly,) € (x,2; + €5,,). This is in
contradiction with the definition of the set Ss. Therefore the estimate (3.18) holds.

Il
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Theorem 3.2 (Boundedness of the solution). Let & be a positive parameter.
Then there exists a constant ¢ > 0, ¢ = ¢(d, Eo, o, qo), such that

(319) Hw(Evlv%L)HQ,Q<CHL”* V(EvIv%L) GDXS&

where w = w(E, I, q, L) is the solution of the problem (P) with the data E, I, q, L.

Proof. By Lemma 3.6, the inequalities (3.2), (3.3) and the variational equa-
tion (3.7), we obtain

[wl32 < e(Bololwl3 + qolw[3 2.0,)
< c(a(w,w) +b(w™,w™))
= cL(w) < ¢||L||«||wll2,2 V(E,I,q,L) € D x Ss.

O

Lemma 3.7. Let 6§, £, n be positive parameters. Let {wn}iiﬁ be a sequence
of solutions belonging to the set Ws ¢ . Then there exist its subsequence {Wy: }n/,
a function w € H?(Q) and a set M C Q4 with a positive one-dimensional Lebesgue
measure such that w,, — w weakly in H*(Q) for n’ — +o0o and wy,/,w < 0 in M for
alln’.

Proof. Thesequence {w,},2], is bounded in H%(Q2) by Theorem 3.2 and by the
definition of the set W ¢ ,. Therefore there exists a subsequence {wy }ns C {wn}n
which has a weak limit w in the space H?(f2). By Theorems 2.2 and 2.1, w,, — w
in H'(Q) and consequently in C(Q). Then the choice v = 1 in the variational

equation (3.7) and the inequality (2.6) yield
0>—¢>Ly(1) =bw,,1) = blw,1).

Hence, we can find a set M C Qg with a positive Lebesgue one-dimensional measure,
such that w,,w < 0 in M for sufficiently large n'. O

Lemma 3.8. Let §, &, n be positive parameters. Then there exists a positive
constant ¢ = ¢(d,&,n) such that

(3.20) cllwr —wall5 o < lwr —wal3y + lwy —wy 500, Ywi,we € Wiy,

Proof. Suppose that the inequality (3.20) does not hold. Then there exist
sequences {w; ,}° C Wsen, @ = 1,2, such that

(3:21)  Jwin = wenlis Wi, —w [0 o0, < ~lwin —wanl3. Y0 > 1.

m
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By virtue of Lemma 3.7 we can assume that there exist w0, w2, € HQ(Q) and sets
My, My C §, with positive one-dimensional Lebesgue measures such that w;, —
wio in H3(Q) for n — +oo and wj,,wip < 0 in M; for all n, i = 1,2. Let
Vi = Win/||Win — wanl22, ¢ = 1,2. By Lemma 2.1 there exist subsequences
{Win'}n' C{Win}n, i =1,2,and a polynomial p € P; such that the inequality (3.21)
yields

(3.22) Wi —vo —p€ P in H*(Q) and vy (T) — vy, (2) — 0 aein Q.

First, suppose

|w1,n — w2.nr[2,2 — 0.

Then w;,90 = wa,o and it is possible to choose M;, M, such that M; = My =: M.
Hence, (3.22) yields

V) pr = Vg = Uiy — V2 — 0 ace. in M

for sufficiently large n’. Thus p = 0.
Secondly, suppose

dep > 0: ||’U}17n/ — wg,n1||272 > c Vn'.

Then the sequences {v; , },,» are bounded in H?({2) and there exist their subsequences
{i n pnr with weak limits v; in H2(€2), i = 1,2. Hence, the convergences (3.22) yield

vy =vy =(v1 —p)” ae. in Q.
Since the sequence {w; ,}, is bounded in H?(Q) and w9 < 0 in My, also v1 < 0
in M;. Thus p = 0.
However, the case p = 0 contradicts

1= [lv1,n —va,ml2,2 = [Ipll2,2 = 0.

Therefore, the estimate (3.20) holds. O
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Theorem 3.3. Let §, £, n be positive parameters. Then there exists a positive
constant ¢ = ¢(0,&,n, Eo, Iy, qo) such that

(3.23) lwi —wall2,2 < c(|L1 — Lall« + lg1 — @2llc0,0. + | E11 — B2z ||00,0)

for all (E;,I;,q;,L;) € D x Ss¢,, where w; = w;(E;, I;, qi, L;) solve the problem (P)
with the parameters E;, I;, q;, L;, i =1, 2.

Proof. Let a;, b; denote the forms a, b with respect to the parameters E;, I;,
¢i and let w; = w;(E;, I;, ¢i, Li) € Ws.e.n, @ = 1,2, solve the problem (P), i.e.

a1 (w1, v) + b1 (w,v) = Li(v) Yve H(Q),
ag(wa,v) + ba(wy ,v) = La(v) Vv € H*(RQ).

The choice v = w; — wo and subtraction of the two equations yield

a1 (wy — wa, w1 — wa) + by (w] —wy , w1 — wa)
(a2 — a1) (w2, w1 —wa) + (b2 — b1)(wy , w1 — w2) + (L1 — L) (w1 — w2)

< Jlwr — wall22([|E1]y — Ealalloc alw2]l2,2

2.2+ || L1 — Lal|«)
Ly — Lall+),

+ llar — g2llo . w2

< arfjlwr —we||22(|E1]i — Eolallco,0 + |1 — @2lco.0, + |

where the constant ¢; > 0 depends on §, 5, Ey, Iy, gqo by Theorem 3.2 and the
definition of the set Ws¢ . Since Lemma 3.8 and the inequalities (3.2)—(3.4) yield

wi — w23 < ca(Eolo|lwy — wal3 5 + qolwy — w3 [§2.0.)

<
< elar (w1 — wo, w1 — wa) + by (wy] —wy , w1 — wa))

with c2 = ¢2(9,€,n, Eo, 1o, qo) > 0, the estimate (3.23) holds. O

By Theorem 3.3, the stability of the problem solution depends on the constant ¢
in the estimate (3.23), i.e. on the parameters d, &, . Since

851,517?71 - 8527527?72 C 87 V(Si,fnmw 1= 172; 51 = 52; El P €2a T < 72,

we conclude that ¢(d1,&1,1m1) < ¢(02, &2, m2)-

Now, we describe two unstable cases of the load in the problem (P). In the first,
suppose that the balance point T is close to the ends of the subsoil. Then a small
change of the load can cause a displacement of the balance point beyond the inter-
val 25 and a subsequent overturn of the beam from the subsoil.
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The second unstable case can occur if the load resultant F' has too small size in
comparison with the V*-norm of the load. In such a case, a small change of the
load can cause a large change of the balance point 7. For example, let Q = (0,1),
Qs =1(0.1,0.9), EI = const; > 0, ¢ = consty > 0 and

0.1 0.6 1

Li(v) == / 100v(z) dx + / —101v(z) dx + / 100v(z) dz,
0 0.4 0.9
0.6 1

—101v(z) dz + / 101v(z) dx.
0.9

Ly(v) := /00'1 100v(x)dx+/0

4

Then F; = —0.2, 71 = 0.5, F; = —0.1 and T5 = 0.05. Though the difference between
the loads L7 and Lo is relative small, the problem (P) has no solution for the load Lo,
since Ty & €.

Corollary 3.1. Let {(En, In,qn, Ln)} > CD xS and let (E,I,Q,L) €D xS
be an admissible data such that

E,—E I,—1 g,—q in L*(Q), L,— L in V*.

Let w,, w be solutions of the problem (P) with the data (E,,I,,qn,L,) and
(E,1,Q,L). Then

wy, — w  in H*().

4. APPROXIMATION OF THE PROBLEM

The aim of the section is to set a suitable family of problem approximations and
analyze their solvability and relation to the original problem (P). First, we define
families of subspaces and bilinear forms, which approximate the space H?(2) and
the bilinear form b, respectively. Then, we set a finite element approximation of
the problem (P) and summarize its properties. Finally, we analyze the relation
between the original problem and its approximations, subject to the smoothness of
the problem solution.

4.1. Finite element approximations of the space H?(2)

Let us define a partition 7y,

O=xp<z1<22<...<2TYp =1,
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of the interval Q = [0,1], with the nodal points z;, j = 0,1,...,n, and with the
discretization parameter h > 0,

h:= max H;, Hj:=z;—zj 1.
j=1,...,n

The partition 75, can also be characterized by the parameter

Pmin := min Hj.

j=1,....n

The system of all partitions {7;,}5>0 of the interval Q will be denoted by 7. The
system of all “strong” regular partitions of the interval ) with respect to a parameter
6 > 0 will be defined by

To:={mn €T: h<Ohpin}.
The interval (z;—1,2;) € Th, j =1,2,...,n, will be denoted by ;.

With respect to a partition 7, € 7 with n + 1 nodal points, we will define the
function space

Vi, C HQ(Q), V= {wp € Cl(ﬁ): 'Uh|QJ. €P;, Qiem, j=1,2,...,n},

i.e. the space of continuously differentiable and piecewise cubic functions.

Let v be any function belonging to H?(Q2). Let 7, € 7 be a partition of the
interval 2 and V}, the corresponding function space. By Theorem 2.1 we can define
the interpolation

(4.1) e H2(Q) = Vi, (rn(0) 9 (x;) = v (z5), i =0,1,
at the nodal points z;, j = 0,1,...,n, of the partition 7.

Theorem 4.1. Let T be the system of all partitions of the interval Q. Then
there exist constants c1,ca > 0 such that the following estimates hold:

(4.2) lv = rn(v)|2,2 < clh2|v|472 Yve HYQ), Vr, €T,
(4.3) lv —=rn(W)|l2,2 < c2hlv]se Vv e H3(Q), V1, €T,
(4.4) lv —rp()|22 — 0 Yo e H*(Q), h—0

where 1, is the interpolation defined by (4.1) of the space H?(2) onto V}, which
corresponds to a partition Tp,.
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Theorem 4.1 is proven for a more general case in the book [2]. The theorem says
the system {V},},, approximates the space H*(Q).

4.2. Approximation of the bilinear form b

The evaluation of the term b(w,; ,vn), wn,vn € Vi, cannot be computed directly
due to the non-linear term w, . Therefore, an approximation of the form b must be
used.

We will apply the reference numerical quadrature (2.7) to approximate the form b.
For the sake of simplicity, we will assume that the function ¢, which represents the
stiffness coefficient of the subsoil, is piecewise constant in the interval Q5. Therefore,
we introduce the notation 7’ and 7, § > 0, for all partitions and strong regular
partitions, respectively, of the interval Q that include the points x;, x, and the
points where the function ¢ is not continuous.

Let 7, € 7’ be a partition with nodal points

O=zp<m<...<y=z;,1<..<zp =75, <...<zp =1

Let ®;, j = ji,ji+1,...,jr, be the transformation of the interval Q; = [x;_1,z;] onto
the interval [—1, 1] defined by (2.8), with s = z;_1 and t = ;. Let y;,; := @;1(yAi)
and wj; = H;w;/2, Hj = z; —x;j—1, i = 1,2,...,m, be the points and weights

corresponding to §; and @; of the reference numerical quadrature (2.7). The situation
is depicted in Fig. 2 for a 1-point numerical quadrature.

To T N T , , , . J",T . . . Ty

0 ' ij.z,,ll Co y]1 ' Z

Figure 2. Scheme of the partition.

Then the bilinear form b can be approximated by the bilinear form

(4.5) b (v, v2) == Z <Qj ij,ivl(yj,i)w(yj,i)>a

J=i i=1

defined on H?(Q) and associated with the partition 75, and the reference numerical
quadrature. If the reference numerical quadrature is exact for polynomials of the
kth degree, we introduce the notation b, € B’ﬁh, k=0,1,2,....

In fact, we approximate the subsoil by insulated springs at the quadrature
points ¥4, j = ji, i+ 1,...,4r, @ = 1,2,...,m. The set of these points will be
denoted by Qp.
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Lemma 4.1 (Uniform boundedness of approximated bilinear forms by). Let
T € T and by, € th. Then there exists a positive constant ¢ depending only on the
subsoil length x, — x; such that

|bn (u, v)| < Yu,v e HY(Q),

where q € L>°(€);) is the function representing the stiffness coefficient of the subsoil.

Proof. By Theorem 2.1 we obtain

Jr m
1B (1w, 0)] < Nlalloo,2. D Y wialu(ia)lloys)l

J=g i=l
Jr m
(XX ) e
J=ji 1=l
— ¢ (/ 1dx> gl
Qs
Yu,v € H(Q),
with ¢ = ¢1(x, — 7). O

Theorem 4.2. Let 7, € 7’ be any partition and b;, € Bih an approximated
bilinear form. Let 0 < N < +oo and

Vy = {U€H2(Q)3 Ip <N, Fz1,20,...,22p € Qy:

P
{r € Q: = UZQz 17221}

Then there exist positive constants ¢; and ca = co(N), independent of the parti-
tion 7,, such that

(4.6)  |b(v,u) —bp(vT,u)| < Yu,v € H(Q),
4.7 [b(v™,u) — b (v, u)| < cah?||v|a2llullze Yu € H*(Q), Yv € Vy.

Proof. We prove only the estimate (4.7). The proof of the estimate (4.6) is
easier and does not contain anything new in comparison with (4.7). Let 7, € 7' be
a partition with nodal points

O=xo<m<...<m=zxj1<...<zp =7 <...<Tp.
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Let u € H?(Q2), v € Vy and
Lo={j€{ni+1,...4}: v € H(Q)\ H* ()}, Q= (zj-1,3)).
Clearly, card(Z,) < 2N and v~ = v in Q;, j ¢ Z,. Hence, by Theorem 2.5, the

Cauchy-Schwarz inequality and Lemmas 2.4, 2.5 and 2.3 we obtain

Jr

b(v ™, u) = bu(v™ u)| < Y g5 / vTudr =Y wj v (yi)u(y)

J=a J i=1
- 2
<a g Hjlv"uli1,0, + c2 g HZ[vula,1,0;
JETL, J€Ly

<e Y Hi(lvlozo;|uli2e, +[vh2eulos0,)

JEL,
tor Y Bz, llulze,
JELy
< (N )R (|[v]|2.2]|ull2,2 + 2R ||v]|2,2]|ull2,2
< e(N)R?|[vll2.2]lull2.2,
where H; = xj — 1,5 = ji,-- -, Jr- =

Remark 4.1. The set Vy is sufficiently wide to contain mechanically reasonable
functions from H?({) which can represent the beam deflection. Since the number N
does not depend on the partition 7, € 7’, the order of convergence by, to b is two.

The following lemmas will be useful for convergence analysis of approximated
solutions to the solution of the problem (P), see subsection 4.4.

Lemma 4.2. Let {7, };°; C 7’ be a sequence of partitions and let {uy, }1, {vi }x
be sequences, defined and bounded in H'(2), such that

bhk (uk; vk) - 07 k— +OO,
where the bilinear form by, belongs to thk. If hy, — 0 then also

b(ug,vg) — 0, k — +oo.

Proof. By the inequality (4.6) in Theorem 4.2 we obtain

< |bny, (ks Vi) — b(uk, vi)| + |bn, (wr, vi)|
< crhplluklln2lvell1,2 + [bny (uk, vk)]
<

cohy + |bhk (uk, ’Uk)| — 0.
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Lemma 4.3. Let {7, };>] C 7' be a sequence of partitions and {bs, };° the
corresponding sequence of the approximated forms by, € thk. Let {vk}z:i be a
sequence of functions belonging to H'(Q) such that v, — p in H'(Q), where p € P;.
Let 0 < h < i(z, — ;) be a parameter such that hy — h. If by, (v}, ,v; ) — 0 for
k — 400 then

b, (p~,p~)—0, k— 400 and p>=0 in [x;+ h,x, — h].

Proof. By the inequality (2.6) and Lemma 4.1, the convergence by, (v) , v, ) —
0 implies by, (p~,p~) — 0, since

bhk(piapi) = bhk(pi - Uk_,’l}k_) +bhk(p7 _'Uk_vpi) +bhk(vk_avk_)

<clloe = plliz + b, (v, v ) — 0.

Suppose that the inequality p > 0 in [z; + h, 2, — h] does not hold. Then there exists
€ > 0suchthat p < 0in [z, 21+ h+¢€]orp < 0in [z, —h—¢, z,;]. We will assume the
former case. The proof of the latter is similar. Then there exist a positive constant ¢
and an index ko such that p? > cin [, 2, +h+¢] and hy, — h < &/2 for any k > ko,
since hy — h. Let

k k k k k
O=ap <y <...<T =1 <. < T =2 gy < ... < Ty =1
be the nodal points of the partition 75, and let yfz € Qny, = Ji(k),...,J.-(k),
i =1,...,m, be the corresponding points of the numerical quadrature. Let j(k) €

{ji(k),...,j-(k)} be a maximal index such that a:;?(k) < a;+ h+e. Then

a:?(k) >axj+h+e—hpy>x+e/2

and
Jr(k) m
b (P07 )= Y (QfZWf,i(p(yf,i)V)
=g (k) i=1
j(k)  m
>q Y, > Wik
j=di(k) i=1
xf(k) £
>qoc/ 1dx > goc= > 0.
x] 2
This contradicts by, (p~,p~) — 0. O

369



4.3. Setting of approximated problems

For the sake of simplicity, we will not consider numerical quadrature of the forms a
and L. Let 7, € T’ be a partition of the interval 2 with the discretization parameter
h > 0 and let V4, by be the corresponding approximations of the space H?($2) and
the bilinear form b, respectively. The approximated problem corresponding to the
partition 75, has the form

(Bn) Jn(vp) := 3a(vn,vn) + 2bi(v;, vy, ) — L(vp).

{ﬁnd wy, € Vi, : Jh(wh) < Jh(vh) Yop €V,

Since V}, is a closed subspace of H?(£), the approximated problem (Pj) has prop-
erties similar to the original problem (P), except small differences caused by the
numerical quadrature. Therefore, the properties of (Pp,) will be summarized more
briefly.

Lemma 4.4. The functional J;, is convex and has the Gateaux derivative on the
space Vy,. In addition, a function wy, € Vj, solves the problem (Py) if and only if it

solves the nonlinear variational equation

(4.8) a(wp,vp) + by (w, ,vn) = L(vy) Yop € V.

Lemma 4.5 (Necessary condition for existence of a solution). Let the prob-
lem (Pj,) have a solution. Then the condition

(4.9) Lip) <0 Vpe P, p=0 in (yj.1,Yj.,m)

is fulfilled, where y;, 1 € Q}, is the first point of the numerical quadrature (2.9) in the
interval (z;,—1, ;) and y;,. m € Qy, is the last point of the numerical quadrature (2.9)
in the interval (z;,—1,x;,) (see Fig. 2).

In general, the condition (4.9) is more restrictive than (3.8) which must hold for
the original problem (P). This is caused by the fact that the subsoil is situated in the
interval 2, whilst the “springs” which approximate the subsoil are situated only in
the interval [y, 1, Yj..m] C Qs.
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Lemma 4.6 (Necessary condition for uniqueness of the solution). Let the prob-
lem (P},) have a unique solution. Then the condition

(4.10) L(p)<0 Vpe P, p>0in (yj,1,Yjm)

is fulfilled.

If the problem (Pj) has a solution and the condition (4.10) does not hold then
the equilibrium condition L(p) = 0 for all p € P; need not be fulfilled in comparison
with Lemma 3.3. For example, if L(v) = —v(y;,,1) then the problem (Pj) is solved
by every polynomial p € P; such that p(y;, 1) = —1/¢1 and p(y) > 0 for any y € Qp,

Y7F Y-

Theorem 4.3 (Necessary and sufficient condition for existence and uniqueness of
the solution). Let the discretization parameter h > 0 be sufficiently small. Then
the problem (P},) has a unique solution if and only if the condition (4.10) is fulfilled.

It is possible to prove existence of a solution without the assumption on h. The
assumption of sufficiently small h ensures the uniqueness of the solution. For larger h,
it is possible that a solution wy, activates only one spring y € Qp. If the spring y
is situated at the balance point 7', then there exists a polynomial p € P; such that
p(T) = 0 and wp(2) +p(z) = 0 for any z € Qp, z # y. Clearly, the function wp, +p is
also a solution of (P},), since Jy,(wr) = Jn(wr+p). The size of the parameter h, which
ensures the uniqueness of the solution, depends on the beam load. This assertion
will be justified by Lemmas 4.8 and 4.9.

Lemma 4.7. The condition (4.10) is fulfilled if and only if
(4.11) F<0 and yj1<T <yj m,

where F' = L(1) is the load resultant and T = L(x)/L(1) is the balance point of the
load.

Notice that if the condition (3.17) holds and the discretization parameter h is
sufficiently small, then the condition (4.11) also holds.

Lemma 4.8 (Solution characteristic). Let the condition (4.10) or (4.11) be
fulfilled and let wy, € V3, be any solution of the problem (P},). Then the set

A:={y € Qn: wr(y) <0}
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of active springs is non-empty. In addition, let x;“, xf € A be the outer springs of

the set A, i.e. $Z4 <y <z for any y € A. Then the balance point T € [x;“,x;“] If
A

the solution wy, is not unique then zj* = x;".
Notice that if the discretization parameter h is sufficienly small then the set A
contains more than one active spring and the problem (Pj) has a unique solution.

The smaller the parameter h, the more active springs.

4.4. Convergence analysis

In this subsection we will analyze the relation between the solution w of the
problem (P) and its approximation wy, solving the problem (Pj) in dependence on
the beam load L and the partition 7,. The dependence on the data F, I, ¢ will not be
considered. However, it can be shown, similarly to subsection 3.4, that the relation
depends on the data E, I, ¢ only through the parameters Ey, Iy, qo. Further, we
will assume that the reference numerical quadrature, which determines the form by,
is the same for all partitions 7, € 7’ and is exact for polynomials of the first degree.

We recall the notation S, S5 and Ss ¢y, with positive parameters d, £, 7, introduced
in subsection 3.4 for the classes of the beam loads. The solutions of the problems (P)
and (Pp), which depend on the load L € S, will be denoted by w = w(L) and
wp, = wp (L), respectively.

Theorem 4.4 (Uniform boundedness of approximated solutions). Let § be a
positive parameter. Then there exists a positive constant ¢ = ¢(J) such that

(4.12) wn(D)|l22 < e|Lll VL E€Ss, ¥rn €T, 0<h <.

Notice that the solution wp(L) exists for any L € S5 and 7, € 7', since the
assumption that the reference numerical quadrature is exact for polynomials of the
first degree implies [x; + 9, 2 — 8] C (yj,,1,Yj,,m), i.e. the condition (4.11) is fulfilled.
The solution wy (L) need not be unique in general, but it can be characterized by
Lemma 4.8.

Proof. Due to the variational equation (4.8), it is sufficient to show the in-
equality

(413)  |wall3.2 < cla(wn, wp) + bp(wy, ,wy,)] VL ESs, V€ T, 0 < h <.

Suppose that the inequality (4.13) does not hold. Then there exist sequences
{Le}{25 C S5 and {74, }{25 such that the inequalities

o 1
a(whk’whk) + b, (whkawhk) < EHwthg’Q’ k=1,
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hold, where wy, = wy, (Lk). Let vn, := wp, /||wh,||2,2. Since the sequences {hx};2]
and {vy,, }° are bounded, there exist subsequences {hy }rr C {hy}x and {vp,, }r C

{vn, }% such that

hg — h, 0< h <0,
Up,, —p in H?*(Q), p€ P; (by Lemma 2.1),

bhk’ (’U;k/ ) ’U;k/) - 0’ k/ — +00.
By Lemma 4.3,
bu,(p ,p")—0 and p=>0 in [z + h,z, — hl.

The case p = 0 is a contradiction with 1 = [jus,,|l22 — [|pll2,2 = 0. Therefore,
p > 0 in the interval (z; + h, z, — h). By Lemma 4.8, the solutions wy,,, are negative
somewhere in [z7, z,]. Therefore, p < 0 somewhere in [x;,2; + ] or in [z, — h,z,].
Suppose, for example, that p < 0 somewhere in [2;, z; 4 h]. Then the solutions wy,,
can be only negative somewhere in [x;, ; + h + x|, where e — 01. By Lemma 4.8
and the definition of Sj,

T(Lk/) S [xl,xl +h+ Ek/] n [(El + 0,z — 5]
It means that
h=0, T(Ly)—xz+6 and p<O0 in [r,2;+9), p(z;+6) =0.

Hence,
Je1>0: by, (p )2 >0 VE,

by virtue of the assumptions on the reference numerical quadrature. This is a con-
tradiction with by, , (p~,p~) — 0. Thus the estimates (4.13) and consequently (4.12)
hold. O

Lemma 4.9. Let §, £, n be positive parameters. Then there exists a positive
parameter hy = ho(9, £, n) such that for any load L € Ss ¢ ,, and any partition T, € T,
h < hg, the corresponding problem (P},) has a unique solution wy, = wyp,(L).

Proof. By Lemma 4.8, it is sufficient to show that the solution wy, activates at
least two springs, i.e. there exist points y1,y2 € @, where two springs are situated,
such that wp(y;) < 0, ¢ = 1,2. Suppose that the assertion does not hold. Then
there exist sequences {hy}r and {wp, }r such that by — 0 and wy, activate at most
one spring. By Theorem 4.4, the sequence {wp, }; is bounded in H?(2). Therefore,
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there exists its subsequence {wp,, }x with a weak limit w in the space H?(£2). The
variational equation (4.8) yields

0> —f > Lk/(].) = bhk’ (wgk, R ].) — b(w_, 1)

by Theorems 4.2 and 2.2. Hence, we can find an interval M C €, with a posi-
tive Lebesgue one-dimensional measure such that wy, ,,w < 0 in M for sufficiently
large k’. Since hp — 0, the set Qp,, N M contains at least two active springs for
sufficiently large k’. This contradicts the assumption that wy, activates only one
spring. O

Theorem 4.5. Let 6, £,  be positive parameters. Then there exist positive
constants ¢, hg depending on the parameters 9, £, n such that

(4.14) cllw — fu}h||;2 <a(w —wp,w —wy) + bp(w™ —w;, ,w —wp)
VLESsen Y €T, 0<h< hy,
where w = w(L) € H?(2) denotes the solution of the problem (P) corresponding to

a beam load L € S5 ¢, and wy, = wi (L) € V3, denotes its approximation with respect
to a partition 7, € T'.

Proof. Suppose that the inequality (4.14) does not hold. Then there exist
sequences {Ly}/25 C Ss¢.y and {74, }12 C 77 such that hy, — 0 and
(4.15) a(wy — Wk, hy, » Wk — wk,hk) + bp,, (w,; - w,;hk s Wk — Wk hy,)
1
<z llww — Wn, 32, Yk =1,
where wy, € H?({)) denotes the solution of the problem (Pj) corresponding to the
beam load Lj, and wg,n, € Vi, denotes its approximation with respect to the parti-

tion 73,,. Since the sequence {Ly}y is bounded in V*, by Theorems 4.4 and 3.2 the
sequences {wg }x, {wk n, }r are bounded in H?(Q). Let

vk = wi/|wk — Wi ll22 and vk g, = wkon, /|we — Wiy l]2,2-

Then the sequence {vy, — vgp, }x is also bounded in H?(2). Therefore there exist

subsequences {wi }x/, {W' ny, Yoy {0 Yoy {08 1y bors {Pk 275 {Thy, J&o such that

wp — w, in H'(Q) (by Theorem 2.2),
Wyt p,, — wp, in H'(Q) (by Theorem 2.2),
V' — Ukt by, — D, in H*(Q), p€ P (by (4.15) and Lemma 2.1),
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and
(4.16) b(vy — Vg, Uk = Uiy, ) — O (by (4.15) and Lemma 4.2).

By Lemma 3.7 and the proof of Lemma 4.9 we can find sets M, M}, C Qs with pos-
itive Lebesgue one-dimensional measure such that wy/, w < 0in M and wy,, , w, < 0
in My, for sufficiently large k&’ > 1.

First, suppose

lwir — wh,, ||2,2 — 0.

Then w = wp, and it is possible to choose M, M} such that M = Mj and the
convergence (4.16) implies

Vgt = Vgt p,, = Uk = Uk by — P =0 ae. in M.

Thus p = 0.
Secondly, suppose

dep > 0: ||U)k/ — Wh,, ||272 > vE > 1.

Then there exist weak limits vy, v = vy, + p of the sequences {vi' p,, }r, {vr }a in
the space H2(Q). Hence, from (4.16) and (2.6),

b((on +p)” — vy, (v +p) —vn) =0,

and consequently (v, +p)~ = v, almost everywhere in §,. Hence, p =0 in M) and
consequently in €.

However, the case p = 0 is a contradiction with
1= |lvk —vny, ll22 = [[Pll22 = 0.

Therefore the estimate (4.14) holds. O

Remark 4.2. Let us consider the class 7, of the partitions for any 6 > 0 instead
of 77 in Theorem 4.5. Then it can be shown that the constant kg in Theorem 4.5 can
be chosen in the same way as in Lemma 4.9, i.e. the uniqueness of the solution must
be ensured. The constant ¢ in Theorem 4.5 can also depend on the parameter 6 in
that case.
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Lemma 4.10. Let w € H?(2) be a solution of the problem (P) and wy, € V}, a
solution of an approximated problem (Py). Then

(4.17) a(w — wp,vp) +b(w™,vp) = bp(wy, ,vp) =0 Vo, € V.

Lemma 4.10 immediately follows from the variational equations (3.7) and (4.8).

Lemma 4.11. Let the assumptions of Theorem 4.5 be fulfilled. Then there exist
positive constants ¢, hg depending on §, &, i such that

(4.18) cllw —wnl3, < lw—wall22]lw = val2
+ |b(w7awh - ’Uh) - bh(’wi,TUh — ’Uh)|

VL e S(s’g’n, V1, € T,, h < ho, Yoy € Vh,

where w € H?(Q) denotes the solution of the problem (P) corresponding to a beam
load L € S;5¢. and wy, € V3, denotes its approximation corresponding to a partition
Th € 7.

Proof. By Theorem 4.5, Lemmas 4.10 and 4.1 and the inequality (2.6), we
obtain

/

2
g
|
S
T
g
|
S

N

cllw — w35 <

+bp(w™,w—wp) —b(w™,w —wp)

= a(w — wp,w —vp) + b(w™,w —wvp) = by (w, ,w — vy)
+bp(w™,w—wp) —b(w™,w— wp)

= a(w — wp, w — vy) + bp(w™ —w, ,w —wy)

+ bp(w ™, v —wp) — b(w™, vy — wp)
< olw — wll22llw — vnll2,2 + [b(w™, wh — va) — ba(w™, wh — )|
VL€ESsen Yohb €Vp, V1 € 7—0/, h < ho,

where ¢, ¢ are positive constants which do not depend on the partition 7. ([

Theorem 4.6 (Convergence results). Let J, £, nn be positive parameters. Let
L € S5.¢.y be any load. Then there exist positive constants c1, ¢z, ho, which depend
on the load only through the parameters §, £, n, such that

(4.19) ||w — U)hHQ,Q < 61]'112||’u}||4727 w € H4(Q) n VN, Y1, € T’, h < ho,
(420) ||w — wh||2’2 < CQh”’UJ”g’Q, w e H?’(Q), Y1, € T/, h < ho,
(4.21)  |Jw — wp|2.2 — 0, w € H*(Q), h — 0,
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where w = w(L) is the solution of the problem (P) and wy, = wy(L) denotes the
solution of the problem (Pp) with respect to the partition 1, € T’ and the bilinear
form by, € Bih. The set of functions Vy, N > 0, is defined in Theorem 4.2.

Proof. Letw € H*(Q)NVy. We start from the estimate (4.18) in Lemma 4.11
and choose vy, = r,(w). By the estimates (4.2) and (4.7) in Theorems 4.1 and 4.2
we derive

[w —wnl|3 5 < erllw —whll2.2]lw = ra(w)ll22 + c2h® w22 lwn — 7 (w)]|2,2
< callw —wpllz2llw = rp(w)ll2,2

+ coh®||wllz2(lw = 7 (w)]l2,2 + [[w — wh[2,2)

< egh?|wllae]lw — whll2,2 + cab|w]|7
< s max{h®|[wllazlw — whla0, B |w]3 o} V€ T
with positive constants ¢;, i = 1,...,5. Hence,

|w—whll22 < ch?|wlsz V€T,

where ¢ = max{cs,/c5}. So the estimate (4.19) holds.

The proof of the estimate (4.20) is similar, only instead of the estimates (4.2) and
(4.7), the estimates (4.3) and (4.6) are used. To prove the limit (4.21), the limit (4.4)
and the estimate (4.6) are used. O

Thus the family of the problems {(P})}, approximates the original problem (P).
The assumption w € H*(f2) can be satisfied as the following lemma shows.

Lemma 4.12. Let the functions E and I, which represent Young’s modulus of
the beam and the inertia moment of the cross-section of the beam, be constant in
the interval Q. Let the beam load be represented by the density f € L*()). Then
the solution w of the problem (P) belongs to the space H*(12).

Proof. Inthe sense of the theory of distributions, we can rewrite the variational
equation (3.7) in the following way (see also the classical formulation (3.1) of the
problem):

EIw"(z) + q(z)w™ (z) = f(z), =z €.
Since w € H?(2) and g € L>(£2), the function qw™ belongs to L?(2). Therefore, also
w" = (EI)"Y(f — quw™) € L*(Q). By Lemma 2.2 there exists a positive constant c
such that
[[w]

12 < clwliy + w]g 2)'? < +oo.

Thus w € H*(Q). O

377



5. CONCLUSION

The model of the unilateral elastic subsoil of Winkler’s type and its approximation
is studied in the paper. The problem can also be formulated as a contact one with
two unknowns: deflection of the beam and compression of the subsoil. The non-
penetration condition between the beam and the subsoil is considered. By enforcing
this condition by Lagrange multipliers, the dual formulation of the problem can be
derived, see [14]. The dual problem is a problem of convex quadratic programming
with linear constraints and is suitable for numerical realization of the problem. Other
numerical methods suitable for the problem are described in [6] and [13].

Acknowledgements. The author thanks Jifi V. Hordk from the Palacky Uni-
versity in Olomouc for many discussions and useful comments to the work.
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