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Abstract. In this paper the stability of two basic types of cable stayed bridges, suspended
by one or two rows of cables, is studied. Two linearized models of the center span describing
the vertical and torsional oscillations are investigated. After the analysis of these models, a
stability criterion is formulated. The criterion expresses a relation between the eigenvalues
of the vertical and torsional oscillations of the center span. The continuous dependence
of the eigenvalues on some data is studied and a stability problem for the center span is
formulated. The existence of a solution to the stability problem is proved. Some other
qualitative results concerning the stability /instability of oscillations are studied as well.

Keywords: cable stayed bridge, vertical and torsional oscillations, eigenvalues and eigen-
functions of center span

MSC 2000: 35P10, 35Q80, 35B27

1. INTRODUCTION

Cable stayed bridges are quite popular because of their economic efficiency and
relatively easy way of erection. The characteristic feature of the cable stayed bridge
construction is the fact that road beds are suspended by one or two rows of cables
which are fixed to pylons. The construction of cable stayed bridges is similar to the
construction of suspension bridges whose road bed is suspended by cables as well, but
these cables are not fixed to pylons but to main cables and the main cables are fixed
to the pylons. Suspension bridges have been studied in many papers, for instance [1]—-
[5], [7]-[11], [16], where main attention has been paid to vertical oscillation of the
center span, which is the part of the road bed between the pylons. The center span
is modeled as a bending beam suspended by nonlinear strings.

In [12], [13] two models of the center span suspended by one and two rows of
cables were studied. The models include vertical and torsional oscillations and the

* This work was supported by Grant ASCR K1019101.
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nonlinear behaviour of the cables. The two basic types of cable-stayed bridges are
depicted in Figs. 1 and 2.

Vertical and torsional oscillations in the models are connected through the cables
and the effect of wind. The effect of wind generally depends not only on its power
but also on the torsional twisting of the center span. The non-linearity of cables is as
follows: the restoring force due to a cable is such that it resists expansion, but does
not resist compression. The oscillations of the center span from small to medium

amplitudes are linear, which means that the cables do not loosen.

cables

pylons
Figure 1. Figure 2.

In this paper we deal with some simplified models which lead to a linear system
of differential equations. After analyzing the equations, we formulate a criterion
of stability. The criterion is based on certain relations between the eigenvalues
corresponding to the vertical and torsional oscillations of the center span. Then
we study the continuous dependence of the eigenvalues on some bridge parameters
(position of cables, additional loads).

A homogenization procedure, which makes it possible to describe the cable sys-
tem with a usual function, is proposed. Relations between the eigenvalues of the
homogenized problem and the original problem are studied. An optimal problem
which makes it possible to maximize the stability of the center span in wind with
respect to the parameters mentioned above is formulated. Some qualitative results
concerning the relation between the length and the stability of the center span are
discussed as well as some connections between the construction of the center span,
the way the center span is suspended, and the stability of the whole system.

2. SETTING OF THE BASIC PROBLEMS

In this section we will formulate two basic models which describe the behaviour of
the center span suspended by one and two rows of cables. The reader can find more
information about the models in [12], [13].
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The models depicted in Figs. 3 and 4 correspond to the cable-stayed bridges in
Figs. 1 and 2. The models describe the behaviour of the center span in wind properly
if the pylons are sufficiently stiff. The behaviour of the center span can be described
by two functions u(x,t), ¢(x,t) defined on (0,L) x (0,7). The function u(z,t)
corresponds to the downward bending of the longitudinal axis at the position x and
the time ¢ and ¢(x,t) corresponds to the torsional twisting of the cross section at x
and ¢, which is depicted in Fig. 5.

Let us define bilinear forms

L L
m1(u,v) = / Ml’l,L’U dl’, m2(%¢) = / M2SD’(/J dl’,
0 0

L 2, 92 L
0%u 9%v dp Y
ki (u,v) = /0 Ky 012 Ox2 dz, ka(p,¢) = /0 K2% 9 de,
L 8

(u,v) = /0 wodx, blu,v) = Z kiu(z;)v(z;),

i=1

where My, My, K1, Ko € L*((0,L)), k; € R, k; > 0,7 =1,...8, and the assumptions
(2.1) Mi(x) >e, My(z)>e, Ki(z)>e, Ks(zx)>e¢

are satisfied for all € (0, L), where ¢ is a positive constant. The bilinear forms
k1(-,-), k2(+, -) are connected with the deformation energy of the bending and twisting

of the central span.

center span

center span

Figure 3. Figure 4.

The bilinear form b(-, -) corresponds to the deformation energy of one row of cables
as it is depicted in Figs. 3 and 4, where z; are the points at which the cables are
fixed to the center span. The bilinear forms m;(-,-), ma(-,) are connected with the
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kinetic energy of vertical and torsional oscillations and the functions M;, Ms are
defined as follows:

(22) M) = /A oz,y,2) dydz, My(z) = / oz, y,2)(y + =) dy dz,

@ Ay

where o(z,y, z) is the density of the center span and A, is the cross section at x
perpendicular to the longitudinal axis (see Fig. 5).

Figure 5.

We can see that M;(x) corresponds to the mass of the unit length of the center
span at x and Mas(x) to the cross-section moment of inertia with respect to the
longitudinal axis at x.

Let us formulate variational equations for the two basic types of cable-stayed
bridges. We start with the equations describing the behaviour of the center span
suspended by two rows of cables. The equations read

(2.3) ml(%,v> + k (u,0) 4 b((u + 1) T, 0) + b((u — o), v)
= (Fl +P1(Q0),’U),
(20 4 kalip, ) + ((u+ L), ) — 1b((u — L0) )

(F2 + Pa(), ),

where u, ¢ are sufficiently smooth and defined on (0, L) x (0,T) and the functions v,
1 are sufficiently smooth and defined on (0, L). The symbol u™ stands for max{0, u}
and corresponds to the process of loosening cables which occurs if the center span
achieves a certain height at the points, where the cables are fixed. The number [ is
the distance between the rows of cables and the axis (see Fig. 3).
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The equations (2.3) are fulfilled for all ¢ € (0,7) and v, ¢ and the following
boundary and initial conditions

(2.4) u(0,t) = u(L,t) = p(0,t) = o(L,t) =0, te(0,T),

u(z,0) = uo(z), auaxt’o)—ul(ac), z € (0, L),
02,0 = polw). 220 _ ), we 1)

hold, where ug, u1, o, ¢1 are some fixed functions.

The expressions (Fy 4+ Pi(¢),v), (Fo+ P2(p),1) correspond to the energy of gravi-
tation and wind, respectively. The functions F(z), Fz(x) defined on (0, L) represent
the gravitational forces and the moment of gravitational forces per a unit length of
the center span. If there are no additional weights placed along the center span, then
F5(x) = 0 due to the symmetry of the center span.

The functions P (y,z,t), Pa(z,2,t) defined on R x (0, L) x (0,T) represent the
same quantities of wind forces. These quantities generally depend on ¢ as is depicted
in Fig. 6. In detail the model is studied in [12], where damping forces are considered.
These forces are small and we neglect them in our considerations.

U
wind
lift —
' 210 <2
‘L N Ap 7/

4 N s
N , t

N 4

N -z /T
Figure 6.

If the center span is not under the influence of wind and is motionless, it can be
described by the steady state equations

(2.5) ke (u,v) +0((u+lp) ™, v) +b((u = 1p) ", v) = (F1,v),
kZ(SDJ/)) + lb((u + 190)-’_77[)) - lb((u - l¢)+7w) = (F27v)a

where u, v, ¢, ¥ defined on (0, L) are sufficiently smooth. The functions u, v are a
solution to (2.5) if the equations are fulfilled for all v, ¥ and the boundary conditions

(2.6) u(0) = u(L) = v(0) = v(L) = ¢(0) = p(L) = ¥(0) = (L) =0
hold.
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The cable stayed bridge is constructed so that if the center span is exposed to
gravitation and is motionless, then the cables are tightened and the solution to (2.5),
(2.6) satisfies the relations

(2.7) u(z;) Flo(x;) 2e, i=1,...8,

where x; are the points at which the cables are fixed to the center span and ¢ is
a positive constant. Then w, ¢ are solutions of the linear system of variational
equations

(2.8) k1 (u,v) + 2b(u,v) = (F1,v),
ka (i, 0) + 20%0(p,¢) = (Fa,v),

where u, ¢, v, ¥ satisty (2.6).

Wind forces are usually much weaker than gravitational forces. The magnitude of
wind is described in [13] by the special norm for P;(y,z,t), Py(y,z,t). We can say
that if the velocity of the wind is small and the wind slowly changes in time, then
the above norm is small too.

If Py, P are sufficiently small in the norm mentioned above and the initial condi-
tions do not differ very much from the conditions

(2.9) u(x,0) = uo(x), % =0, z€(0,L),
o(w,0) = gola), 2220 o ze o),

where ug, @o are solutions to (2.8), then the cables do not loosen, which is expressed
by the inequalities

(2.10) u(xz;, t) £lo(a;,t) 20, i=1,...8, t€(0,T).

Moreover, the solutions u, ¢ to (2.3) satisfy the linearized system

2

(2.11) my (%,v) + ki (u,0) + 2b(u,0) = (F1 + Pi(g),0),

ma (%Tf, 0) + ke, ¥) + 22(0,0) = (Fa + Pa(), ¥)

with the corresponding boundary and initial conditions.

The above problem was studied in [13] for the model with one row of cables, but
everything remains correct for the model with two rows of cables.

Similar problems for some models of suspension bridges were studied in [2], [3],
[10].
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In the sequel we will cope with a simpler problem described by the equations (2.11)
with the right-hand sides

(2.12) Fi(z) = F(z), P z,t) = B(x)p,
Fy(z) =0, Py(p,z,t) =0,

where F' € L?((0,L)) and B € L*((0, L)). Such expressions for forces are realistic for
many concrete center spans (see [8]). Moreover, we can say that P; is small in the
norm mentioned above if B is small in the norm in L>°((0, L)).

The problem (2.11), (2.12) describes the behaviour of the center span suspended
by two rows of the cables which do not loosen, the state of the center span at t =0
does not differ very much from (2.9), and the wind does not change in time.

We will look for the sources of the instabilities connected with the linear behaviour
and that is why we will deal with the linear problem (2.11), (2.12) which we analyze
in the sections below.

Similar problems can be studied for the model of the center span suspended by
one row of cables. For this model the equations (2.3) have to be changed to

(2.13) my (%,v) + k1(u,v) + b(ut,v) = (F1 + Pi(p),v),

ma (L. 0) +halio,0) = (2 + Pali), 0)

and the equations (2.5) to

(2.14) ki(u,v) + b(u™,v) = (F1,v),
ka(p,9) = (F2,v).

The shape of the linear steady state equations connected with (2.8) is clear and
the inequalities (2.7), (2.10) have to be changed to

. i=1,...8,

(2.15) u(x;) > €
4)=0, i=1,...8 te(0,T).

u(w;, t)

A\VARR\VS

The linear equations (2.11) have to be changed to

2

(2.16) my (%, o) + ki (u,0) + b(u, v) = (Fy + Pi(9), 0),

ma(5£.0) + kalio,¥) = (Fa + Pa(i), )

with the right-hand sides (2.12). The corresponding boundary and initial conditions
remain the same for the modified equations.
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3. ANALYSIS OF THE LINEAR EQUATIONS AND A CRITERION OF STABILITY

The main goal of this section is to analyze solutions to the equations (2.11), (2.12)
which describe the behaviour of the center span in a stable and relatively weak wind.
Let us denote

Vi = B2(0,L) N HA(0,L), Ve = HY(0, L),

where H}((0, L)), H?((0, L)) are the Sobolev spaces of functions from L?((0, L)) whose
first and second derivatives belong to L?((0, L)). The fact that « € H}((0, L)) means
u(0) = u(L) = 0. V4 and V5 are Hilbert spaces equipped with scalar products

L
(u,v)y, = / {uv +u'v' +u"v"} de,
0
L
(v = / {ov + "¢} da.
0
By virtue of (2.1) and the Poincaré inequality (see [6]) we have

(3.1) Cllully, <ki(w,u), Clielly, < ka(e, ),

where C' is a positive constant independent of u, ¢.
Let us formulate the eigenvalue problems connected with the differential equa-
tions (2.11), (2.12). The eigenvalue problem for (2.11) reads

(3.2) amq (u,v) = k1 (u,v) + 2b(u, v),
ﬂmZ(QO? 7/1) = k?(@? 7/1) + 212()(905 7/1)

We look for real numbers «, 8 and functions u, ¢ from V;, V5 such that the equa-
tions (3.2) are fulfilled for all v, ¥ from Vi, V.

Theorem 3.1. There exist two sequences of eigenvalues 0 < a1 < as..., 0 <
01 < B2... and eigenfunctions u,, p, of the system (3.2) satisfying

My (Ui, Un) = k1 (U, Un) + 20(tpm, urn) = 0,

M2 (s n) = k2(Pms on) + 2020(pm, n) = 0

if m # n, and

ml(unaun) = mQ((pmaSD’m) =1.

Moreover, u, is a basis in V;, L*((0, L)) and ¢,, is a basis in Vo, L?((0, L)).
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Proof. We will prove the results of the theorem for the first equation
in (3.2). The proof for the second equation is similar. Let us define an opera-
tor A: L?((0,L)) — Vi such that A(u) = z which is a solution to the variational

equation
(3.3) k1(z,v) + 2b(z,v) = my(u,v).

The equation (3.3) is uniquely solvable, which follows from (3.1) and the continuity
of k1(+,-), b(+,-) on Vi. The continuity of b(-,-) follows from its definition and the
fact that H'((0, L)) is continuously embedded into C'*((0, L)). Hence the operator A
is linear and continuous. The restriction of A onto V; is a compact operator, which
follows from the compactness of the embedding of V; into L2((0,L)). If we replace
the usual scalar product on Vi with the equivalent bilinear form &1 (-,-) + 2b(, ), we
have

(3.4) k1(A(u),v) 4+ 2b(A(u),v) = mq(u,v),
k1 (A(v),u) + 2b(A(v), u) = my(v,u).

The equations (3.4) hold for all u,v € V; and the bilinear forms k1 (-, ), b(-,-) are
symmetric and positive, which yields that the operator A is self-adjoint and positive.
If we apply the theory of linear compact operators (see [19]) and notice that « is
an eigenvalue of (3.2) if and only if 1/« is an eigenvalue of A, we obtain the desired
result. O

We can formulate the eigenvalue problem connected with vertical and torsional
oscillations of the center span suspended by one row of cables and prove a theorem
similar to Theorem 3.1.

If we look at the equations (2.11) with the right-hand sides (2.12) and take into
account Theorem 3.1, we see that the solution of the second equation can be written
as the sum

(3.5) Zai sin(v/Bit + 0;) s,
i=1

where [3;, @; are the eigenvalues and eigenfunctions of torsional vibrations and
the numbers a;, #; can be obtained from the initial conditions by the Fourier
method (see [17]).

The expressions in the sum (3.5) generate the periodic forces

a; sin(\/Et + Gi)ngi
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which act on the center span in the vertical direction due to the structure of the
right-hand side (2.12).

If 5; is an eigenvalue of torsional vibrations which is equal or very near to an
eigenvalue o; of vertical vibrations, the resonance can take place. On the other
hand, the resonance depends on the number a; in the sum (3.5). If the number
vanishes, the resonance does not take place. We see that the instability by stable
wind at the jth vertical mode depends on the initial conditions which are generally
the result of a gust of wind.

The same analysis can be made for the model with one row of cables.

A dangerous situation seems to occur if there are eingenvalues §;, ; among the
first m, n eingevalues of torsional and vertical vibrations, respectively. The values
of m, n should be discussed with an expert, but the most dangerous situation seems
to correspond to m =n = 1.

Keeping the above analysis in mind, we can formulate the following stability cri-
terion.

Criterion S. The larger the numbers

loi — i
(3.6) e

fori=1,...m, j=1,...n are, the more stable the center span is.

4. SOME AUXILIARY RESULTS

Before we start dealing with the relationship of eigenvalues and eigenfunctions to
some parameters of the center span and the cables, let us prove some facts about
compact, self-adjoint, positive linear operators on Hilbert spaces.

Let V be a vector space equipped with a sequence of scalar products (-,-);, i =
0,1,.... The space V with these products forms a sequence of Hilbert spaces V;
whose norms we denote by || - ||;. Let A’ be a sequence of compact, self-adjoint,
positive linear operators on V; which satisfy the following assumptions:

1. 3C1,C, >0 Viel,2... VueV:

Crllullo < [lull; < Callullo.

2. YueV:
lim, |41 (u) — A%(u) o = 0.

3. Let v’ in V, i = 1,2... be a sequence bounded in || - ||o, then for any subse-
quence u' of u’ there exists a subsequence u/ of u! such that

lim HAj(uj) — Ao(uj)Ho =0.
j—o0
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Before we formulate the main theorem about the operators A?, let us prove three
auxiliary lemmas.

Lemma 4.1. Let A be a compact, self-adjoint, positive linear operator on the
Hilbert space V' with the scalar product (-,-) and the norm | -||. Let u € V, |lu]| =1,
w € R, and let the inequality

(4.1) [A(u) = pull < d
hold, where 0 < d < 1. Then there exists an eigenvalue \; such that
(42) I\ =l < V.

If J C N is the set of all i’s such that \; satisfy the inequality (4.2), then there
exist a; € R such that the estimate

(4.3) [u=>"asm

ieJ

<

holds, where u; are the eigenvectors corresponding to \;.

Proof. If A is a compact, self-adjoint, positive linear operator, there exist
eigenvalues \; > Xo... > 0 and eigenvectors u; which form an orthonormal basis.
Then we have
2 o

= Z(/\i — ) (g, u)®.

=1

(4.4) d* > || A(u) — pul|* = plwi; wu;

If the inequality |\; — p| > \/E holds for all ¢, then (4.4) implies

(4.5) d®>dY (u,u)®=d
=1

The relation (4.5) contradicts the facts that ||u|| =1 and 0 < d < 1. From (4.4) and
the definition of J we obtain

(4.6) d?>>d i (ui,u)? = dHu - Z(w,u)m i

iEN—-J ieJ

If we substitute (u;,u) for a; in (4.3) we have the desired result. O

Let Ai, N{ denote the kth eigenvalue of A* and the subspace of all eigenfunctions
corresponding to this eigenvalue. Moreover, let the inequalities

M= >...>0

hold, where multiplicity is taken into account. Thus if for s, i, k the relations

Ao > A=...=X, >\, . are fulfilled, then Nj = ... = N,; .
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Lemma 4.2. Let a sequence A, i =0,1... of operators fulfill Assumptions 1-3.
If o is an eigenvalue of AY, then there exists a sequence )\};Z_ such that

(4.7) lim A, = o

i—00

Proof. Let a be an eigenvalue and u an eigenvector of A°, then Assumption 2
yields

(4.8) lim || A%(u) — aullo = 0.

From Lemma 4.1, Assumption 1, and (4.8) the existence of a sequence )\}'ﬂ which
satisfies (4.7) follows. O

Lemma 4.3. Let a sequence A, i =0, 1... of operators fulfill Assumptions 1-3.
If )\};i is a sequence of eigenvalues of A* and « is a limit point of this sequence, then
a is an eigenvalue of A°.

Proof. Let « be a limit point of )\zi, then there exists a subsequence /\ij such
that

(4.9) lim X, = a.

J—00

Assumption 3 yields the existence of a subsequence )\ﬁﬂl and the corresponding
eigenvectors u! such that

(4.10) ll_l)rgo H)\fwul — A(ul)||0 =0.
From (4.9), (4.10), and Lemma 4.1 the assertion of the lemma follows. O

Theorem 4.1. If A° is a sequence of operators on V satisfying Assumptions 1-3,
then for any k the limit relation

(4.11) lim Aj = \)

1— 00

holds.

Proof. First, we prove (4.11) for k¥ = 1. From Lemma 4.2 it follows that
there exists a sequence )\}C which converges to A\{. If we notice that A} > )\};i, then
Lemma 4.3 implies that the sequence A} has a single limit point \Y and converges
to AY.
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Second, let (4.11) hold for all k£ < n, then we prove (4.11) for k =n + 1. We will
study two different cases A\, | < A% and XD, = AU.

Let us start with the case A%, ; < A. Lemma 4.2 yields that there exists a
sequence A . which converges to ALy

The 1nequahty A0 a1 < A\ vields that n + 1 < k; for all sufficiently large i. From
the last inequality and Lemma 4.3 it follows that the sequence A’ n.1 has at most two
limit points AY, A ;.

We prove indirectly that A% ; converges to A%, ;. Let us assume that there exists
a subsequence A/, of A/, ; which converges to A\’ and the relations

(4.12) Ao> A ==

hold for some m such that m < n. Then the convergence of )\f; 41 to A9 and the
relations (4.12) yield that there exist sequences uj, for k =m+1,...,n+1 such that

(4.13) wp, € N, lwgll; =1, (uj,ui); =0

ifk#40Lkl=m+1,..., n+1.
Moreover, if we take into account Assumption 3, we can choose sequences such
that the limit relations

(4.14) lim [|A7(u)) — A°(wl)o =0, k=m+1,....,n+1

j—o0

hold.
From the limits (4.14) and Lemma 4.1 it follows that there exist sequences vi,
k=m+1,...,n+1 from N{ such that the limit relations

(4.15) lim |[u}, —vilo=0, k=m+1,...,n+1
J—00

hold.

If we take into account Assumption 1, (4.13) and (4.15), we see that the dimension
of N2 is n + 1 — m, which is a contradiction.

Let us continue with the case )\2 41 = A2. We will prove (4.11) indirectly again.
Let us assume that the sequence X!, ,; does not converge to AY, , then there exists
a subsequence \/ 41 of Xi_; such that

(4.16) lim /\ g =a< )\

Jj—00

Let us assume that the relations
(4.17) Ao> A0 = A =00
hold for some m, where m < n.
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If we take any v € N, and note that lim [|A7(u) — A°(u)|lo = 0, which follows

from Assumption 2, then Lemma 4.1 and (4.16) yield the existence of a sequence v/
which satisfies

(4.18) vV ENL L+ + N, lim [lu—o7|; =0.
J‘}OO

From (4.17), (4.18), and Assumption 1 it follows that the dimension of NJ,, is
equal to the dimension N7 41ttt NJ for sufficiently large j, which is a contra-
diction. O

5. CONTINUOUS DEPENDENCE OF EIGENVALUES ON SOME PARAMETERS
AND ONE OPTIMAL PROBLEM

We will exploit the results from Section 4 to express the relationship between the
stability of the center span in wind and some parameters connected with the center
span and the cables. Let us consider that we can change the positions and stiffness
of the cables and place some additional weights along the center span as is depicted
in Fig. 7.

additional weights
Figure 7.

We see that additional weights change the functions M;, Ma, while the func-
tions K, Ko remain unchanged. Let us consider sequences M{, M3, ki, x%, j =
1,...8, ¢ = 1,2... such that k; > 0, 2} € (0, L) and denote the corresponding
bilinear forms by m®(-,-), m4(-,-), b*(-,-).

Let of, 8 denote the eigenvalues of the variational equations

(5.1) am’ (u,v) = ki (u,v) + 2b'(u,v),
Bmi (@, 1) = ka(,9) + 2°6 (¢, ).
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The eigenvalues are ordered increasingly with respect to I. Then the following
theorem holds.

Theorem 5.1. Let C1, Cy be positive constants satisfying
(5.2) Cy < Mj, Mi<Cy
and moreover, let

Mj— M}, Mj;—Mj; inL*(0,L),

i 0 i 0 s .
ki —k;, x;—a;, j=1,...8 mR,

where the symbol — denotes the weak convergence. Then

(5.3) ol = BB 1=1,2...

if i — oo.

Proof. We will prove the theorem for the eigenvalues o of the first equation
in (5.1).

Define operators L*: L?((0, L)) — Vi by L¢(u) = v, where v is the unique solution
to the variational equation

(5.4) ki (v, w) + 20" (v, w) = mt (u, w)

which is satisfied for all w € V;. The existence, uniqueness, and continuous depen-
dence of v on u follow from the Lax-Milgram theorem. Let us define A* = P'L?,
where P? is the embedding from V; into L?((0,L)) with the scalar product given
by mi(,-). Since the embedding P is compact (see [6]), the operators A* are com-
pact as well.

For any u,v € L?((0, L)) we have the equations

(5.5) ky(L(u), L (v)) + 2b° (L' (u), L' (v)) = m
k1 (L' (v), L (u)) + 20" (L' (v), LY(

£
[
3

Since the bilinear forms ky(-,-) + 2b%(-,-) are symmetric on V;, the formulas (5.4)
yield that A’ are self-adjoint, non-negative operators on L2((0, L)) equipped with the
scalar products m{(-,). From the definition of A it follows that o} are eigenvalues
of the first equation in (5.1) if and only if 1/a} are eigenvalues of A’.

Theorem 4.1 yields that the assertions of this theorem would be proved if the
sequence A’ satisfies Assumptions 1-3.
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Assumption 1 follows from the inequalities (5.2).
Let us prove Assumption 2. If v; is a sequence of solutions to the variational
equations

(5.6) k(v w) + 201 (v, w) = mt (u, w)

which hold for all w € V3, then the inequalities (3.1) and the equations (5.6) yield
the existence of a constant C' independent of 7 such that the estimate

(5.7) Cllv'13, < k1(v',v") + 26 (v*,0") = mi(u,v")

holds. From (5.7) we obtain the estimate ||v?||y; < C, where C' is a constant inde-
pendent of 1.

Thus there exists a subsequence v’ of v* which weakly converges to v* in V. If
we take into account that V7 is compactly embedded in C((0, L)) (see [15]), then the
definitions of (-, -) yield

(5.8) bt w) — b0 (v*, w),

which holds for any w € V;.
From Mju — M{u in L?((0,L)), (5.8) and v* — v* in V; it follows that v* is a
solution to the variational equation

(5.9) Er(v*,w) + 20°(v*, w) = mY (u, w).

This implies that v* is equal to the unique solution v° to the equation (5.9). More-
over, the whole sequence v* weakly converges to v° in V;.

Thus L(u) — L°(w) in V; for all u in L?((0, L)) and the definitions of A?, A°
yield that A%(u) — A°(u) in L?((0, L)) with the scalar product m°(-,-), which proves
Assumption 2.

Let us prove Assumption 3. If u’ is a bounded sequence in L?((0, L)), then there
exists a subsequence u’ which weakly converges to u in L?((0,L)). Consequently,
Mw/ — M0 in L2((0, L)).

Let us consider the sequences v?, 27/ from V; which consist of the solutions to the
variational equations

mq (v, w),

(5.10) k1 (v?,w) + 207 (v, w)

i
=my
k(27 w) 4+ 20° (27, w) = m9(u?, w).

Then if we follow the ideas of the proof of Assumption 2, we can prove that the
sequences v/, 27 of solutions to (5.10) weakly converge to v" in V; which is the
solution to the variational equation (5.9), where u is substituted for u°.

The last fact yields L7 (u/) — L°(u®), L%(uw/) — L°(u®) in V4. The definitions
of A7, AY yield A7(uw/) — A%uP), A%w?) — A°(®) in L%(0,L)), which proves
Assumption 3. O
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The above theorem shows that the eigenvalues continuously depend on the posi-
tions and stiffness of cables and on the additional weights.

We will solve an optimal problem in which we look for the parameters of cable
systems and the values of additional weights which could guarantee a certain stability
in wind.

Let
K'c(0,L) x...x{0,L) CR®, K?cC{(0,K)x...x(0,K)CR®

be sets which are compact and whose elements are denoted by = = (z1,...,xs),
k= (ki1,...,ks). Moreover, let

u' c L*(0,L), u*c L*(0,L)
be convex, closed sets of functions from L?((0, L)) which satisfy the inequalities (5.2).

Functions M7, M from these sets correspond to the permissible values of additional
weights. For m, n from N we can define the functional

o Jei — Bl
J, My, My, x, k) = min ————.
mind ) 1<ism, @i +
1<jsn
Now we can solve the optimal problem
(5.11) max I (M1, My, z, k).
MieU', Maeu?,
zeK, kek?

The number (5.11) corresponds to Criterion S and minimizes some instabilities of
the behaviour of the center span in wind.

Theorem 5.2. There exist My € U, My € U?, x € K', k € K? which maximize
the functional Jp, ;.

Proof. Let M}, M, x%, k' be maximization sequences for J,, ,,. By virtue of
the definitions of U, U?, K!, K2, we can select subsequences Mf, Mg, x’, k7 such
that M7 — MO, MJ — MY in L?((0,L)) and 27 — 2°, k7 — k° in R® and moreover,
MY e Ut, MY € U?, 2° € K?, k® € K2, Theorem 5.1 yields that .J,,, ,, achieves its
maximum at MY, MY 29, k°. O
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6. HOMOGENIZATION OF CABLE SYSTEMS

So far we have studied the central span suspended by one or two rows of cables
and each row contained eight cables. In reality the center span is suspended by much
greater number of cables placed densely along the center span.

There is a question whether it is possible to change the cables to a continuous
medium. This process can be described by the b-h convergence proposed in [12],
[13]. Let us recall the definition, but first of all let us define a bilinear form

L
h(u,v):/ Guvdez,
0

where G € L>((0, L)).
Definition 6.1. Let n; be an increasing sequence of natural numbers, let

{ai}iiy, {K5L, satisfy 0 < o <o < ...x), < L, k) >0forali=12..,

J= Lz

j=1,...,n; and let G from L*((0, L)) satisfy G(z) > 0 for all = in (0,L). Then

{x; T {k; .1 b-h converge to G if the relation

i L
lim Y " kL f(af) :/ Gfdx
1—00 = 0
holds for all f € C((0, L)). Moreover, let us denote
b (u,v) = Z k;u(:zz;)v(:c;)
j=1

This definition describes the process of gradual substitution of one cable system
by another one with a greater number of thinner cables. Let us consider the sequence
of variational equations

(6.1) ky(u®,v) + 2b%(u',v) = (F1,v),
ko (', 1) + 20%0% (¢, ) = (Fa, ¥),

where Fy, Fy € L?((0,L)). Then u’, ¢* from V;, Va are solutions to (6.1) if these
equations are fulfilled for all v, ¢ from Vi, V5. Further, let us consider the variational
equations

(6.2) k1(u,v) + 2h(u,v) = (F1,v),
ka0, 0) + 2080, 9) = (Fa, 9).

The relation between the solutions of (6.1) and the solution of (6.2) is given by the
following theorem whose proof can be found in [12].
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Theorem 6.1. Let {sc; finy {k; i1 b-h converge to G. If u?, ¢ are solutions

to (6.1) and u, ¢ are a solution to (6.2), then
v —u’ in i,

o' — ¢ in V;.
We can study the variational equations

(6.3) Ey(u,v) + 2b%(u,v) = am; (u,v),
ka(i0,9) + 200 (10, 9)) = Bma(p,¥)

for the eigenvalue problems with the individual cables and the variational equations

(6.4) k1 (u,v) + 2h(u,v) = amq (u,v),
ka(0,9) + 212h(, ) = Bma(p, )

for the eigenvalue problem with the homogenized cable system.
Let o, Bi denote the eigenvalues of (6.3) and af, 39 the eigenvalues of (6.4).
Then we have the following theorem.

Theorem 6.2. Let {z}}}L,, {k}}}L, b-h converge to G. Then

ap, —ap, B — B
for all k.

Proof. We restrict ourselves to eigenvalues ai. Let us assume that L2((0, L))
is equipped with the norm given by the scalar product mq(-,-). The proof of this
theorem is parallel to the proof of Theorem 5.1. The sequence of Hilbert spaces in
the proof of Theorem 5.1 is replaced by the constant sequence of L?((0, L)) with the
norm derived from the scalar product m;(-,-). The sequence of the operators A is
defined by the relation A® = PL?, where P is the imbedding of V; into L?((0, L)) and
Li: L2((0,L)) — V; assigns u € L?((0, L)) to the unique solution v of the variational
equation

k1 (v, w) + 20" (v, w) = mq(u, w).

The operator A° is defined by the relation A° = PL?, where P is the same imbed-
ding from V; to L?((0, L)) as above and L°: L2((0, L)) — V; assigns u € L?((0, L)) to
the unique solution v of the variational equation

k1 (v, w) + 2h(v, w) = mq (u, w).

If we apply Theorem 4.1, we can follow the proof of Theorem 5.1. ([
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7. TWO SPECIAL EXAMPLES

In this section we will deal with two special model problems connected with the
two basic models of the center span suspended by one or two rows of cables. Let us
assume that the cables are distributed with sufficient density so that the homogenized
model from Section 6 can be applied. Moreover, the functions M (x), Ma(z), K1 (z),
K(z), G(x) which characterize the center span and the cables are constant and we
denote them by My, M, K, Ks, G.

Let us start with the model of the center span suspended by two rows of cables,
then the system (6.4) can be rewritten to the system of ordinary differential equations

Kiu®  2Gu
7.1 =
(7.1) o T o
_Kg(p// 2l2G(p —ﬁ
My My U7
with the boundary conditions
(7.2) u(0) = u(L) = u"(0) = u"(L) =0,

The eigenvalues and eigenfunctions can be explicitly calculated and we have

Kin*nt 2G . /TNT

(7.3) Qp = AT + L up(x) = &n(T),
Kom?n?2 212G . /TN

b=t an e el = ().

The model of the center span suspended with one row of cables is described by
the system of ordinary differential equations

Kiu® n Gu
— =aqu
M, M,
K2SDH
ML, By

(7.4)

)

with the boundary conditions (7.2)
The eigenvalues and eigenfunctions can be explicitly calculated again and we have

Kin*nt G . /TnT

(7.5) Oy = M, I + TR up(x) = sm(T),
Kon?n?2 ./ TNT

KT pula) = sin( 7).
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cables

Figure 8.

Let us have a look at Fig. 8 which describes a usual shape of a center span sus-
pended by two rows of cables (see [18]).

If we assume that the mass of the center span is distributed so that the values
of My, M can be approximated as if the mass were concentrated along the lines run
through the points A;, Ay and the density of that concentrated mass is M, then we
have

(7.6) My (z) = 2M, My(x) = 21*M,

which follows from (2.2).
If we consider (7.3), (7.6) and Criterion S for m = n = 1, we have
K1TE4 B KQTC2
|051 — 51| o 2ML2 2Z2M
ag + ﬁl N L2<§ K1n4 KzTIQ ) .

(7.7)

M  2ML4  212ML?
From 7.7 we obtain the limit

(7.8) i 192 =8
L—oo on + 1

The limit (7.8) indicates that the behaviour of sufficiently long center spans could
be instable, which is possibly due to the special distribution of mass along the center
spans. The technology of cable stayed bridges makes it possible to erect bridges
with long center spans whose properties given by My, Ms, K1, Ko, G are relatively
independent of their length; then the limit (7.8) indicates a certain instability of such
center spans.

If we explicitly calculate the expression (7.7) applying (7.5) and study the
limit (7.8) for the new values, we see that this limit cannot vanish for any spe-
cial distribution of mass.
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This fact seems to indicate that the center span suspended by one row of cables
could be more stable in wind.

8. CONCLUSION

In some technical papers the instability of cable-stayed and suspension bridges
is being explained by their aerodynamic properties. The wind passing by the span
induces a periodic force, which is connected with the shape of the cross section and
its Strouhal’s number (see [14]). If the speed of the wind achieves a certain value,
the frequency of the wind-induced force corresponds to an eigenvalue of the bridge,
which can result in violent oscillations and then in loosening of the cables.

Such an explanation was criticized in [8], where the authors opposed arguing that
the frequency of oscillations of the Tacoma Narrows suspension bridge was indepen-
dent of the speed of wind.

In this paper we have tried to present an explanation based on a certain rela-
tion between the eigenvalues of the vertical and torsional oscillations of the center
span. Consequently, our explanation is based on some properties connected with the
construction of bridges and is independent of the speed of wind.
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