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In this work, a new type of loading of slender systems, which is a follower
force directed towards a positive or a negative pole is presented. Con-
structional models of loading heads, which realize this type of loading,
are also presented. The variant of theoretical investigations concerning
formulation of boundary conditions is shown. It results from the ener-
getic formulation. Dependently on constructional variants of both the
loading and receiving heads, values of the critical force and courses of
the natural frequency as a function of the external loading for the ap-
plied geometry and physical constants of the column are determined.
Theoretical results are compared with those from an experiment.
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1. Introduction

1.1. Euler’s and Beck’s load. Plane load-natural frequency curves

The loading of a slender system, called Euler’s load, has been known since
the eighteenth century (compare Euler, 1774). This load is characterised by the
fact that a compressive force of a column has a constant point of its application
and a constant point of action, which are unchangeable during buckling.

A curve in the plane: load P -natural frequency w (see Fig. 1a) has always
a negative slope, which was proved by Leipholz (1974).

In 1952 Beck (compare Beck, 1953) reported the first solution for columns
with a non-conservative load (by follower force). This load is characterised by
a force that is tangential to the deflected axis of the column at the loaded end.
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The curve in the plane: load-natural frequency is shown in Fig. 1b (change
of vibration form takes place at O point). In Fig. 1 the critical force is denoted
as P., while M1 and M2 denote the first and second mode of vibrations,
respectively.

M2

M1

@

Fig. 1. Frequency curves in the plane: load P -natural frequency w for
divergence (a), and flutter (b) systems

1.2. The generalised load and the condition of its potential

Let us consider a cantilever column shown in Fig. 2. The flexural rigidity is
denoted as E.J, mass density as pA (where E is Young’s modulus, J — moment
of inertia related to the neutral axis in the bending plane, p — material density,
A — cross-section area). W(x,t) is a transverse displacement of the column,
m — concentrated mass at the free end of the column, C; — rigidity of rotational
spring modelling elasticity of the fastened system. The column is loaded by a
longitudinal force P, shearing force H and bending moment M. According to
works by Kordas (1963), Gajewski and Zyczkowski (1970, 1988), it is assumed
that the shearing force H and bending moment M linearly depend on the
displacement W (l,t) and deflection angle [0W (z,t)/0x],—; of the free end of
the column in the following way

W (z,t)
H=rPl1-pn)S222 4wt
{ H ox =l i } (11)
M= P[p% L+ W (L,1)]

where p, v, u, v are determined coefficients.

The load is conservative (the external force has a potential) if rotation of
the gradient of its vector field is equal to zero, which leads to the relation
(Kordas, 1963; Gajewski and Zyczkowski7 1970, 1988; Tomski et al., 1996)

OH oM
oW (a,0) o=t~ WG| (1.2)

=l ‘x:l
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Fig. 2. A scheme of the cantilever column subjected to the generalised load

For the generalised load, relation (1.2) gives
v+pu—1=0 (1.3)

A physical interpretation of this condition according to the field theory is given
in the work by Tomski et al. (1996).

Apart from Euler’s, Beck’s and the generalised loads, the following loads
are referred to in the literature:

e the load developed by a force directed towards the positive pole — the
fixed point through which the direction of the force action passes is
placed below the free end of the column (Gajewski and Zyczkowski,
1969; Timoshenko and Gere, 1961)

e the load developed by a force directed towards the negative pole — the
fixed point through which the direction of the force action passes is
placed above the free end of the column (Gajewski and Zyczkowski,
1969; Dabrowski, 1984).
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1.3. Authors’ research

1.3.1.  Specific load. Load-natural frequency curves in the plane

In 1994 Tomski et al. described a new system of a loaded column and planar
frame (Tomski et al., 1995). The vast results of theoretical and experimental
research on a column subjected to a specific load, are presented in a paper by
Tomski et al. (1996). A specific load can be called a generalised load with the
force directed towards the positive pole. Such a load can give an uncommon
course to the curve in the plane: load P -natural frequency w (see Tomski et
al., 1996).

The function P(w) (Fig.3) for this system has the following course:

e for P €< 0,P,) (P. is the critical load) the angle of the curve tangent
to P(w) can take a positive, zero or negative value

e for P ~ P. load, the slope of the curve in the P(—w) plane is always
negative

e change of the free vibration form (from the first to the second and in-
versely) takes place along the curve which determines the P(w) function
for the basic frequency (M1, M2 denote the first and second forms of
vibrations, respectively).

P
P vo M
Ve
N
M1
M2

Fig. 3. Frequency curves in the plane: load-natural frequency for the
divergence-pseudo-flutter type system

The system realising such a course was named the divergence-pseudo-
flutter type, Bogacz et al. (1998), as opposed to the already known separate
systems: divergence and flutter ones.

Further results of theoretical and experimental investigations, concerning
the specific load are presented in the following publications:

e a follower load with the force directed towards the positive pole, Tomski
et al. (1998)
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e a generalised load with the force directed towards the negative pole and
a follower load with the force directed towards the negative pole, Tomski
et al. (1999).

An attempt to optimise a column subjected to a generalised load by a
force directed towards the positive pole was made by Bogacz et al. (1998).
The results of experimental investigations, connected with changes of the free
vibration form along the load-natural frequency curve, were presented by Bo-
gacz et al. (1998). It was proved that the course of the curve was in good
agreement with that shown in Fig. 3.

1.8.2.  The extended condition for the load potential

In this paper, the condition for the potential of a generalised load has been
worked out according to the property that if the potential of external forces
exists (Levinson, 1966; Wallerstein, 2002), then

§V = —6L (1.4)

where 6V is a variation of the potential energy and 6L — variation of the
potential work

5V = l(5MM us2VED N s + HOW (1,1))
2 ox =l ox =l
(1.5)
B OW (z,t)
oL = —(M3 5|+ HEW (1,1))
while (Levinson, 1966)
oM =6H =0 (1.6)

The energy of the force P is neglected because it is a potential load.
Taking into account (1.1), (1.4)—(1.6), the extended condition for the exter-
nal load potential is

OW (z,t)

- p(2heD

OW (z,t)
x:l(SW(l,t) —W(l,t)é P

x:l) =0 (1.7

If W(l,t) and [OW (z,t)/0z],—; are linearly independent, the second factor
in relationship (1.7) is set to zero. The same condition for the external load
potential was obtained in the paper by Tomski et al. (1996), in which the
self-adjointness condition of differential operators describing free vibrations of
the column was borne in mind.



910 L. TOMSKI ET AL.
2. Statement of the problem

New heads loading and receiving the column are presented in this paper.
These heads are to realise a load with an a priori unknown force direction and
point of application. The value of the column bending moment depends on the
point of force application P.

The boundary conditions are calculated according to the Hamilton princi-
ple with the manifestation of the load in two intersections arising from design
of the forcing and loading heads. The formulation of the load potential is used
here through the second factor of condition (1.7).

The results of numerical calculations, concerning the load-natural frequ-
ency curves, are verified by experimental investigations.

It must be noted that every specific load, i.e.:

e generalised load with a force directed towards positive or negative poles

e load by a follower force directed towards positive or negative poles, can
be realised with the use of loading and receiving heads in a few alterna-
tive designs, Tomski et al. (1996, 1998, 1999).

3. Structural schemes of the heads realising the load

The loading systems, which the column is subjected to, are presented in
Fig.4. These systems are composed of an enclosure (1) and end with rolling
guides (2). The outer race (3) (Figs4a,b) and internal rings (Fig.4c) of a
roll bearing (ball bearing) are mounted on the enclosure (1). The internal
ring (5) (Figs4a-b) and the outer race (Fig. 4c) of the roll bearing are placed
in an element (4). The element (4) is connected to a block (7) by means of a
lock (6). Two rods (8) of the column are mounted in the block. It is assumed
that the elements of length Iy (lock (6), element (4), block (7)) are infinitely
rigid (this relates to constructional considerations). The elements (1, 3) make
up the loading head, while (4, 5, 6, 7) — the receiving head.

The column consists of two rods (8.1, 8.2) with the bending rigidity (EJ);
and (EJ)a, respectively, and the mass per unit length (pA); and (pA), (and
(EJ) = (BJ)2, (AN = (pA)s, (EJ)1 +(EJ)s = EJ, (5A)1 + ()2 = pA).
The rods of the column have the same cross-sections and are made of the
same material. The rods and their physical and geometrical parameters are
distinguished by 1, 2 indexes, which are only needed to calculate symmetrical
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Fig. 4. Structural schemes of heads realising the column load: (a) for R > 0,
R*l()>0; (b) for R>O,R*l()<0; (C) for R<0,15>0

natural frequencies and to determine corresponding forms of vibration. Hence,

we can assume a global bending rigidity EJ and elementary mass of the
column pA in the following considerations in this paper.

911
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4. The physical model of the system

The physical model of the considered system, in the constructional variant
shown in Fig. 4a, is presented in Fig. 5. The systems, shown in Figs4b,c, are a
specific case of the system presented in Fig. 4a. The load is manifested in I-1
and II-1I sections. Three-component parts X, Y, Z, which fulfil the determined
aims, can be distinguished by taking into account the system shown in Fig. 5.

The system X creates external load 1 and internal forces 3a, which are
balanced by head 2 and rolling guides. The system Y consists of head 4 and
balanced forces 3a and 5a (Fig. 5¢). The system Z is determined by column 6
and external forces 5b and column mount 7.

The manifestation of the load in the Y and Z systems makes it possi-
ble to specify boundary conditions on the basis of mechanical energy balance
(vibration problem) or potential energy balance (statics criterion). The ma-
nifestation of the load in the Z system in section II-II makes it possible to
specify boundary conditions on the basis of mechanical energy or potential
energy, and also on the dependence of external load 5b on the internal forces
in column 6.

It should be underlined that if the generalised load is taken into account,
then the force direction and its point of application are a priori unknown for
the considered structure. As a result, the coefficient of the follower force 7
and coefficient of the bending moment 7y (Fig. 5) are assumed in the following
considerations.

Geometrical dependences between elements of the structure and load pla-
cement (force P and bending moment M) lead to the following relationship

OW (z,t)

W(l,t)=(R—1p) E

=l

4.1. Mechanical energy of the system and Hamilton’s principle. Boundary
conditions

Total potential energy of the system depicted in Fig.5 is examined with
respect to the place of its manifestation (Table 1):
— energy of the elastic strain
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Fig. 5. The physical model of the object
— potential energy of elasticity of the fastening
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— potential energy of the system Vi, (Table 1 — where k£ = 3,4,5,

N = %, %k, % * %)
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Table 1. Potential energy of the system

Manifestation of the load in section
I-I \ II-11 | I-I and II-II
Potential energy of the vertical component of the force P
Vi =—PA; — PAy+ PAs | Vot = —PA S
Potential energy of the horizontal component of the force P
Vi = PRyiA}J2 | Vi = PpW (L, A2 | V5™
Potential energy of the bending moment
V4* =0 ‘ V4*>k — _V;l*** ‘ V4*>k*

where
Vz*** = —PAQ =+ PA3

Vi = DIREAT —mW (L 0)A]

P
Vit = —5772W(l,t)Al

!
oW (z,t) 1/ oW (z, t
Al = — — —
8:6 x=l 2
1 1 0
Ay = 510412 Az = 53(1 —n}) A7

Kinetic energy for the considered system is as follows

T —

l
ﬁA/{aVVa(tx,t)r dz + Q[GW(IJ)

2
ot z:l} (44)

1

2
0

In this paper, the formulation of the problem is carried out with the use of

Hamilton’s principle (Goldstein, 1950)

5/(T—V) dt =0 (4.5)

The commutation of integration (with respect to x and t) and variation calcu-
lation is used within Hamilton’s principle (4.5). The equation of motion, after
taking into account the commutation of variation and differentiation operators
and after integrating kinetic and potential energies of the system, is obtained
in the form

EJ84W(:C,t) O*W (x,t) +ﬁA82W(m’t)
Ozt Ox? ot?

=0 (4.6)
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and after giving consideration to conditions (4.1), the following boundary con-
dition at the free end of the system is imposed

PW (z,t) 1 0?W (z,t) B £82W(a:,t) _0 (47)
ox3 z=l R— lo Ox? z=l EJ ot? z=l N '
The conditions for the fastening are as follows
O?W (x,t) OW (x,t)
t) = EJ———— - —= = 4.
W(O’ ) 0 d Ox? =0 Cl ox =0 0 ( 8)

Condition (4.7) is independent of the follower coefficients 77 and ns.

The loading of columns, for which the boundary conditions at the free end
(x = 1) are defined by relations (4.1); and (4.7), depending on a constructional
variant of the loading head (sign of the radius of curvature R (Fig.4), assume
the name of:

e follower force directed towards the positive pole (R > 0 — Fig. 4a,b)
e follower force directed towards the negative pole (R < 0 — Fig. 4c)

independently of the length of the rigid element Iy of the head receiving the
load.

5. Solution to the boundary problem

The equations of motion for the considered column, with the function of
transverse vibration W;(z,t) predicted in the form

Wi(x,t) = yi(z) cos(wt) i=1,2 (5.1)
are as follows
2
(EJ)iyi " (x) + S (z) — (pA)iw?yi(x) = 0 Y.Si=P (52
i=1

where a symmetrical distribution of the bending rigidity and mass per unit
length is assumed.
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The boundary conditions at the fixed and free end of the column, with
regard to relationships (4.1); and (4.7), take the following form

y1(0) = 2(0) =0 y1(0) = u5(0)

yl(l) = y2(l) yll(l) = yé(l)

Y1 (0) + y4(0) — ¢35 (0) = 0 y1(l) = (R = lo)yl (1) (5.3)

w2
W0+ 0 = = B0 + 930 + () =0
where
* i
T EI)

A general solution to Egs. (5.2) is
yl(SC) =Cq; COSh(O{Z'.’E) + Cy; sinh(aix) + Cs; cos(ﬁix) + Cy; sm(ﬁzx) (54)

where Cj; are integration constants (j =1,2,3,4), and

1 1 1 1
of =~k ) k2 + 2 B = gk gk + 27

2 = M Lk — Si
g (EJ); ’ (EJ);

while

Substitution of solutions (5.4) into boundary conditions (5.3) yields a trans-
cendental equation for eigenvalues of the considered system.

6. Experimental stand

The experimental stand for the examination of free vibrations of the con-
sidered columns is shown in Fig. 6. It consists of head (1) which can be hori-
zontally shifted along guides (2). The load is applied to the tested column by
means of screw systems belonging to the head. The loading force is measu-
red by dynamometer (3). Column (5) is clamped to supports 4(1) and 4(2).
Support 4(1) enables fixing of loading head (6), see Fig.4. Tests of normal
frequencies were performed with the use of a two-channel vibration analyser
made by Briiel and Kjaer (Denmark).
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Fig. 6. The test rig for experimental research on the considered column

7. Numerical and experimental results

For the considered column numerical computations were accomplished on
the basis of the solution to the boundary value problem. Then, the course
of natural frequencies in relation to the external loads (for systems whose
physical and geometrical parameters are given in Table 2) was experimentally
verified on the stand (Fig. 6).

The parameters of loading and receiving heads are also included in Ta-
ble 2. Systems K2, K7, K8 correspond with the head variant presented in
Fig. 4c, systems K5, K6 — Fig. 4a, system K1 — Fig. 4b depending on the head
curvature and reciprocal relation between the rigid element [g and radius R.

Columns K3, K4, for which R = [y, are the specific variant. The free end
of the system is at the non-deformed axis of the column for such a relation.
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Table 2. Geometrical and physical parameters of the considered columns

| Columns | EJ [Nm?] | pA kg/m] | I [m] | R[m] |l [m] [ m [ke] |

K1 152.68 0.631 0.7 0.0285 | 0.091 0.25

K2 152.68 0.631 0.7 | —0.0285 | 0.091 0.4
K3,K4 152.68 0.631 0.71 0.058 0.058 | 0.335
K5,K6 152.68 0.631 0.71 0.058 0.025 | 0.25
K7,K8 152.68 0.631 0.71 | —0.058 | 0.025 | 0.35

The boundary conditions for x = [ can be stated as follows
yi(l) =y2(1) =0 (1) = y5() YD +ys() =0 (7.1)

The results, obtained from experiments (points) and numerical computations
(lines), are presented in Fig. 7-Fig. 11, while columns K4, K6, K8 are charac-
terised by ¢; = 0 joint attachment for x = 0. The rigid attachment (1/ci = 0)
was applied in the remaining cases. The results are limited to the first three
basic natural frequencies (M1, M2, M3) and two additional frequencies (M2°,
M3°) characterised by symmetry of vibrations (compare Tomski et al., 1998).
Both numerical and experimental results are in good agreement.

P [N]
5000
4000 . M3¢
- L]
3000 .
e
*
2000 i
*
1000 .
L]
0 1 1 1 b 1 1 e 1 1 1 lo- 1 1 1 1
50 100 150 200 250 300 350
J [Hz]

Fig. 7. Frequency curves in the load-natural frequency fplane for column K1

Additional results, connected with changes in the critical load and natural
frequency, were obtained by taking into account the correctness of the assumed
mathematical model describing the variations. The rigid attachment of the
system 1/cf = 0 was also taken into consideration.



VIBRATIONS AND STABILITY OF A TWO-ROD COLUMN...

P [N] K2
. M3
4000
3000
2000
1000 .
L
0 L ry L 1 L 1 <
100 150 200 250
f [Hz]
Fig. 8. Frequency curves in the load-natural frequency fplane for column K2
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Fig. 9. Frequency curves in the load-natural frequency fplane for columns K3

and K4
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Fig. 10. Frequency curves in the load-natural frequency fplane for columns K5
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Fig. 11. Frequency curves in the load-natural frequency fplane for columns K7
and K8

The change in the critical load parameter is presented in Fig. 12 in the full
range of the radius R of the loading head for three lengths A, B, C of the
rigid element carrying the load. The value of the critical force P. is related to
the overall length of the system

P

A= =51
EJ

(7.2)
while R* = R/ly, I§ = lo/l1, l1 =lp + 1 = const and [y — length of the rigid
element, [ — length of the column.

The curves A, B, C represent the value of the critical load parameter from
point A_o, B_s, C_s to point Ag, By, Cy for the column loaded by the
follower force towards the negative pole R* —I[j < 0 and positive pole R* > 0
with R* — 1[5 < 0.

In the remaining range of the radius R* ((Ao, Ax), (Bo, Bx), (Co,Cx))
the system is loaded by the follower force towards the positive pole when
R* — 1§ > 0. For the considered values of the radius R* of the loading head,
changes of every curve of the critical load are characterised by occurrence of
the maximum value of the critical load parameter \,., (Fig.13).

The extreme value for every R* and [j fulfils the dependence

R =15 1

- 2 (7.3)

The value of the critical load parameter corresponding with R* — oo is
specified by lines 1, 2, 3 (Fig. 12). The points A, By, Cy describe the value
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Fig. 12. The change of the critical load parameter A, as a function of radius R* of
the loading head

1/¢; =0

2.5 Rr* 3.0

Fig. 13. The change of the critical load parameter A, in relation to positive values of
the radius R* of the loading head

of the critical force for the column with the joint attachment at the free ends
(compare K3, K4 — Table 2).

The range R* € (R*, R*") of positive values of the radius R* of the loading
head exists for every length of the rigid element [§, see Fig. 13. The considered
column is of divergence-pseudo-flutter type (A’, A” point) in the above range.
The considered system is of divergence type for the remaining positive and
negative values of R*.

The numbering of the considered column as one of the two types of systems
is associated with the course of the natural frequency in relation to the external
load, which is shown in Fig. 14 and Fig. 15.
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Fig. 14. Frequency curves in the load-natural frequency plane for R* — {5 <0
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Fig. 15. Frequency curves in the load-natural frequency plane for R* —[§ > 0

The presentation was limited to the first two basic natural frequencies in a
dimensionless form {2; and to an additional symmetric natural frequency {25
in relation to the dimensionless loading parameter A, while

PI? PAWIY
_ta 2 = P 1

A= 1L i § -
EJ EJ BAlL
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The slope of the eigenvalue curves (Fig. 14) is always negative for the co-
lumn loaded by a follower force directed towards the negative pole. That slope
can be positive (curve 3 in Fig. 15), negative or zero (curves 2, 4) for the system
loaded by a follower force directed towards the positive pole.

The discussed curves were sketched for a constant length [ of the rigid
element of the loading head and concentrated mass at the free end of the
column m*. The value of the critical load 2 = 0 stays in accordance with
curve A in Fig. 12.

The change of natural frequencies in relation to the dimensionless loading
parameter for a constant radius R* of the loading head (line 4 in Fig. 12) is
shown in Fig. 16.

Ak 3. 1(2)
o = = = = = _2-(.02)2 \
I P R CeY
i 205
40k = T e T e T ey = - \ \\
i 3.(925)\'/\\‘
O T — e .
et = 3~(-Q1);
L 01—0 . \‘
R*=0.625
20F  =1.321
- 1.15=0.25
10 2.7;=0.125
3.15=0
0 Lol Lol 1 ol Lol 1 1 Byl P
0.1 1.0 10.0 100.0 1000.0

0

Fig. 16. Frequency curves in the load-natural frequencies plane for R* = const

The considered column is of divergence-pseudo-flutter type independently
of the length [ of the loading element for the chosen geometrical and physical
parameters of the system.

8. Conclusions

On the basis of experiments and carried out numerical simulations for the
presented variant of the specific load by the follower force towards the negative
or positive pole, one can state that:
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e correct boundary conditions for the considered structure can be determi-
ned on the basis of the minimum of potential energy (static problem) or
on the basis of the minimum of mechanical energy (Hamilton’s principle)

e the considered system can be of divergence or divergence-pseudo-flutter
type with regard to the design of loading and receiving heads, (value of
the radius R and length [y of the rigid element of the head receiving the
load)

e there are such values of geometrical parameters of the loading and rece-
iving heads for which the maximum of the critical load is obtained

e the system is conservative according to the extended principle of poten-
tial, which was described by Tomski et al. (1996) and resulted from the
self-adjointness of differential operators, while in this paper the conse-
rvative system is determined from the relationship between the potential
energy and work of the potential system.
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Drgania i stateczno$¢ dwupretowej kolumny obcigzonej poprzez wycinek
lozyska tocznego

Streszczenie

W pracy prezentuje sie nowe obciagzenie ukladéw smuktlych, ktore jest obciazeniem
sila $ledzaca skierowana do bieguna dodatniego lub ujemnego. Przedstawia sie rozwia-
zania konstrukcyjne gtowic obciazonych, ktore realizuja to obciazenie. Prezentuje sig
rozwazania teoretyczne dotyczace sformulowania warunkéw brzegowych na podstawie
calkowitej energii ukladu. W zaleznoéci od rozwiazania konstrukcyjnego gltowicy ob-
ciazajacej i przejmujacej obciagzenie okresla si¢ warto$é sity krytycznej oraz przebieg
czestodei drgan wlasnych w funkcji obciazenia zewnetrznego dla zadanej geometrii
i stalych fizycznych kolumny. Wyniki badan teoretycznych poréwnuje sie z wynikami
badan eksperymentalnych.
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