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УДК 624.074.4:530.182
Фракталы в инженерном деле. Энгельбрехт Ю.К.
Труды Таллиннского технического университета
1991. № 721, с. З-П.
В статье приведены основные понятия теории фракталей,

которые могли бы быть применены в проектировании железо-
бетонных. конструкций и оболочек. Одна из основных проблем
- это моделирование трещин в элементах, работающих на
растяжение. Коротко описана теория, позволяющая на основе
дискретизации моделировать рост трещин с определенной ус-
ловностью. Приведен ряд проблем, решение которых целесо-
образно при помощи теории фракталей.

Рисунков -3, бибд. наименований - 13.

УДК 624.074
Висячие покрытия в качестве акустических экранов

для певческих эстрад в Эстонии. Кульбах В.Р, -

Труды Таллиннского технического университета
1991. № 721, с. 12-20.
Акустические экраны Таллиннской певческой эстра-

ды, возведенной в 1960 году, и Тартуской эстрады, строя-
щейся с 1989 года, представляют собой различные седло-
видные висячие покрытия. Контур Таллиннского экрана со-
стоит из двух плоских арок, опертых на массивные контр-
фарсы; контур Тартуского экрана имеет форму замкнутой
пространственной кривой эллиптической формы и опирается
на три плоские вертикальные диафрагмы, которые не пре-
пятствуют деформациям контура в горизонтальных направле-
ниях. Значительные различия имеются также з конструирова-
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нии сети вант и в соединениях вант с контуром. Особенно-
стью Тартуского экрана является значительно меньшее зна-
чение усилий предварительного напряжения по сравнению с
Таллиннском экраном. Этому способствуют действия нагрузок,
приложенных к сети и и контуру, а также увеличиваются уси-
лия как в несущих, так и в стягивающих вантах.

В статье приводятся основы для определения усилий и
перемещений обоих э!фанов, исходя соответственно из ди-
скретной или континуальной расчетной схемы.

Рисунков -2, библ. наименований - 2.
УДК 624.074

Статическое нагружение модели акустического экрана.
Кульбах В.Р., Паане П.А. - Труды Таллиннского
технического университета. 1991. № 721, с. 21-31.
Представлены результаты экспериментального исследо-

вания модели седловидного покрытия с контуром в виде эл-
липса и вантовой сетью из круглой стали. Модель изготов-
лена в масштабе 1:10, полуоси эллипса 2,7 и 2,1 м. По-
крытие опирается на три парные опоры, которые не препят-
ствуют горизонтальным перемещениям контура. Передняя
часть контура свободно перемещается в вертикальном на-
правлении. Рассматривается влияние разных нагрузок, при-
ложенных в узлах сети, а также нагрузок, распределенных
по длине контура. Действие собственного веса контура мо-
жет быть использовано для преднапряжения вантовой сети.
В статье приводятся графики, иллюстрирующие распределение
усилий и перемещения вантовой сети.

Таблиц - I, рисунков - 13, библ. наименований - 2.

УДК 624.074
Определение динамических характеристик
седловидного висячего покрытия. Ыйгер К.П.,
Тальвик И.Р. - Труды Таллиннского технического
университета. 1991. № 721, с. 32-38.
Представлены результаты динамического испытания мо-

дели седловидного покрытия с контуром в виде эллипса и
вантовой сетью из круглой стали. Модель изготовлена в
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масштабе 1:10, полуоси эллипса 2,7 и 2,1 м. Покрытие опи-
рается на три парные плоскостные опоры, которые не пре-
пятствуют горизонтальным перемещениям контура. Передняя
часть контура может свободно перемещаться также в вер-
тикальном направлении. Настил выполнен в виде трехслой-
ной деревянной оболочки. Рассматривается влияние разных
нагрузок, распределенных по длине контура, а также в
узлах сети на собственные частоты конструкции при на-
личии настила и без него. Численно определенные собствен-
ные частоты для конструкции с настилом близки к экспери-
ментальным.

Рисунков -5, библ. наименований - 2.

УДК 624.074.4.012.45.001.5(474.2)
Исследование принципов работы оболочек двоякой
кривизны при помощи моделей. Тярно Ю.А. - Труды
Таллиннского технического университета. 1991.
№ 721, с. 39-49.
С 1955 по 1975 годы по инициативе и под руководством

члена Эстонской Академии наук профессора X. Лаула пред-
ставителями его школы был проведен ряд экспериментально-
теоретических исследований цилиндрических железобетонных
оболочек. В результате этой обширной работы стало возмож-
ным сделать обобщения для поведения оболочек с трещинами,
изготовленных из имеющегося материала (армоцемент,железо-
бетон). В последующие годы для уточнения и дополнительного
обобщения проделанной работы исследовалось влияние на обо-
лочки двоякой кривизны различных кривизн как упругой ста-
дии, так и в стадии возникновения трещин для широкого диа-
пазона геометрических параметров и нагрузок Cl, 2].

В настоящей работе рассматриваются оболочки с поло-
жительной, нулевой и отрицательной кривизной, средней дли-
ны с различными жесткостями краевых элементов и условиями
опирания. Влияние продольных, поперечных и наклонных тре-
щин, также шарниров на распределение внутренних сил ис-
следовалось на упругой модели с искусственными трещинами.
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Исследованное в работе применение предварительно на-
пряженных элементов позволяет изменить величины и распре-
деление внутренних сил, в желательном для конструктора на-
правлении. Для систематизирования внутренних сил исполь-
зуются обобщенные схемы и безразмерные параметры.

Рисунков -2, библ. наименований - 25,

УДК 624.074
Обеспечение прочности стальных цилиндрических

аппаратов колонного типа при монтаже. Гордон Э.Я.
Труды Таллиннского технического университета.
1991. № 721, с. 50-59.

Особое место при сооружении объектов нефтяной и хи-
мической промышленности занимает монтаж аппаратов колонно-
го типа. Подъемная масса таких аппаратов может достигать
1000 т при высоте до 100 м.

В процессе подъема стенка цидиндрического корпуса ап-
парата в местах присоединения строповых устройств и мон-
тажных приспособлений воспринимает значительные локальные
нагрузки в виде изгибающих моментов, радиальных и танген-
циальных сил.

В связи со сложными условиями работы реактора Инсти-
тутом Гипронефтеспецмонтаж совместно с Таллиннским тех-
ническим университетом были проведены экспериментальнс-
теоретические исследования по определению напряженно-де-
формированного состояния цилиндрических оболочек от мон-
тажных нагрузок. Для теоретического исследования постав-
ленной задачи использовали метод конечных элементов.

Теоретические результаты работы показали, что напря-
женно-деформированное состояние цилиндрической оболочки
носит ярко выраженный локальный характер.

На основании проведенных экспериментально-теоретиче-
ских исследований и опыта практического выполнения мон-
тажных работ была разработана методика расчета прочности
корпуса колонного аппарата в процессе монтажа.

Рисунков -3, библ. наименований - 6.
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J. Engelbrecht

FRACTALS IN ENGINEERING

"What do you know about this
business?" the King said to

Alice. "Nothing whatever. "

said Alice.

Lewis Carrol

Allegro moderate

The idea to write a paper on fractals in engineering
came to the author in Cambridge when he was reading the
special number of Phyaica D (1989, vol, 38, Noa 1-3) de-
dicated to В.В,- Mandelbrot, It was anno 1989 and the
author was already aware of the forthcoming anniversary
volume dedicated to Heinrich Laul, The preliminary plan
was to describe some remarkable new theories in connection
with the long outstanding research work carried out by him.
However, his active role in developing the theory of
concrete sheila and his consulting practice during the
last half of a century have set some natural limitations to
the preliminary idea. Consequently, in this paper only one
branch of engineering - mechanics of concrete structures -

is discussed. The point of view taken by the author differs
considerably from the common engineering practice. The aim
of this paper is to point out some fascinating new problems
for concrete structures on the basis of the theory of frac-
tals, This is done despite the motto given above.

The word ’’fractal" is coined by 8,8, Mandelbrot in
1975 in order to describe "rough but seifsimilar" objects
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И3,Азit is now widely known, everything has started
2from the famous mapping z—»z+C in the complex plane,

investigated by 8,8, Mandelbrot, which gave rise to the
famous "ginger-bread man" or Mandelbrot set Cl, 23, How-
ever, J, Hubbard says that he has investigated this mapping
some years earlier but as it sometimes happens in science,
no traces of this research are known except the author's
statement С3З,

What are fractals? F. Hundertwasser has said that
"the straight line leads to the downfall of the mankind"
C2], This "slight exaggeration" has deep roots. We are all
accustomed to school geometry starting, for example, from
Galileo Galilei and his famous statement: "It (i.e. the
Universe) is written in the language of mathematics and
its characters are triangles, circles and other geometric
figures, without which it is humanly impossible to under-
stand a single word of it,,," (taken from C23), Only nowa-
days, about 350 years later, we know that "clouds are not
spheres, mountains are not cones, coastlines are not
circles, and bark is not smooth, nor does lightning travel
in a straight line" C4O, 933. This is exactly what 3. Man-
delbrot meant using the word "fractal", which really gives
new insight in describing coastlines and rivers, islands
and mountains, grains in rock, metal and composites, clouds
and turbulent flows, growth of plants and cells, particle
trajectories and clusters, etc.

However, a complete definition of fractals is still
not known C53, One could use an intuitive definition C63 :

A fractal is a shape made of parts similar to the
whole in some way,

A tentative, more strict definition reads C63 : A
fractal is a set for which the Hausdorff-Besicovitch di-
mension strictly exceeds the topological dimension.

This definition requires other definitions for terms
used in it. The topological dimension D T is meant here
in its usual sense: the set of points that make up a line
in ordinary Eucleideab space has D T =l, the set of
points that form a surface in the same space has Dj =2,
a sphere has 0T =3, etc. Topological dimension D T is
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always an integer. The Hausdorff-Besicovitch dimension D H
measures properties of sets of points forming a "rough"
line, surface, space, etc, in the limit of a vanishing
diameter or size 5 of the test function used to cover
the set. It may be surprising but D H needs not to' be an
integer. Still, for a line D T

= D H
= i , for a plane D T

=

= D H
= 2, But for a coast-line or for a cluster the result

is that Du is a noninteger. For example, in Fig. 1 the
two-scale Cantor set with nonidentical segments is shown
( L, = 1/A ; L 2, = *2 / 5 ) in the unit interval [O, 13, Here
we get DH

= 0,6110, i,e, this set is something between a
line and an empty set of points C 63, Sometimes D H is called
fractal dimension. The reader is referred to monographs in
this field in order to obtain more examplesC2, 4,6, 73, It
is obvious that the possibilities of fractal geometry are
much wider than those of Eucleidean geometry and many
natural objects compiled by "broken" lines, surfaces or
spaces could be effectively described by fractals.

Fig. 1, Five first generations of the two-scale Cantor set
with Ц = 1/4 and 2/5 L63.

Andante

H. Laul knows a lot about concrete and concrete struc-
tures, In order to put concrete and fractals together, we
also need some description of concrete as a material. In a

concise form the following description may be given CB3 s

concrete is "a versatile engineering material consisting of
a hydraulic cementing substance, aggregate, water, and often
controlled amounts of entrained air. Strength is developed
in the hydration reaction between the cement and water. The
products, mainly calcium silicates, calcium aluminate, and
calcium hydroxide, are relatively insoluble and bind the
aggregate in a hardened matrix". As to the aggregate, be-
side natural sands and gravels, crushed limestone is widely
used in Estonia.
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The most important feature of concrete is that it
works much better under the compressive stresses rather
than tension. Usually the structural elements under bend-
ing and shear induce tensile stresses and they are de-
signed under the assumption that tensile stresses have
cracked the concrete and the steel reinforcing carries all
the tension.

The cracks are very important indeed in describing
the behaviour of concrete structures. Particularly, in
concrete shells some special problems are met which can be
summed up in the following way L93* 'the reinforcement is
sometimes not used in shells either for some reasons of
economy (cracks in cylindrical shells are not considered
to be essential in case of stringer-type border elements)
or for structural purposes (the curved part of a shell
is designed not to accept torsional forces). It is also
known 19D that in the firat case the usual shell theory
can sometimes still be applied but in the second case the
pattern of internal forces is completely different and
therefore special theories should be taken into account.

This very short (and naive) glimpse at the theory of
concrete structures shows at least two essential points
in the designing of concrete structures: (i) concrete is
made of certain small aggregates and (ii) a concrete struo-
ture usually has cracks, Even the compressed description
of fractals given in the previous section leads immediately
to a natural question is the notion of fractals of
some use in describing the behaviour of concrete structures?
Below, some ideas for answering this question are outlined.

Soherzo

Let ua try firat to characterize concrete aa inhomo-
geneous material. It ia useful to point out that in con-
temporary understanding inhomogeneous materials can be
divided into two groups СЮД:

” energetic elasticity group, i.e. materials the
elementary grains of which are very large;

- entropic elasticity group, i.e, materials consist-
ing of very small building blocks.
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Concrete, sandstone, etc. belong to the first group,
and composite materials, rubbers, etc, to the second
group. For the first group of materials entropy remains
unchanged during the deformation while for the second
group, entropy is changed due to distortion which leads
to changes in energy. Such an understanding may be useful
in constructing the constitutive equations.

Establishing such a general property, we come to an
important problem of how stress is transmitted in aggregated
media. Using the notion of fractals, it is clear that con-
crete is a fractal-like materials the aggregates are stuck
together by a cementing substance forming a 3-dimensional
cluster, A natural question immediately arises: can concrete
be characterized by a fractal dimension which is actually
an additional quantitative measure? The answer to this
question (not known to the author) would help to understand
how concrete sustains stress and how that stress is trans-
mitted. According to Edwards and Oakeshott Cll3 , stress in
fractal-like materials is transmitted in one-dimensional paths
which are.branched and are also characterized by a fractal
dimension, - This idea is closely related to percolation prob-
lems in porous media C63,

And now the main problem cracks in concrete which
are so important in the designing of concrete structures,
particularly of concrete shells C93. It can be agreed with-
out any doubt that cracks are of fractal nature. Neverthe-
less, not very much is known about the real mechanisms of
the growing of the cracks. One possible mechanism is based
on discrete elementary beams, used by H,J, Hermann (123,
Further on, his results concerning the growth of an exist-
ing single crack are briefly referred to.

In this problem, three main equations occur. First,
the medium is described by the Lame equation

•+■ fj) ? (v* u) u « О О)

where h, jj are the Lame coefficients and uis the dis-
placement vector. For an existing crack, the stress normal
to the surface of the crack is zero and the crack will grow
in the direction perpendicular to the surface at the point



where the strain parallel to the surface is the largest.
The growth depends on the elastic energy, or, actually,
how the elastic energy is transported away from the growing
tip. The normal growth velocity Vn is given as

*<(&?, öj*l

where and. rj are material-dependent parameters and
other notations are obvious. If rj = 1 , then the von Mises
yielding criterion, is taken as a basic one, As for cj, , it
emphasizes the affinity of the breaking process to the bend-
ing mode as compared to cleavage (transverse action). The
process is discretized by using elementary beams which physi-
cally means introducing anisotropy and a cutoff at small
length scales. The breaking of a beam is determined by a
quantity p governed by the third equation

p = [f 1
-* |m20]4 (3)

where f is the fraction force and m.,, m 2 are the moments
acting at the two ends of the beam. Three criteria involv-
ing the value of p , are used in £123, ' Criterion I des-
cribes ideally brittle and fast rupture; criterion II ac-
counts for slower cracks which could happen during fast
stress corrosion effects (actually a short time memory is
taken into account); criterion 111 is applied for slow stress
corrosion effects (static fatigue). The criteria are re-
lated to each other by combining the value of f in (3),

Applying the criterion I, the cracks are not fractal-
like C 123, This could be in some sense compared with the
fracture of a glass-like material with long smooth cracks.
The fractal dimension of a crack obtained by the criterion
111 is higher than that obtained by the criterion 11. This
is shown in Pig, 2 taken from C 123, Are these criteria ap-
plicable for real situations? Theoretical and experimental
cracks are compared in the case of the alloy Tt - 11.5 Mo -

6 Zn - 4.5 Sn (not for concrete») C 123, These results are
shown ini Pigr3 and a "vague" similarity can really be seen.
The fractal dimensions for these cracks are not given but
some estimates are known for fracture surfaces of metals.

8
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Fig. 2. Theoretical cracks in discrete system under external
shear using criterion II (a) and criterion 111 (b) [l2]

.

Fig. 3. Theoretical (criterion II) and experimental cracks for
an alloy (details given in [l2] ).

According to C63, D H » 2,1.2.28, For cracks in concrete, no
estimates are known to the author.

There are many questions not answered yet. For example;
given the fractal dimension of a crack, what traction can he
applied to it? Or another question: given the crack and its
measured fractal dimension (for measuring technique see [6,
71), can the nature of the traction that has caused the
crack be determined? And the most fascinating question; can
cracks be predictable? Here probably the answer is yes and
no. Yea, because the stress distribution in a structural
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element predicts the regions where the cracks can be ex-
pected. No, because to predict a fractal path is impossible.

Finale

"The important thing in science is not so much to ob-
tain new facts as to discover new ways of thinking about
them," said Sir William Lawrence Bragg C 133. Concrete is a
fascinating material and needs full attention from the view-
point of fractals. Were K. Laul today a student interested
in concrete structures, he could not miss fractals.

The unconventional subtitles of this paper originate
from H, Laul’s the world of music, where fractal
structures have also widely been used C73,
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J. Engelbrecht

FRAKTALID inseneriteaduses

Artikkel käsitleb fraktallte teooria põhimõisteid, mis
võiksid olla rakendatud raudbetoonkonstruktsioonide Ja eri-
ti raudbetoonkoorikute projekteerimisel. Üks põhilisi ku-
simusi on pragude modelleerimine raudbetoonkonstruktsiooni:*
de tõmbele tõotavates elementides. Lühidalt on kirjelda-
tud diskreetsetel elementidel põhinevat teooriat, mis või-
maldab teatud ligikaudsusega modelleerida prao arenemist.
Püstitatakse rida probleeme, mille lahendamiseks on koha-
ne kasutada fraktallte teooriat.
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V. Kulbach

HANGING ROOFS AS ACOUSTIC SCREENS FOR SONG FESTIVAL
TRIBUNES IN ESTONIA

Song festivals are a 120 years tradition in Estonia.
The number of choir singers has grown to 30 thousand and
the audience to 200 thousand people. Last years have seen
increasing importance of gong festivals, being driven by
the movement for independent Estonia outside the Soviet

Union, For example, in the "singing revolution" of 1988
every fourth Estonian took part.

A contemporary song festival tribune was erected in
Tallinn in 1960, Architect Alar Kotli and Professor Hein-
rich Laul made a major contribution to the design of the
acoustic screen. This screen is a saddle-formed hanging
roof, one of the first examples of that kind. Because Tar-
tu, the Estonian University town has a special place in the
festival tradition, a new song festival tribune has been
designed to be erected there. This acoustic screen is also
a hanging roof with negative Gaussian curvature. The acous-
tic factor is domineering in the design of the screen sur-
face, Both screens are inclined in the direction of the
audience. The function and general shape of the screens in
Tallinn and Tartu are identical, yet their structures are
considerably different.

The prestressed cable network used in Tallinn is
formed inside the contour, consisting of two plane arches
(Fig. 1). The back arch is made of reinforced concrete, the
plane being inclined at the angle of 190 to the horizon.
The front arch consists of a steel tube, partly filled with
concrete, inclined at the angle of 58° to the horizon.
Both the back and the front arches have common main sup-
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ports in the form of massive
counterforts, which develop con-
siderable horizontal reactions
to the arch forces. The back
arch is complementarily sup-
ported by vertical columns of
the rear wall of the tribune. At
the same time, the front arch
has no intermediate supports,
therefore it has to resist not
only the moments applied in its
plane, but the perpendicular
forces as well. Network cables
are made of locked-coil wire
ropes 38.5 mm in diameter. The
bearing cables are joined at
their upper ends to the outer
surface of the front arch by

means of bolt hinges. There are
threaded elements, passing
through the contour arches
at the lower ends of bearing
cables and both ends of stretch-

i

ing cables, Prestressing has been realized by screwing up
the fastening screw nuts. In spite of relatively great
bending rigidity of contour arches, the prestresaing forces
of the cables have remarkably great values (up to 300 kN),
The roof of the screen consists of ribbed .wooden panels,
resting on the bearing cables.

The bearing structure of the acoustic screen of the
tribune in Tartu is a hypar-formed network within a con-
tour with a smoothly formed spatial axis, having elliptic
and parabolic projections (Pig, 2), The contour will be
constructed of a number of straight tubular sections and
supported by three plain supports, connected with the con-
tour and the foundation by linear hinges. Therefore, the
supports do not resist symmetrical horizontal displacements
of the contour. In this case, the Interaction between the
network and the contour is of particular importance when
outer loads are balanced. The network is made of cables
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of carbon round steel ($2 mm in
diameter). Both the bearing and
stretching cables will be con-
nected with the contour on the
outer surface of the tubular
sections. Every cable consists
of two parts, which will finally
be connected after prestressing.
The structures of acoustic
screen for the tribune in Tar-
tu can be constructed relatively
easily. The contour rod has
comparatively small cross-
sectional dimensions. In the
case of the network being loaded,
the inner forces of stretching

Fig. 2

cables will increase rather than decrease. Therefore, the
prestressing forces of the network may have a minimum value.
However, the screen has been calculated, taking into account
the co-operation of the wooden roof with the network and the
contour. To determine the stress strain state within the
network we have to proceed from the equilibrium conditions
and the geometrical equations. For a network surrounded by
two plane arches, it is convenient to use the algebraic equa-
tions suited for a limited number of cables. The total
number of equations is five times the number of nodes. For
an orthogonal network, the system of equations may be con-
siderably simplified, consisting of a condition of equilib-
rium and two equations of geometrical compatibility for
every node. Deflections of the contour nodes may be regarded
as linear functions of the inner forces of the cables, using
the corresponding influence lines for displacements of the
contour. Thus we may write

“2 г l,к+гцк-и) * 2 l,k+2i+ljJ ] * C 1)
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where qol ; G,-k
;

- the respective projections of the forces
of the i,-th carrying cable and the к -th
stretching cable before and after applica-
tion of the system of external loads P

W* u
- deflection of the node I, к induced by

external loads;

Z'u ц. - ordinate of the noad i, к before applica-
tion of external loads:

rjj: \ rj;j - ordinates of the influence lines of dis-
placements of the t -th point of the con-
tour in the plane ofj -th carrying and
C-th stretching cable respectively;

«. - the angle of the inclined plane of the
contour arches.

For a roof with elliptic-parabolic con-
tour the network Can be presented as a continuous surface,
formed by a doubled family of parabolic cables. The condi-
tions of equilibrium for "-the unloaded network are satisfied
a priori* uniformly distributed contact load corresponds to
the parabolic form of both bearing and stretching cables.
The initial form of a prestressed hypar-network may be pre-
sented by the formula

~f i!. f il w
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The initial forces of bearing and stretching cables have
respectively the values

г р°°
г

1 M Po" 2

where p 0 - the contact load between bearing and stretching

cables, reduced to the unit area of the roof.
In the following we will suppose that the contour is

connected with the foundation by vertical columns. In this
case the extreme bending moments of the contour £ID may be
presented in the form

M _rrn lA и1 q2 1 (6)HoJ г[ 3k2 ECk) гк2 J
Г u a 2 [d-Л К OO 1-2k2 ]м ч =а ~ [ G' 0

~H o (1 k2 E(k) (7)

, b 2where К =■ 1 —=•;

a 2

E(k)
; Kfk )

- elliptical integrals of the second
grade.

The corresponding normal forces of the contour

N *=o= sob ' N x=a =H 0a (8)

The behaviour of the network and the contour depends
greatly on the relation between the curvatures of bearing
and stretching cables «=:-р^/-рч . With the given ob the

maximum bending moments of the contour may take place both
in the state of network loading and in prestressing. So,
for the prestressing state the maximum contact load p 0 has
to be re.striced. In most cases, however, the contact load
may have a comparatively small valup without its going out
when loading the roof by external loads.

When approximating the deflection form w of
the network by function

w + (9)



17

and applying it to the condition of equilibrium and to the
equation of geometrical compatibility, we obtain. an
approximate cubic equation C2] for determining the deflec-
tion w 0 •

(1 + vP +A|)^-+.3[l-ct V +2(l-ct)o?2
0
+ {2[l-M3LS-b

+ (l-cO I] + po [l +(1 j 0
= p[l+o +

where £ 0= ~ the relative deflection of the network;
Ту.

d^ty
ip =-

,

- geometrical parameter;b^y

tj, - effective thickneasea of the families of
bearing and stretching cables, correspond-
ingly;

a 4 \
9pa4

p - s - the load factor;

p* = - (1 +i ) - the preatressing factor;Г0 lOE+.fJ *

• 5 Etv as(a/b) 1/2 ,
£ = = 5 - the rigidity factor of the contour

tube;

t c and ci c - thickness and diameter of the contour tube;

E and E c - modulus of elasticity of cables and contour
material, respectively.

Formula (10) has been derived in view of displacements
of the elliptical contour as a geometrically and physically
linear curved rod, loaded by horizontal forces of bearing
and stretching cables and using integration of the geomet-
rical equations
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Рч 'Ow /Ъ* IDw\ АОЛа . /Dl \2 l V*
= Tt7L 1 + J (11)

Dv Dw r Dj_ J_Dw\
_

АН Г. (D* V* 1V2

Dv DV 2. 1- V Dv' J (12)

where u and v - horizontal displacements of the network,
AG) and AM - the increase in forces of bearing and

stretching cables, respectively.

To determine AQ and ДН we have nonlinear equations

IQ .

V (1S)
9cf[l -*-(1 + q/)V]

— (14)

The bending moments and corresponding normal forces in the
contour may be expressed by equations (6), (7) and (8)
when replacing the values Gj0 and H 0 by summarized forces

Cj «Qe+AG and H e H O
-+- AH.

The smaller the maximum value of the bending moment
of the contour, the smaller is the rigidity of the contour
in bending (the bigger is the rigidity factor £ ),

The approximate deflection function (9) assumes that
displacements w on the contour curve have zero value. Our
experimental investigations on the model of the acoustic
screen for the tribune in Tartu have proved that the given
system of equations is applicable to the hanging roofs
with partly supported contour C23, A alight inclination
does not also bring about considerable changes of network
deflections and inner forces. So, taking into account the
given parameters \

a*2l m, b» 27m, fx *A,2 m, = 2,8 m, d&
= 1,21 m,

tc *l6 mm, *0,471 mm, p =1,5 кЫ/m 2
, p0 =0,2 kN/m 2

,

' Б » E c -0,21* 106 MPa

we have 0 -0,179 , G, = 128 kN/m, H = 12t kN/m and
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the calculated maximum inner forces in the contour

M s 3497kN: m , N*3456 kN

The maximal stresses in the contour tube cr= 293 MPa, in
the cables o-= 451 MPa correspond satisfactorily to the
experimental values.
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V. Kulbach

RIPPKATUSED LAULULAVA AKUSTILISTE
EKRAANIDENA EESTIS

196°. aastal valminud Tallinna laululava ning 1989.
aastast ehitatava Tartu laululava akustilised ekraanid ku-
jutavad endast erinevaid sadulakujulisi rippkatuseid, Tal-
linna ekraani kontuur koosneb kahest tasapinnalisest kaa-
rest ning on toetatud massiivsetele kontraforssidele, Tar-
tu ekraani kontuur on plaanis ellipsikujuline ruumne kin-
nine kõver, mis toetub kolmele tasapinnalisele vertikaal-
sele diafragmale. See ei takista kontuuri kujumuutust ho-
risontaalsuunas, Samuti esineb olulisi erinevusi vantide-
võrgu kujundamisel ning vantide kinnitamisel kontuuri kul-
ge, Tartu ekraani iseärasuseks on ka eelpingejõudude olu-
liselt va*iksemad suurused võrreldes Tallinna ekraaniga.
Vaiksemate eelpingejõudude kasutamist võimaldab asjaolu,
et nii katuse kui ka kontuuri koormuste mõjul suurenevad
kande- ja pingestusvantide sisejõud.

Artiklis on toodud seosed kummagi ekraani sisejõudu-
de ja siirete määramiseks, la*htudes vastavalt diskreetsest
või kontinuaalsest arvutusskeemist.
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STATICAL TESTING OF AN ACOUSTIC SCREEN MODEL

Introduction

The acoustic acreen for the song festival tribune in
Tartu (Estonia) has been designed, forming; a hypar-shaped
suspended roof inside an inclined elliptical contour. The
network ia covered by a three-layer timber shell roof. The
model was tested at the Laboratory of Lightweight Struc-
tures of Tallinn Technical University, In this paper the
behaviour of the screen structure without the timber shell
is analysed. Some problems related to mounting and pre-
stressing have also been specified to verify dimensions
of the network and the contour tube.

Model Description
The acreen model (Pig, 1) waa made in the acale of

Fig. 1, Screen model

21
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I*lo, Butt joints were used to weld the contour rod, consist-
ing of straight sections of tubes with the outer diameter
of D = 122 mm and thickness of t я 1.6 mm. Longitudinal
riba with a cross-section of 1,6 x2O mm for fastening the
cables and the timber shell were welded to the inner side
of the contour tube. Central points of cross-sections of tiie
contour joints were located on a spatial curve, formed by

crossing two surfaces: hypar

, _

,
** f уг

i = fVji-b -gi
and an elliptical cylinder

where

Cl = 2.1 m, b = 2,7 m, f x = 0,4 m, fy = 0,3 m

were taken for the surface of the model.
The contour rod was rested on three plain supports,

including two side and one back support. The contour had no
supports in fore part. It was freely suspending and sup-
ported by the network only. Each support consisted of two
tubular columns (d = 51 mm) and diagonal ties between them.
To transmit loads from the contour to the columns, the sup-

porting cross-sections of the contour tube were reinforced
by cross ribs. Hinge joints were used to connect the columns
with the ribs and with the foundation. This supporting sys-
tem enables free displacements of the supported parts in the
directions perpendicular to the plains of the supports. The
front part of the contour may freely be displaced also in
the vertical direction. The network consisted of two fam-
ilies of parabolic cables, including wires with the dia-
meter of dss3 mm and spacing of 150 mm. The wires of the
network had pressed tags on both ends, which were connected
with the longitudinal ribs of the contour by means of hinge
bolts. The length of every cable may be regulated with a
threaded thrust, thus enabling to verify the form of the
roof surface.
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Investigation Techniques

Different gravitational loads were used for loading
purposes, and were applied to the nodes by means of a
multistage lever system, enabling network loading by the
desired combination of loads applied on every quarter of
its surface. Examples of loading are given in Table 1, Ad-
ditional loads were used to simulate the weight of the
contour rod and were uniformly distributed over the length
of the contour (0,45 kN/m for the empty tube and 2,89 kN/m
for the tube filled with concrete).

1) aee Fig, 2
2) location of the load, modelling the weight of the con-

crete, aee Fig, 2
3) distributed load over the length of the contour 0,45 kflfa
4) uniformly distributed load on the surface 0,12 kPa
5) uniformly distributed load on the surface 0,90 IcPa

TABLE 1

Loading
case

Distributed surface load
on the quarters of the
network СкРаЗ 1)

The length of
the concrete-
filled parti of
the contour
[ш] 2)1^ П ПГ IT^

A 1- 0.90 0.90 0.90 0,90 —

A 2 1.62 1,62 1.62 1,62 —

В 1 0.90 1,48 1,48 0.90 —

В 2 - 0,90 1.48 1,48 0.90 0.65
В 3 0.90 1,48 1,48 0.90 1.30
С 1 0*90 0.90 — —

—

С 2 0.90 1.48 — —
—

D 1 — — — — 3)

Е 1 — —
— 4) 0.55

Е 2 — — —
— 1.30

F 1 — —
—- 5) 0.55

F 2 — — —
— 1.30



Fig, 2, Scheme of the model.
1 - contour; 2 - bearing cable; 3 - stretching cable;

4 - support columns; 5 - ties; 6 - support columns;
7 - location of the load, modelling the weight of concrete

24
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To measure the inner forces of cables and the stresses In
the contour tube strain gauges bonded to the surface of
the wire or the tube were used. Measuring instrument fixture
ARMI-1, connected to CM-1800 computer, and the programming
system ASTOR were made use of. Displacements of different
cross-sections of the contour in the directions of axes
X,y, г were measured by means of Maksimoff-gauger with
the scale graduation of 0,1 mm. To measure the displacements
of network nodes measuring rulers with the scale graduation
of 1,0 mm were used, A spatial framework (Fig, 1) was built
to fix the measuring instruments. Location of strain and
displacement gauges is shown in Figure 2,

Strains and displacements were measured in great detail
on a half the network. At the same time, to fix possible
nonsymmetry of the measurements, double measuring was par-
tially used.
Test Results

p
After prestressing by contact load pQ

= 0,15 kN/m
we obtained the actual rises, = 575 mm and fy = 246 mm

C fx/fy = 1.516), when the contour was loaded by 0,45 kN/m
the inner forces within cables ranged from 0,06 to 0,14 kN,
By all kinds of loading, as demonstrated in Table 1, an in-
crease of inner forces both in bearing and in stretching
cables was observed. The plots of Figures 5,4, 7 and 8
show an increase in inner forces under the action of loads.
The family of bearing cables falls under enumeration from
Ist to 54th and that of stretching cables from 55th to 60th.

To shorten the bending moments in the contour, it is
advisable to use filling with concrete in some parts of the
contour tube.

The diagrams in Figures 9 and 10 demonstrate the
distribution of the bending momenta of the contour. The
maximal values of the momenta may be observed above the
back and side supports and also in the middle of the suspend-
ing front part. The influence of the weight of concrete
filling inside the front part of the contour tube may be
illustrated by Figures 5, 7» 8, 9 and 10, Loading by the
weight of concrete leads to an increase of the inner forces
in both cable families.
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Fig. 3

V

Fig. 4
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Fig. 5

Fig. S
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Fig. 7

Fig. 8
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Fig. 9

Fig. 10



Fig. 11

Conclusions

It is verified by our experimental investigations
that very small forces can be applied to prestress the net-
work, Loading the contour by its own weight only, removal of
the columns, used as temporary supports for the front part
of the contour tube, may serve for the purpose of preatress--
ing. Moderate casting of concrete into the middle of the
front part of the tubular contour brings about a decrease
of the bending momenta , but it is accompanied by an

30
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increase of cable forces. When the tube is overcast by con-
crete, the moment My will also increase.

The bearing capacity of the roof will be considerably
increased when the network is covered with a timber shell,
formed by 2 - 3 layers of nailed boards and connected with
the nodes of the network and with the longitudinal rib of
the contour tube.

V. Kulbach
P. Paane

AKUSTILISE EKRAANI MUDELI STAATILINE KOORMAMINE

Esitatakse kontuurist ja vantvõrgust koosneva sadul-
pinnalise, plaanis ellipsikujuiise rippkatuse mudeli kat-
selise uurimise tulemused. Mudel on valmistatud mõõtkavas
1:10, ellipsi poolteljed 2,7 m ja 2,1 m. Kate toetub kol-
mele paaristoele, mis võimaldavad kontuuri norisontaalsuu-
nalisi siirdeid. Kontuuri eesmine osa on toetamata ja võib
siirduda ka vertikaalsuunas. Vaadeldakse erinevate pinna-
koormuste mõju ja kontuuri eesmisele osale rakendatud koor-
muse mõju. Viimase abil on võimalik vantvorku eelpingeata-
da. Sisejõudude ja siirete jaotust illustreerivad graafi-
kud,

T
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DETERMINATION OF DYNAMIC CHARACTERISTICS OF SADDLE'
SHAPED SUSPENSION ROOF

When designing large-span suspension systems, especial-
ly if dead load is relatively small, special attention should
be paid to live loads. As wind belongs to dynamic loads, the
magnitude of wind-induced inner forces and displacements of
flexible structures depends on dynamic properties of the
structure. Dynamic properties are characterized by natural
modes, frequencies and damping factors. In this article the

free-vibration behaviour of a saddle-shaped suspension roof
with an elliptical contour will be examined. The contour
of the roof, freely deformable in a horizontal plane, is
supported only in vertical direction by three plane
supports, supplying stability for the whole system. The roof
surface is formed by pretensioning an orthogonal steel rod
net within the contour, A 3-layer timber shell serves the
purpose of cladding on the net.

The aim of our investigation was to determine natural
frequencies and damping factors of the roof under different
load conditions both with and without cladding to estimate
sensibility to vibrations. The studies were carried out with
a 1:10 scale model of the prototype (Fig. 1), The structure
is thoroughly described in Сl].

The dynamic characteristics were determined by record-
ing the oscillations of cable deformations and displacements
of the network at different locations in the conditions of
damped free vibrations of the structure (Fig. 2)* 'lf the
structure executes vibrations according to one of its natural
modes, the recorded displacements at different points of the
roof follow one-component damped harmonic vibrations. In this
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Fig. 1. Scheme of the model.
1 - contour; 2, 3 - supports; 4 - timber shell;
5 - cables.

Fig. 2. Examples of recorded displacements.
A - network without shell; В - network with timber shell
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experiment damped free vibrations were also excited by im-
pact loading, which was realised by quick release of an ap-
plied concentrated load of 520 N at different locations on

the network. In general the vibrations, following such in-
stant unloading, consist of a number of modes, and a point
of the network executes complex motion. To bring out the
natural frequencies and damping factors the recordings were

to be analysed into separate harmonic components. This- was

done according to Prony's method by approximating the experi-
mental data with a complex exponential model £2],

The maximum distributed load on the roof surface in
p

our experiment was 0.70 kK/m , corresponding to a dead load
(i.e. the weight of the roof structure including the timber
shell), A load of 0,45 kK/m was applied to the contour to
simulate the weight of the steel tube. According to static
analysis of the system СИ, to reduce the bending moments
in the contour and deformations of the whole system, the con-
tour tube must be filled with concrete. Thus, the effect of
the contour weight on dynamic characteristics of the system

was also studied. In experiments on the model with timber
shell, the contour load reached the value of 2.08 kN/m to
model the own weight of the concrete-filled sections of the
contour tube.

The results of the tests are presented in Fig. 3» The
prototype frequencies for the real structure can be obtained
from the model studies as follows;

■P _Tp vr
where h - the scale factor,

fp - prototype frequency,

fm- model frequency.

In the presence of the weight cf the timber shell and
the contour tube without concrete filling, the fundamental
frequency of the model structure without cladding is 2.98 Hz
(0.81 Hz for the prototype in nature). Timber shell increases
the frequency up to 3.20 Hz (1.01 Hz in nature). The first
two frequencies of the model with the timber shell and the
weight of the concrete-filled contour are 2,45 Hz (0,?7 Hz)
and 4.?4 Hz 0.50 Hz).
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i

Fig. 3. Test results. Effect of (a) surface loading and (b) contour
loading on natural frequencies of the structure.

\ Vi

For numerical analysis a universal program system TPS-
I

10 was used. The analysis was carried out with the help of
the Finnish firm PI-Consulting Ltd,

TPS-10 is based on the finite element method and the
realized version used geometrically linear theory. We assumed
the amplitudes of vibration to be relatively small and so the
naturally nonlinear behaviour of the structure to be negli-
gible for determining the natural frequencies. At the same
time linear theory is easier to handle for such a com-
plex structure, and expensive computer time can be signifi-
cally economized.

Straight beam elements were used for modelling the con-
tour, cable network and side supports. The back supports and
the timber shell were modelled through triangular plate el-
ements. All joints between elements, except pin-jointed sup-
port-columns were made rigid. In the calculations the struc-
ture with natural dimensions was described. The real network
with a pitch of 1,5x1.5 m was replaced by a network of
4,5x4.5 m. To preserve the actual stiffness of the network,
the diameter of cables was increased accordingly.

Two structural alternatives were examined:
- cable network without a timber shell, a contour without
concrete filling, vibrating mass on the network simulating
the mass of the roof with timber shell;
- cable network with a timber shell and contour filled with
concrete.
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We could not reach a reasonable solution for the first
structure alternative. Evidently the bending stiffness of
the network was not sufficient to correspond to the assump-
tions made in the program system.

Results for the second alternative were more convincing.
Three modes of vibration having the lowest frequencies are
shown in Pig. 4a...c. The distribution of displacements of
the-hhree modes agrees with the model test data and the values
of frequencies are close to the experimental ones.

Conclusions

The lowest frequency of natural vibrations of the exam-
ined structure is to a great degree determined by the mass
of the freely suspending front part of the contour. So in
designing a real structure it is necessary to take into con-
sideration, that an increase of the system’s static stiffness
with a simultaneous increase of its own weight may cause a
considerable decrease of the natural frequencies of the struo
ture.

Restrained changing of network weight does not substan-
tially influence the frequencies of the first two modes.

No significant influence of the presence of cladding
or the changes in loads on the damping characteristics was
observed. The average value of logarithmic decrement of vi-
bration was 0.18.

Using the finite element method enables to determine
the lowest natural frequencies of the complex structure (con-
sisting of contour, cable net and timber shell) with accept-
able accuracy.
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K. Õiger I. Talvik

SADULAKUJULISE RIPPKATTE DÜNAAMILISTE PARAMEETRITE
MÄÄRAMINE

Artiklis on esitatud kontuurist ja ortogonaalsest vant-
võrgust koosneva sadulpinnalise, plaanis ellipsikujulise
rippkatte võnkumiskatsete tulemused. 1110 mõõtkavas mudeli
poolteljed on 2,7 m ja 2,1 m. Kontuur toetub kolmele tasa-
pindsele paaristoele, mis võimaldavad kontuuri horisontaal-
suunalisi siirdeid. Kontuuri eesmine osa on toetamata. Kat-
tekonstruktsiooniks on kolmekihiline puitkoorik. Vaadeldakse
erinevate pinna- ja kontuurikoormuste ning kattekonstruktsi-
ooni mõju omavõnkesagedusele. Määratud on ka konstruktsiooni
sumbumise logaritmiline dekrement. Numbriliselt määratud oma-
võnkesagedused puitkoorikuga kaetud konstruktsiooni puhul on
lähedased eksperimendi tulemustele.
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INVESTIGATION OF DOUBLE-CURVATURE SHELLS BY MEANS
OF MODELS

Daring 1955 - 1975 a great number of experimental and
theoretical investigations Cl, 2J were realized by the
members of the scientific school of Professor Heinrich Laul,
the academician of the Estonian Academy of Sciences, under
his direction and supervision. The investigations allowed
to reach some generalizations on the shells of natural
material (reinforced concrete) in the state of cracks. This
experience was specified during the next 10 years by study-
ing various double curvature shells in the elastic and
cracked states in a wide scale of geometrical parameters.

In the course of the last few years numerous experi-
ments with fiberglass plastic thin-walled sheila have been
carried out in Tallinn Technical University, The studied
fiberglass plastic (c=*2o GPa) is made on the basis of
polyester resin (40 %) and glass fibre (60 %), Some ( >10)
layers of glass fibre (with various directions) have been
used to make the shell material isotropic C3l*

Smooth and ribbed shell models have been investi-
gated, with positive ( 0), zero and

negative Gaussian curvatures (Fig, 1), on rect-
angular plan in elastic state and in the state of dis-
crete surface defects (line hinges, openings and hand-made
cracks). Various prestressed cable systems have been
used* straight prestressed cables near the fibre of the
longitudinal edge beams, and supporting cables under the
thin-walled part. The effect of various anchoring and fix-
ing methods of prestressed cables on the distribution and
quantity of inner forces has Deen investigated.
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Fig. 1. Particulars of the studied shells.

Fig, 2, Working schemes 1-6.
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The papers £4, 5,6 j present the working peculiarities
of middle-length cylindrical shells. Six working schemes
have been investigated (Fig. 2). Schemes 5 and 6
describe the shells with hand-made transverse and longi-
tudinal cracks. The flexural and torsional rigidities are
varied and the effect of the load and of the geometrical
parameters on the distribution of inner forces is ex-
plained.

According to scheme 6 it becomes evident that the
longitudinal cracks, caused by negative bending moments that
are effected by eccentricity of transverse normal forces,
have a non-essential influence on the distribution of in-
ner forces. There is a remarkable increase of negative
transverse bending moments of the span in the shells with
low torsional rigidity of edge beams. An analogous tendency
takes.place in shells with decreasing height of the edge
beams,

A certain portion of loads is directed on the inter-
mediate supports if the shells have vertically supported
edge beams. The most essential portion of loads is trans-
ferred to the additional supports if the shell works as a
medium panel. It indicates the replacement of the shell
work by the vault work in transverse direction.

Specific distribution of inner forces occurs in the
case the inner vault panels are supported. The change of
the sign of transverse bending moments and the decrease of
the role of longitudinal normal forces take place.

The papers C 7 - 123 present the working art of very
flat shells ( 5 - 10) in the longitudinal direc-
tion with rectangular plan (L/t =2-5). Different work-
ing schemes have been used.

The diagrams of longitudinal normal forces are char-
acterized by the beginning of pressure zones directly at
the longitudinal edge beams. The maximum of pressure ex-
ists near the quarter of a transversal span. In the ridge
of the shells negative transverse bending moments dominate.
Relatively long shells are characterized by a saddle-shape
diagram of longitudinal normal forces. The transverse bend-
ing moments that depend on the height of the longitudinal
edge beams are negative over the whole cross-section ex-



cept for a narrow zone at the edge beam.
The inner forces, however, are considerably influ-

enced by edge conditions. The neutral line of the longi-
tudinal normal forces moves to the quarter of the trans-
versal span in the sheila with vertically supported edge

beams. The saddle shape of the diagram disappears. There
is an increase in positive bending moments. Great changes

take place in the inner forces of the shells of verti-
cally supported inner panels (scheme 4),

The comparison of the experimental data of fiberglass-
plastic and reinforced concrete shells allows us to con-
clude that the distribution of the inner forces in both
series is analogous. The longitudinal distribution of longi-
tudinal normal forces suggests a considerable influence of
the diagonal arches on the work of unsupported edge beams.

In the longitudinal edge beams of cylindrical and
quasieylindrical shells very large longitudinal normal
tension forces exist. Due to these forces transversal ten-
sion cracks develop, A large area of negative transversal
bending moments also forms in the ridge zone of the thin-
walled part £133. Prestressed cables call forth an in-
crease of positive transversal bending moments in the
ridge zones of the shell. It is possible to determine the
prestressing forces to minimize negative transversal bend-
ing moments.

In £l3, 14-3 graphs of inner forces for positive
Gaussian curvature quasi-cylindrical shells with beam-like
and arch-like edge beams are presented with straight pre-
stressed cables near the lower fibre of the longitudinal edge
beams, A high strength and a low Young modulus make it
possible to change the shape of the transversal and long-
itudinal cross-sections and thus to change the distribution
of the inner forces in the required direction.

It is possible to conclude that quasi-cylindrical
shells of negative Gaussian curvature act under unfavourable
conditions £153. The distribution of the inner forces
gives rise to a considerable change of basic geometrical
parameters and so the static work of the -ucture under
load deteriorates remarkably. When the ratio of Ijhe radii of
the principal curvatures decreases from 10 to 5, the

иг
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longitudinal inner force T* can be a tenaional one in
the area of the ridge.

In combined shell structures, thin-walled panels are
supported by prestressed longitudinal cables [l6], With
the help of these prestressed cables we can change the
geometry of the shell and thereby influence the main in-
ner forces. The external loads are distributed between
the cable net and the shell surface.

For large-span shells, a rib system connected with
a thin-walled cylindrical plate for transmitting inner
forces is to be used. It is possible to form precast shells
with similar surfaces in the same mould in various posi-
tions, whereas ribs can be placed when or where necessary
[l7, 18], Discrete reinforcement with orientated glass
fibre or steel rods is also possible to use. In [1?» 181
the data of fiberglass plastic cylindrical shells with dif-
ferent variants of transversal ribs on external and in-
ternal surfaces of the thin-walled part are also presented.
With ribs on the internal surface, a considerable increase
of positive transversal bending momenta occurs.

Experiments have been made with smooth shells with
discrete surface defects - line-hinges [l9, 20, 21],

The formation sequence of the hand-made longitudinal
cracks has been selected in correspondence with the bend-
ing moment diagram.. The shell part between longitudinal
cracks works in elastic stage and has great stiffness in
comparison with line-hinges.

We started with a hand-made crack on the ridge of
the shell. Longitudinal normal forces at that stage com-
pared to these in elastic stage. The pressure decreases
in the ridge zone, its maximum value moves in the direction
of the longitudinal edge beam.

The negative bending momenta decrease near the crack
zone, but increase approaching the longitudinal edge beam.
The maximum point of pressure moves in the direction of the
edge beam in models with three and five hand-made cracks.
When the whole cross-section (we had 7 line-hinges) is
subjected to the influence of hand-made cracks, bending

moments of similar values form in every point of the

cross-section.



44

It has been observed that the eccentricity of trans-
versal normal forces in the line cracks affect the moment
state of the shells. Transversal forces have, a very import-
ant role in transferring the bending moments across the
unreinforced longitudinal cracks. It is possible to use
the method of calculating the transversal normal force in
shells with longitudinal cracks only when the shell becomes
more convex under the load.

Some stress state problems in the corner zones of the
shells with reinforced and unreinforced diagonal cracks
have been dealt with. Fiberglass plastic models with hand-
made diagonal cracks have been used C22], For the investi-
gation of membrane inner forces and bending moments near
the diagonal cracks special tensoresistor systems are used.
In the state of zero diagonal crack there are two different
parts in the shell. The distribution of inner forces in
the lower part is close to that of the plate, while it is
close to that of the arch in the upper part. We can draw a
conclusion that there is no essential change of the
principal inner force T n caused by the longitudinal
forces T* , The failure of the shell can be caused by the
existing unreinforced diagonal cracks. The latter start
evolution in the unreinforced zones and travel farther into
the cylindrical part of the shell. It can be concluded that
the transfer of the principal inner force by the
unreinforced diagonal cracks does not take place. All these
forces must be transferred by a special reinforcement.

In the papers C23, 24] some graphs and generalizations
of the experimental results in a large diapason of geometri-
cal and loading parameters of fiberglass plastic shells are
presented.

The main inner forces for the design of shells C253
of average length are the total tensile forces, the trans-
verse moments and the increase of the membrane shear in a
fixed point of the cross-section. All these inner forces
can be calculated using dimensionless parameters.
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KAKSIKKÕVERATE KOORIKUTE TÖÖPRINTSIIPIDE
UURIMINE MUDELITE ABIL

Kokkuvõte

Aastatel "1955 kuni 1975 tehti Eesti Teaduste Akadee-
mia liikme professor H, Laulu initsiatiivil, juhtimisel ja
juhendamisel tema koolkonna liikmete poolt rida eksperi-
mentaal-teoreetilisi uuringuid silindriliste raudbetoon-
koorikutega. Selle laiaulatusliku too* tulemusena said või-
malikuks üldistused tegelikust materjalist (peeneteraline
raudbetoon) pragudega koorikute ka*itumise kohta. Järgneva-
tel aastatel uuriti tehtu täpsustamiseks erinevate kõve-
rustega kaksikkõveraid koorikuid nii elastses kui ka pra-
gudega staadiumis geomeetriliste parameetrite ja mõjutuste
laias piirkonnas Сl , 23,

Käesolevas toos on vaatluse all positiivse, null- ja
negatiivse kõverusega keskmise pikkusega koorikud aareliik-
mete erinevate jäikuste ja toetustingimuste puhul. Erineva-
te piki-, põik- ja kaldpragude ning liigendite mõju sise-
jõudude jaotusele uuriti elastsetel mudelitel tehispragude
abil, TÕo*s uuritud eelpingestatud elementide kasutamine või-
maldab muuta sisejõudude suurusi ja jaotust konstruktorile
vajalikus suunas. Sisejõudude süstematiseerimisel kasuta-
takse uldistuskeeme ja uhikuta parameetreid.
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ENSURING THE STRENGTH OF TALL VERTICAL CYLINDRICAL
STEEL VESSELS DURING ERECTION

In constructing high-capacity plants for petrochemical,
petroleum-refining and chemical industries, special atten-
tion is paid to the erection of tall vertical vessels. The
latter are delivered by the manufacturer to the site fully
assembled, equipped while in the horizontal position with
process pipelines, servicing platforms and insulation, and
then installed into their design position. The mass of such
vessels may reach 1000 tons when 100 meters high.

Nowadays two basic methods of erecting tall vertical
vessels are used Гl3, namelyt

- lifting them off the ground while erecting by means
of cranes or masts (see Fig. 1);

- erecting by means of cranes, rotating them around
a hinge; here use is made of additional tackle devices,
such as an extra pulling system or a support post with an
additional polyspast (see Fig. 2).

During the lifting process in places where attaching
and erection devices are connected to the vessel the wall
of its cylindrical shell is subjected to considerable local
loads, such as bending moments as well as radial and tan-
gential forces. That is why one of the most important prob-
lems to be solved during design work is how to preserve the
strength and to keep the shape of the vessel intact of the
erection loads. That is the main factor determining reli-
ability, safety and quality of erection work.

Attaching and erection devices are connected to the
vessel shell or its skirt with the help of the following
structures welded to its contours a square sheet box, a
branch pipe, and also two, four or eight twin lugs placed
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Fig. 1. Erection of a 91,4 in high vessel with a mass of 803 t
by means of 1000 t capacity masts.
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Fig. 2. Erection of a 56.3 m high vessel with a mass of 248 t
by rotating it around a hinge by means of a crane and a
support post with an additional polyspast.
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in both the circular and longitudinal directions of the
vessel.

As the normative and reference literature does not
contain methods for evaluating the strength of a tall
vertical cylindrical vessel shell under the action of local
loads in places where attaching and erection devices are
connected to the shell by means of the above mentioned
structures, the Research Institute Giproneftespetamontazh
and Tallinn Technical University conducted experimental and
theoretical research to determine the stress-strained state
of the cylindrical shell induced by local loads during
erection. For the theoretical study of the problem, the
method of finite elements was used, which is the most uni-
versal one for evaluating various types of loads.

Rectangular and triangular laminated elements hav-
ing six degrees of freedom in each assembly C2D were used
as finite elements approximating the mid-surface of the
shell and of the connecting parts for attaching devices.
External load in the form of momenta and radial and tan-
gential forces was applied to the shell through the rigidly
connected parts of the attaching devices. The finite element
dimensions in the loading area were optimized to account
for the local character of the stressed state and nonlinear
work of the material.

The following two design models were used:
- a cylindrical shell freely supported at the enda

and loaded in the middle of the span;
- a cantilever cylindrical shell with its free end

stiffened by a ring when applying the load in the stiffen-
ing ring region.

When the calculations were performed, consideration
was given to nonlinear-elastic stage of the structure work
which appears as a result of the development of plastic de-
formations in separate local regions of the shell surface.
The physical nonlinearity of the work was taken into account
by introducing variable elasticity parameters ГЗЗ. In this
case the following assumptions were made:

1, An idealized Prandtl diagram is valid for the struc-
ture material,

2, The variable elasticity parameters (elastic modulus
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and Poiaaon ratio) were adopted for each finite element ac-
cording to the maximum valuea of the "intenaity of stresses"
determined by formula (1),

3, The maximum permiasible local load was determined
for the greateat loaded point of the ahell aurface by lim-
iting the development of plastic deformation. The value of
the permiasible intenaity of deformation was determined on
the basis of the experimental study and general experience
of performing erection work without impairing the oper-
ational quality of the vessel ahell after stress relieving.
The calculations were performed in accordance with the
programme "SPRINT" developed by the Department of Building
Structures of the Moscow Institute of Transportation Engin-
eers,

The theoretical calculations have revealed the clearly
defined local nature of the stress-strained state of the
cylindrical ahell. Both the atreaaea and the deflections
are rapidly reduced as the distance from the place of load-
ing increases; they do not exceed 20 per cent of the maximum
values at a distance of 0,6 radius of the ahell.

Maximum normal stresses arise on the outer surface of
the ahell at the end points of contact of the ahell and the
connecting parts of the attaching and erection devices.

Under the joint action of local moment, radial and
tangential loads, the main effect on the stress—strained
state of the shell is produced by the moment and radial
loads, whereas the effect of the shear forces is negligible
and can be ignored during practical calculations. The
stressed state is mainly characterized by bending and mem-
brane stresses in circular and longitudinal directions. The
shear stresses are relatively small, no more than 3 per cent
of the maximum value. That is why the normal longitudinal
(OJj) and circumferencial (Oy) stresses may be considered the
principal ones, and the intensities of stresses at the
elastic stage of the shell work may be approximated as for
a two-dimensional stressed state from the following formula

°V“V o'lS C)

Normal atreaaea and o*y are determined by the expressions;
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1, Under the action of a local moment load M

= K t(l + Ы 1
(2)

°v e Eg* K 2(l **■ 'V I
2, Under the action of a radial load N

<r x = К г (l + hj) 1 (5)

O'\j ~ -gy ■+• J
where b -is the size of the connection unit of the

attaching device and the shell in the direc-
tion of the moment action;

S - is the thickness of the shell;
K 1 to - are the coefficients depending on relative sizes

of the connection unit of the attaching device
and the shell and on the shell rigidity para-
meter ;

R - is the radius of the shell mid-surface;
and - are the relations of the membrane stresses to

deflections in circular and longitudinal direc-
tions.

To check the theoretical calculations experimentally,
models corresponding to the adopted designs of the connec-
tion units of the attaching devices and the vessel shell
were tested. The experimental studies have corroborated the
results of the theoretical calculations, highlighting the
local character of the stress strained state of the shell.
Radial deflections to load relation are close to linear.
After relieving the load causing deformation intensity twice
the one, corresponding to the elastic limit state, practi-
cally complete restoration of deformations and deflections
takes place. Comparison of the experimental and theoretical
data reveals their good convergence. The maximum discrepancy
does not exceed 20 per cent.

On the basis of the experimental and theoretical stu-
dies and the practical experience of performing erection
work, normative documents have been developed on how to
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Fig, 3, Coefficient when the circumferential moment load is
applied to the vessel through a square sheet box.
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ensure the strength of the skirt and the shell of a tall
vertical vessel during erection 5, 6],

These documents present the requirements for the
design of the connection units of the attaching and erec-
tion devices and the vessel shell алЬ its skirt; they
also give the standard and design loads on the vessel dur-
ing erection work as well as equations for assessing the
vessel shell strength and recommendations on how to in-
crease it.

When assigning radial and moment loads, the maximum
intensity of the deformations is taken to be double the
value of the intensity of the deformations corresponding
to the yield limit of the structure material.

The nonlinear-elastic stage of the structure work is
estimated by introducing the coefficient K ej >l, In this
case the permissible load on the vessel is calculated by
the formula

[FJ = W
where CFJ у - is the limit external load on the vessel at

an elastic stage of work. It equals to
a) under the action of an external moment load

LMJ =
——

— (5)
i/ ц-ч’. /i iГК 2(1 + 2
K <

(,+Sw l + U.d + -MI
b) under ohe action of an external radial load

r.n _LNJw (6)

К.O+ЗДI +
- —r-K3 (i + n*)

The value of the coefficient KeE depends on the
relative dimensions of the connection unit of the attaching
device and the vessel and on the shell rigidity parameter

R
5 *

Values of the coefficient K eE are cited by way
of example in Fig, 3 for the case of applying a moment
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load to the shell through a square sheet box.
The above procedures can be used in design of tall

vertical vessels with due consideration to their erection
method.
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TERASEST SILINDERREAKTORITE TUGEVUSE
tagamine montaažil

Nafta- ja keemiatööstuse ehituses on eriline koht
silinderreaktorite montaažil. Kasutatavate reaktorite
mass võib küündida 1000 tonnini, kõrgus 100 meetrini.
Reaktorite montaažil mõjuvad silinderkoorikule tõsteva-
hendite kinnituskohal suured lokaalsed koormused painde-
momentide ning radiaal- ja tangentsiaaljõudude kujul.
Reaktori too keerukuse tõttu tegid instituut "Gipronefte-
spetsmontaž" ja TTÜ koosto’os silinderkooriku pinge- ja
deformatsioonioleku eksperimentaal-teoreetilisi uuringuid
reaktori kohaliku koormamise oludes. Teoreetilisel uuri-
misel kasutati lõplike elementide meetodit. Osutus, et si-
linderkooriku pingetel ja deformatsioonidel on selgelt
väljenduv lokaalne iseloom, mida kinnitasid ka eksperi-
mentaalsed uuringud. Uurimistulemuste ja montaazitoode prak-
tika põhjal to*otati va’lja reaktori tugevusarvutuse metoo-
dika montaažikoormuste mõjumisel.








	b14101919�漀洀攀渀琀椀搀攀∀ 圀䌀㴀∀　⸀㤀㤀∀ 䌀䌀㴀∀㜀　㘀㔀　　　　∀⼀㸀ഀऀऀऀऀऀऀ
	Bastard title section���������������������������������������������������������������������������������������������������������
	Untitled����������������������������������������

	Picture section���������������������������������������������������������������������������
	Untitled����������������������������������������

	Chapter�����������������������������������
	Contents����������������������������������������
	Contribution������������������������������������������������������������
	FRACTALS IN ENGINEERING�������������������������������������������������������������������������������������������������������������������
	Fig. 1, Five first generations of the two-scale Cantor set with Ц = 1/4 and 2/5 L 63.�ရ汴倨ꀈﰚ汴倨ꀈ汴倨ꀈ�倨ꀈ젚汴倨ꀈವ睴�됚汴倨ꀈꀚ汴倨ꀈᠵ汴倨ꀈ����ဃ焁뀚腴��������������✀���겇܀���ӳ洁Ȁ���⣐���瀪渁　　㐀昀尀甀　　㐀昀尀甀　　㔀㈀尀甀　　㐀㤀尀甀　　㐀戀尀甀　　㔀㔀尀甀������������������������������������������������������������������　　㔀㌀尀甀　　㐀㤀尀甀　　㐀㤀尀甀　　㔀　尀甀　　㐀㤀尀甀　　㐀㐀尀甀　　㐀㔀尀甀　　㈀　尀甀　　㔀㔀尀甀　　㔀㔀尀甀　　㔀㈀����倨ꀈ������������������������������������������������������뢂�挀�棡䨈Ȁ��　　��������������ﬡ뗈츑귥ªD眽聁㌈堀�棃ᴄ�����甀����������Ā���������������������������䄀爀挀栀椀瘀攀尀��������最爀愀瀀栀ⴀ匀䌀䄀一尀戀
	Untitled����������������������������������������
	Fig. 2. Theoretical cracks in discrete system under external shear using criterion II (a) and criterion 111 (b) [l2] .�愀爀攀尀䌀漀渀昀椀最尀吀䰀唀ⴀ搀漀挀圀漀爀欀猀ⴀ䜀䰀䈀䰀⸀椀渀椀䰀漀挀愀氀倀愀琀栀㨀䌀㨀尀倀爀漀最爀愀洀 䘀椀氀攀猀 ⠀砀㠀㘀⤀尀搀漀挀圀伀刀䬀匀尀戀椀渀尀搀眀匀爀瘀尀䐀圀匀爀瘀㌀⸀攀砀攀刀攀瀀漀爀琀攀搀匀琀愀琀攀㨀匀琀愀琀甀猀㨀倀爀漀挀攀猀猀椀渀最刀甀渀渀椀渀最䄀瀀瀀猀㨀䨀漀戀㨀䔀砀瀀漀爀琀堀䴀䰀䐀漀挀䤀䐀㨀㈀㤀㈀䘀椀氀琀攀爀㨀䴀漀渀漀最爀愀瀀栀䘀椀氀琀攀爀㈀㨀吀䰀唀ⴀ䴀漀渀漀最爀愀瀀栀ⴀ匀䌀䄀一尀戀㐀　㤀㤀䘀椀氀琀攀爀㌀㨀吀䰀唀ⴀ䴀漀渀漀最爀愀瀀栀䄀挀琀椀漀渀㨀倀爀漀挀攀猀猀椀渀最䄀挀琀椀漀渀㈀㨀䌀爀攀愀琀椀渀最 倀䐀䘀 戀漀漀欀洀愀爀欀猀䌀爀琀倀爀漀最爀攀猀猀㨀㘀㠀䴀愀砀倀爀漀最爀攀猀猀㨀㘀㠀䰀愀猀琀匀琀愀琀甀猀䴀漀搀椀昀椀挀愀琀椀漀渀吀椀洀攀唀吀䌀㨀㐀㜀㈀㐀㜀㠀㜀　㤀刀攀瀀漀爀琀攀搀吀椀洀攀㨀㐀㜀㈀㐀㜀㤀㌀㠀伀䌀刀䔀渀最椀渀攀匀琀愀琀甀猀㨀䘀椀渀攀刀攀愀搀攀爀 ⸀　簀 刀甀渀渀椀渀最 漀渀 氀漀挀愀氀 洀愀挀栀椀渀攀 簀 甀渀氀椀洀椀琀攀搀 挀栀愀爀愀挀琀攀爀猀 氀攀昀琀⸀㬀 伀䌀刀 戀椀渀愀爀椀攀猀 瘀攀爀猀椀漀渀㨀 㘀⸀㤀⸀⸀㈀㌀匀琀愀爀琀吀椀洀攀㨀㐀㜀㈀㐀㜀㠀㜀　㤀✀ 圀䠀䔀刀䔀 匀攀爀瘀椀挀攀一愀洀攀 㴀 ✀开倀刀伀䐀㌀开䐀圀匀爀瘀㌀开匀爀瘀开倀刀伀䐀㌀⸀琀砀琀✀琀砀琀✀�爀�
	Fig. 3. Theoretical (criterion II) and experimental cracks for an alloy (details given in [l2] ).�㈠㘶㜠㘱ㄠ㜲㈠㘶㜠㤴㐠㘶㜠㘶㜠㘱ㄠ㈷㠠㈷㠠㈷㠠㐶㤠㔵㘠㌳㌠㔵㘠㔵㘠㔰〠㔵㘠㔵㘠㈷㠠㔵㘠㔵㘠㈲㈠㈲㈠㔰〠㈲㈠㠳㌠崠㠱‸㐠㔵㘠㠵⁛″㌳‵〰′㜸‵㔶‵〰‷㈲‵〰‵〰‵〰″㌴′㘰″㌴‵㠴′㜸″㌳⁝‱〰‱〳‵㔶‱〴⁛′㘰‵㔶″㌳‷㌷″㜰‵㔶‵㠴″㌳‷㌷″㌳‶〶‵㠴″㔱″㔱″㌳‵㔶‵㌷′㜸″㌳″㔱″㘵‵㔶‸㘹‸㘹‸㘹‶ㄱ⁝‱㌰‱㌵‶㘷‱㌶⁛‱〰〠㜲㈠崠ㄳ㠠ㄴㄠ㘶㜠ㄴ㈠ㄴ㔠㈷㠠ㄴ㘠嬠㜲㈠㜲㈠崠ㄴ㠠ㄵ㈠㜷㠠ㄵ㌠嬠㔸㐠㜷㠠崠ㄵ㔠ㄵ㠠㜲㈠ㄵ㤠嬠㘶㜠㘶㘠㘱ㄠ崠ㄶ㈠ㄶ㜠㔵㘠ㄶ㠠嬠㠸㤠㔰〠崠ㄷ〠ㄷ㌠㔵㘠ㄷ㐠ㄷ㜠㈷㠠ㄷ㠠ㄸ㐠㔵㘠ㄸ㔠嬠㔸㐠㘱ㄠ崠ㄸ㜠ㄹ〠㔵㘠ㄹㄠ嬠㔰〠㔵㔠㔰〠㘶㜠㔵㘠㘶㜠㔵㘠㘶㜠㔵㘠㜲㈠㔰〠㜲㈠㔰〠㜲㈠㔰〠㜲㈠㔰〠㜲㈠㜲㈠㜲㈠㔵㘠㘶㜠㔵㘠㘶㜠㔵㘠㘶㜠㔵㘠㘶㜠㔵㘠㘶㜠㔵㘠㜷㠠㔵㘠㜷㠠㔵㘠㜷㠠㔵㘠㜷㠠㘹㜠㜲㈠㔵㘠㜲㈠㔵㘠崠㈳㐠㈴〠㈷㠠㈴ㄠ嬠㈲㈠㈷㠠㈷㠠㜰〠㌷㐠㔰〠㈲㈠㘶㜠㔰〠㔰〠㔵㘠㈲㈠㔵㘠㈲㈠㔵㘠㌸㜠㔵㘠㔰〠㔵㘠㈲㈠㜲㈠㔵㘠㜲㈠㔵㘠㜲㈠㔵㘠㜲㈠㜲㈠㔵㘠㜷㠠㔵㘠㜷㠠㔵㘠㜷㠠㔵㘠〰‹㐴‷㈲″㌳‷㈲″㌳‷㈲″㌳‶㘷‵〰‶㘷‵〰‶㘷‵〰‶㘷‵〰‶ㄱ′㜸‶ㄱ‴㐳‶ㄱ′㜸‷㈲‵㔶
	FRAKTALID inseneriteaduses���䜉����������ज�렃Ҵ䄮ἱ냕��詰པ®��졒䜉����������ូ�렃࣐럖뛧݉��데ࡔ¯��⡓䜉����������़�렃돓㋁썤��롰ㅔ°―䬉術䜉����������ন�렃苯迉渠Ⰼ��ꅰ㩔±᠗䬉⡓䜉����������␐�

	HANGING ROOFS AS ACOUSTIC SCREENS FOR SONG FESTIVAL TRIBUNES IN ESTONIA�䰰〰∠䡐体㴢ㄷ㈢⁖偏匽∱ㄳ㈢⁗䥄呈㴢ㄴ㈰∠䡅䥇䡔㴢㔲∾ഊउउउ㱓瑲楮朠䥄㴢倶㕟協〰〳㤢⁈偏匽∱㜲∠噐体㴢ㄱ㐵∠坉䑔䠽∲㌵∠䡅䥇䡔㴢㌱∠䍏乔䕎吽≭潭敮瑩摥∠单䉓彔奐䔽≈祰偡牴㈢⁓啂卟䍏乔䕎吽≰慩湤敭潭敮瑩摥∠坃㴢〮㤹∠䍃㴢㜰㘱㔰〰〢⼾ഊउउउ㱓倠䥄㴢倶㕟卐〰〳〢⁈偏匽∴〶∠噐体㴢ㄱ㜶∠坉䑔䠽∳㔢⼾ഊउउउ㱓瑲楮朠䥄㴢倶㕟協〰〴〢⁈偏匽∴㐱∠噐体㴢ㄱ㐵∠坉䑔䠽∱〱∠䡅䥇䡔㴢㌹∠䍏乔䕎吽≮楮朢⁗䌽∰⸹㜢⁃䌽∷〳㈢⼾ഊउउउ㱓倠䥄㴢倶㕟卐〰〳ㄢ⁈偏匽∵㐲∠噐体㴢ㄱ㠴∠坉䑔䠽∳〢⼾ഊउउउ㱓瑲楮朠䥄㴢倶㕟協〰〴ㄢ⁈偏匽∵㜲∠噐体㴢ㄱ㐳∠坉䑔䠽∲ㄴ∠䡅䥇䡔㴢㌵∠䍏乔䕎吽≲慤楡慬ⴢ⁗䌽∰⸵㠢⁃䌽∷㌰〷㐶㌢⼾ഊउउउ㱓倠䥄㴢倶㕟卐〰〳㈢⁈偏匽∷㠶∠噐体㴢ㄱ㠴∠坉䑔䠽∳㌢⼾ഊउउउ㱓瑲楮朠䥄㴢倶㕟協〰〴㈢⁈偏匽∸ㄹ
	i�ࣣ䘉��
	Fig. 2�䨉��������������������샍悶䨉惵�䨉

	RIPPKATUSED LAULULAVA AKUSTILISTE EKRAANIDENA EESTIS�䔀ⴀ㐀䈀㐀㔀ⴀ㐀䄀　㔀ⴀ㤀　㤀㐀ⴀ䘀䐀㌀䈀䐀㔀㔀䄀㔀㔀㤀紀尀倀爀漀砀礀匀琀甀戀䌀氀猀椀搀㌀㈀�潣坏剋卜扩湜摷卲癜䑗卲瘳硥数潲瑥摓瑡瑥㨸瑡瑵猺䥤汥畮湩湧䅰灳㨊䩯戺潣䥄㨊䙩汴敲ㄺ楬瑥爲㨊䙩汴敲㌺ੁ捴楯渱㩗慩瑩湧ੁ捴楯渲㨊䍲瑐牯杲敳猺《䵡硐牯杲敳猺《䱡獴却慴畳䵯摩晩捡瑩潮呩浥啔䌺ㄴ㜲㐷㠷〹数潲瑥摔業攺ㄴ㜲㐷㠷〹䍒䕮杩湥却慴畳㩆楮敒敡摥爠ㄱ⸰簠創湮楮朠潮潣慬慣桩湥⁼⁵湬業楴敤桡牡捴敲猠汥晴⸻⁏䍒楮慲楥猠癥牳楯渺‶⸹⸱⸲㌊却慲瑔業攺《✠坈䕒䔠卥牶楣敎慭攠㴠❟偒佄㍟䑗卲瘳当牶彐剏䐳硴✀瑵搠潭愭ഊ�
	STATICAL TESTING OF AN ACOUSTIC SCREEN MODEL�〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰0〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰����܀�����
	Fig. 1, Screen model�姥��쟷偞Èʀ砮༉�����������⋨�렃⒭ჲ㱐��쳷䥞Éʀ��㣞頉����������ὔ�렃걢袞켟炘��䉞Êʀ��壟頉����������ࡼ�렃ꦱﺖ㘰⤡��筞Ëʀ栫༉磝頉����
	Fig, 2, Scheme of the model. 1 – contour; 2 – bearing cable; 3 – stretching cable; 4 – support columns; 5 – ties; 6 – support columns; 7 – location of the load, modelling the weight of concrete�¡�ၸః〩崈⠫㝍¢�聇猁恡︂⨫㕍那�냋अヌअⰫ㍍¤�ఃဩ崈⸫ㅍ¥�ః倨崈퀫⽍碦�聇猁⡢︂툫ⵍ§�働अ烌अ퐫⭍¨�ၸః瀦崈혫⥍₩�अ샋अ�ª�聇猁䢲렄�«�ః뀨崈�⍍�ၸః倥崈�⅍�ၸఃဦ崈쀫�澮�ၸః뀥崈숫�Ⴏ�烍अ背अ쐫��ః퀧崈옫��ః〦崈젫흍좲�聇猁쁠︂쨫핍³�ၸః逦崈찫퍍´�僌अअ츫텍�냔餅��콍¶�聇猁ః쵍·�聇猁ᡣ︂쭍ᢸ�胍अ郌अ쥍¹�聇猁档︂읍º�聇猁灼ః飼앍ꢻ�ః퀨崈ﰫ썍¼�聇猁졢︂︫셍½�聇猁衡︂ｍ�ః磹伈﵍¿�ః瀧崈כֿÀ�ః룮鸅淚チ�ః瀬崈濂�聇猁聤︂Ã�ః큙郄�氁퀬崈Å�ః胀餅逫Æ�탌अअ鈫䃇�墺氁瀪崈鐫È�अअ阫É�餫��頫�ః倬崈騫Ë�郬밉猉鰫Ì�鼫��鸫룍�ဉਅ��耫齍Î�聇猁ః舫鵍Ï�郎अ��萫魍胐�聇猁遣︂蘫饍Ñ�聇猁゙ﰂ蠫靍Ò�惏अ烏अ訫镍飓�ః倧崈谫鍍Ô�ၸః崈踫配Õ�ః瀥崈뀫轍裖�ၸః逧崈눫赍×�ၸః〧崈됫譍Ø�ః崈똫襍ᣙ�냎अअ렫蝍Ú�聇猁恥먫蕍Û�聇猁肚ﰂ밫荍胜�ః倪崈븫腍Ý�अ삗猉ꀫ뽍濞�ః逬崈ꈫ뵍ࣟ�䃍अअꐫ뭍à�胨밉備猉ꘫ륍á�꤫롍��꠫띍惢�ਅ��ꨫ땍ã�师뢕猉갫덍ä�꼫뉍��긫녍ꃥ�頋ਅ��倨꽍æ�냧밉䢒猉刨굍ç�唨걍��吨ꭍࣨ�在ꩍ��ᒶЏ�Џ���⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣ഊ⌠†††††† 彟彟 彟彟†彟彟张ഊ⌠††††††⼠彟彟⼠彟彟簯 彟彼ഊ⌠†††††⁼⁼†⁼⁼††簠⡟彟†ഊ⌠†††††⁼⁼†⁼⁼††⁜彟张尠ഊ⌠†††††⁼⁼彟彼⁼彟彟 彟弩⁼ഊ⌠††††††屟彟彟屟彟彟籟彟彟⼠ഊ⌍ਣ⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣ഊ⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣ഊ⌣⁔䍌ⵐ牯捥摵牥猠景爠䑗ഊ⌣⁃潰祲楧桴礠䍃匠䍯湴敮琠䍯湶敲獩潮⁓灥捩慬楳瑳⁒位ഊ⌣汩渮捵捯獀捣猭牯浡湩愮牯ਣ⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌍ਣ⌠噥牳楯渺‱⸰ⴰ⸰〠㈰ⴰ㤭㈲ഊ⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣⌣ഊഊഊ湡浥獰慣攠敶慬⁄䅔䕔䥍䔠
	Untitled����������������������������������������
	Fig. 3 V Fig. 4���������������������������������������������������������������������������
	Fig. 5�금��������������������惻㢯금․�䨉
	Fig. S�금��������������������惻㢯금․�䨉
	Fig. 7�금���������������������․�䨉
	Fig. 8�금��������������������炇ဵ금․�䨉
	Fig. 9�금��������������������낈頷금․�䨉
	Fig. 10�����������������������������������
	Fig. 11�����������������������������������
	Untitled����������������������������������������
	AKUSTILISE EKRAANI MUDELI STAATILINE KOORMAMINE�㠀㤀㈀　㤀㠀㜀ⴀ　㔀开䌀氀愀猀猀攀猀尀吀礀瀀攀䰀椀戀尀笀　　㘀䐀㌀䘀㜀䈀ⴀ㐀㈀䌀㘀ⴀ㐀䔀䌀㔀ⴀ䄀㈀䌀䈀ⴀ䐀㌀㈀䈀㠀㜀　䌀䄀㐀㠀㔀紀尀⸀　尀　尀眀椀渀㌀㈀�紀尀吀礀瀀攀䰀椀戀�㉣屵〰㈰屵〰㌳屵〰㈰屵㈰ㄳ屵〰㈰屵〰㜳屵〰㜵屵〰㜰屵〰㜰屵〰㙦屵〰㜲屵〰㜴屵〰㜳屵〰㍢屵〰㈰屵〰㌴屵〰㈰屵㈰ㄳ屵〰㈰屵〰㜴屵〰㘹屵〰㙤屵〰㘲屵〰㘵屵〰㜲屵〰㈰屵〰㜳屵〰㘸屵〰㘵屵〰㙣屵〰㙣屵〰㍢屵〰㈰屵〰㌵屵〰㈰屵㈰ㄳ屵〰㈰屵〰㘳屵〰㘱屵〰㘲屵〰㙣屵〰㘵屵〰㜳屵〰㉥N숉숉숉鑋숉ы숉
	DETERMINATION OF DYNAMIC CHARACTERISTICS OF SADDLE' SHAPED SUSPENSION ROOF�剪သ剪㐞剪堞剪簞剪ꀞ剪쐞剪剪ట剪〟剪吟剪ꢊ㹪첊㹪㹪砟剪鰟剪쀟剪剪ࠠ剪Ⱐ剪倠剪琠剪頠剪밠剪剪С剪䰡剪䐬剪栬剪谬剪뀬剪퐬剪剪ᰭ剪䀭剪搭剪蠭剪瀡剪鐡剪렡剪�剪갭剪"剪␢剪䠢剪氢剪逢剪됢剪�ﰢ剪‣剪䐣剪栣剪谣剪뀣剪剪ᰮ剪砓☉퐣剪鰓☉☉琔☉쀓☉剪ᰤ剪䀤剪퀭剪ࠔ☉Ⱄ☉倔☉䀮剪搮剪搤剪蠮剪갮剪蠤剪갤剪퀤剪剪퀮剪剪ᠯ剪㰯剪怯剪萯剪剪찯剪剪ᐰ剪㠰剪尰剪耰剪ꐰ剪젰剪剪ᠥ剪ေ剪㐱剪報剪簱剪ꀱ剪쐱剪剪ల剪〲剪吲剪㰥剪砲剪鰲剪쀲剪剪࠳剪ⰳ剪倳剪琳剪頳剪밳剪剪д剪⠴剪䰴剪瀴剪鐴剪렴剪�剪5剪剪䠵剪氵剪逵剪됵剪急剪营剪ꠥ剪찥剪剪ᐦ剪㠦剪尦剪耦剪ꐦ剪젦剪剪ဧ剪堧剪簧剪ꀧ剪쐧剪剪న剪〨剪吨剪砨剪鰨剪쀨剪剪ࠩ剪Ⱙ剪倩剪琩剪頩剪방剪剪Ъ剪⠪剪䰪剪瀪剪鐪剪렪剪㐧剪�剪+剪剪䠫剪氫剪逫剪됫剪�ﰫ剪悊㹪蒊㹪剪剪���霁
	Fig. 1. Scheme of the model. 1 – contour; 2, 3 – supports; 4 – timber shell; 5 – cables.�儀刀匀吀唀嘀圀堀夀娀嬀尀崀帀开怀愀戀挀搀攀昀最栀椀樀欀氀洀渀漀瀀焀爀猀琀甀瘀眀砀礀稀笀簀紀縀缀갠脀ᨠ茀Ḡ☠†℠蠀〠言㤠谀ꠀ윂렀退ᠠᤠᰠᴠ∠ጠᐠ頀∡騀㨠鰀꼀�ꀀﳸꈀꌀꐀﷸꘀ꜀�嘁가관글였뀀넀눀대됀딀똀뜀뤀圁묀밀봀븀Ё⸁�쐀씀᠁ሁఁ준礁ᘁ∁㘁⨁㬁态䌁䔁팀䰁픀혀휀爁䄁威樁�笁紁�ԁ⼁ā܁ᤁጁഁ稁ᜁ⌁㜁⬁㰁愁䐁䘁䴁猁䈁嬁欁ﰀ簁縁�老ခ老쀀老쀀ꀀ、、、、、、、、、、、、、、、、、、、、、、、、、、、、、、、、쀀쀀老老怂퀁耀ခ送쀀쀀쀀老老老老老老老老老老쀀쀀送送送老쀂퀁퀁퀁ꀁဂ쀀态퀁老䀂ဂ퀁ဂ퀁ꀁ퀁适퀁퀁ꀁ쀀쀀쀀䀁老老老态老老쀀老老ꀀꀀ态ꀀ䀂老老老老态쀀老态态态态뀀送�老�ꀀ�뀂老老�뀂���ꀀ退老뀂�뀂���쀀�老老老�뀀老ဂ�老送�뀂ꀁ送老瀁쀀ꀁ老倂倂倂怂퀁쀀퀁퀁퀁퀁퀁퀁ꀁ퀁ဂ퀁쀀老퀁ဂဂဂဂ送老퀁ꀁꀁꀁ老ꀀ老态老老老老态老态老态쀀ꀀ态老老老老老老送老ꀀ态老老态态
	Fig. 2. Examples of recorded displacements. A – network without shell; В – network with timber shell�㜲〰㘹〰㙥〰㘷〰㈰〰㘳〰㘱〰㘲〰㙣〰㘵〰㍢〰㈰〰㌳〰㈰㈰ㄳ〰㈰〰㜳〰㜴〰㜲〰㘵〰㜴〰㘳〰㘸〰㘹〰㙥〰㘷〰㈰〰㘳〰㘱〰㘲〰㙣〰㘵〰㍢〰㈰〰㌴〰㈰㈰ㄳ〰㈰〰㜳〰㜵〰㜰〰㜰〰㙦〰㜲〰㜴〰㈰〰㘳〰㙦〰㙣〰㜵〰㙤〰㙥〰㜳〰㍢〰㈰〰㌵〰㈰㈰ㄳ〰㈰〰㜴〰㘹〰㘵〰㜳〰㍢〰㈰〰㌶〰㈰㈰ㄳ〰㈰〰㜳〰㜵〰㜰〰㜰〰㙦〰㜲〰㜴〰㈰〰㘳〰㙦〰㙣〰㜵〰㙤〰㙥〰㜳〰㍢〰㈰〰㌷〰㈰㈰ㄳ〰㈰〰㙣〰㙦〰㘳〰㘱〰㜴〰㘹〰㙦〰㙥〰㈰〰㙦〰㘶〰㈰〰㜴〰㘸〰㘵〰㈰〰㙣〰㙦〰㘱〰㘴〰㉣〰㈰〰㙤〰㙦〰㘴〰㘵〰㙣〰㙣〰㘹〰㙥〰㘷〰㈰〰㜴〰㘸〰㘵〰㈰〰㜷〰㘵〰㘹〰㘷〰㘸〰㜴〰㈰〰㙦〰㘶〰㈰〰㘳〰㙦〰㙥〰㘳〰㜲〰㘵〰㜴〰㘵〰〰〰愱〰㠰㜸っ〳㌰㈹㕤〸㈸㉢㌷㑤〰愲〰㠰㠰㐷㜳〱㘰㘱晥〲㉡㉢㌵㑤㤰愳〰㠰戰换〹〵㌰捣〹〵㉣㉢㌳㑤〰愴〰㠰昰㝡っ〳㈹㕤〸㉥㉢㌱㑤〰愵〰㠰昰㝡っ〳㔰㈸㕤〸搰㉢㉦㑤㜸愶〰㠰㠰㐷㜳〱㈸㘲晥〲搲㉢㉤㑤〰愷〰㠰㔰捤〹〵㜰捣〹〵搴㉢㉢㑤〰愸〰㠰㜸っ〳㜰㈶㕤〸搶㉢㈹㑤㈰愹〰㠰捣〹〵挰换〹〵搸㉢㈷㑤〰慡〰㠰㠰㐷㜳〱㐸戲戸〴摡㉢㈵㑤〰慢〰㠰昰㜹っ〳戰㈸㕤〸摣㉢㈳㑤昰慣〰㠰㜸っ〳㔰㈵㕤〸摥㉢㈱㑤〰慤〰㠰㜸っ〳㈶㕤〸>⁔樍名ੑ
	i Fig. 3. Test results. Effect of (a) surface loading and (b) contour loading on natural frequencies of the structure. \ Vi�氀尀吀攀洀瀀尀�腮=�걝鉪씉弇渇�ꂖ씄⢶㒒䵴��������鑝鉪������������Ȁ�譮㹎�␒偧㐀�猀开攀渀最氀椀猀栀�楬敳���䃬簈ჽ佧ꢳ눅��ā���ꀉ蜀Ȁ�땮ぎ?�尀㼀㼀尀瀀椀瀀攀尀䤀洀愀最攀伀戀樀攀挀琀倀椀瀀攀开㤀㔀㈀开㈀㘀㠀㤀���뽮쩎ੀ�꣐挈ꠃ愈꣏挈�挈愈挈砃愈挈젃愈⣐挈頃愈⣌挈蠆愈挈꠆愈⣊挈��ꥮ�A�棜挈렇愈挈愈棠挈ꠇ愈�挈ࠉ愈棟挈᠉愈⣞挈절愈棞挈᠈愈棝挈�⣠挈��卯홎B�뢶蜈棿怈碷蜈�蜈᠀愈뢴蜈㣿怈㢷蜈愈碵蜈⠀愈㢶蜈⠁愈뢷蜈㠉愈⣴挈ವ睴嵯둃�퀞耈㠟耈瀠耈퀫耈耱耈렲耈耈頪耈ᠱ耈䠰耈뀰耈耈⠵耈㠬耈倲耈쀴耈″耈��䝯݄�⢴挈�挈�挈愈ꢵ挈젂愈ꢶ挈㠂愈ꢷ挈�������挈�����������������������������������蠈������嬀ऄ퀀㓿����砎蠈堎愈砊蠈렋愈㠍蠈䠍愈렎蠈頍愈砍蠈砎愈砏蠈栍愈㠌蠈렊蠈��������敯聎橇�룓蜈愈蜈䠄愈룖蜈頄愈룘蜈㠃愈磓蜈ꠃ愈磗蜈頃愈룑蜈ࠄ愈㣒蜈楮琼⽥湴灲楮潯驎ै�蜈蠍愈㠒蠈�砓蠈愈砗蠈愈㠓蠈愈㠔蠈᠏愈렓蠈栎愈砕蠈ࠏ愈렒蠈��걎I�ꣵ挈愈ꣶ挈愈挈젌愈⣹挈愈棲挈⠍愈ꣷ挈ࠍ愈棸挈砌愈挈������ͯꙎJ�碬蜈룽怈㢪蜈ࣿ怈碪蜈죽怈뢪蜈棾怈㢬蜈룾怈㢭蜈�뢭蜈�㢮蜈怈碫蜈츑൯롎K�㣀蜈愈蜈᠁愈蜈蠀愈㢹蜈飿怈뢹蜈ꣿ怈確蜈죿怈蜈怈㢿蜈������㝯뉎L�磸蜈
	Fig, 4. Computed mode shapes.�ѪXњ�ǆﾢњ�ΥmѲ�̞Hک�ВNѠ¤у�ӡ�ܘ�Ѳ�ќBː�ےXҴ3ҡfօVќ�ȹ¸˯���ʮ�ʡ�ʡ���ƙ�ƙ�Ɓ�Ɓ���ʡ�����ϧNƙ�Ʋ��ԝ��ȹá��ԞwҺwκ=ӈNӹ�Ʋ�ˎPӻ�ӝ}ƙwеNѦuӌLӻ�ӷbƲ�̆hӛ}ҲJҙuҋ�ё�Ҹhә�ѠLص{վHӌsƛj

	SADULAKUJULISE RIPPKATTE DÜNAAMILISTE PARAMEETRITE MÄÄRAMINE�㘱屵〰㙣屵〰㈰屵〰㘳屵〰㜲屵〰㘱屵〰㘳屵〰㙢屵〰㜳屵〰㈰屵〰㘹屵〰㙥屵〰㈰屵〰㘴屵〰㘹屵〰㜳屵〰㘳屵〰㜲屵〰㘵屵〰㜴屵〰㘵屵〰㈰屵〰㜳屵〰㜹屵〰㜳屵〰㜴屵〰㘵屵〰㙤屵〰㈰屵〰㜵屵〰㙥屵〰㘴屵〰㘵屵〰㜲屵〰㈰屵〰㘵屵〰㜸屵〰㜴屵〰㘵屵〰㜲屵〰㙥屵〰㘱屵〰㙣屵〰㈰屵〰㜳屵〰㘸屵〰㘵屵〰㘱屵〰㜲屵〰㈰屵〰㜵屵〰㜳屵〰㘹屵〰㙥屵〰㘷屵〰㈰屵〰㘳屵〰㜲屵〰㘹屵〰㜴屵〰㘵屵〰㜲屵〰㘹屵〰㙦屵〰㙥屵〰㈰屵〰㐹屵〰㐹屵〰㈰屵〰㈸屵〰㘱屵〰㈹屵〰㈰屵〰㘱屵〰㙥屵〰㘴屵〰㈰屵〰㘳屵〰㜲屵〰㘹屵〰㜴屵〰㘵屵〰㜲屵〰㘹屵〰㙦屵〰㙥屵〰㈰屵〰㌱屵〰㌱屵〰㌱屵〰㈰屵〰㈸屵〰㘲屵〰㈹屵〰㈰屵〰㕢屵〰㙣屵〰㌲屵〰㕤屵〰㈰屵

	INVESTIGATION OF DOUBLE-CURVATURE SHELLS BY MEANS OF MODELS�⸱㘮㌱⸱〰層坓桡牥屃潮晩杜呌唭摯捗潲歳ⵇ䱂䰮楮椊䱯捡汐慴栺䌺屐牯杲慭⁆楬敳 砸㘩層潣坏剋卜扩湜摷卲癜䑗卲瘳硥数潲瑥摓瑡瑥㨱瑡瑵猺偲潣敳獩湧畮湩湧䅰灳㨊䩯戺䕸灯牴塍䰊䑯捉䐺㈹㈱ㄊ䙩汴敲ㄺ䵯湯杲慰栊䙩汴敲㈺呌唭䵯湯杲慰栭千䅎屢ㄴㄹㄹ楬瑥爳㩔䱕ⵍ潮潧牡灨ੁ捴楯渱㩐牯捥獳楮朊䅣瑩潮㈺卡癩湧⁐䑆⸮牴偲潧牥獳㨰੍慸偲潧牥獳㨱ੌ慳瑓瑡瑵獍潤楦楣慴楯湔業敕呃㨱㐷㈴㜸㜰㤊剥灯牴敤呩浥㨱㐷㈴㜹ㄹ㠊佃剅湧楮敓瑡瑵猺䙩湥剥慤敲‱ㄮぼ⁒畮湩湧渠汯捡氠浡捨楮攠簠畮汩浩瑥搠捨慲慣瑥牳敦琮㬠佃删扩湡物敳⁶敲獩潮㨠㘮㤮ㄮ㈳瑡牴呩浥㨱㐷㈴㜸㜰㤊✠坈䕒䔠卥牶楣敎慭攠㴠❟偒佄㍟䑗卲瘳当牶彐剏䐳硴✀
	Fig. 1. Particulars of the studied shells.��Ā�Ā�啳敲慬偡ഀ���ऀ���ऀ�ⷈ鸉䐀�䐀�䵅佗Ā��Ȁ��쀀��F��Ā�ꚤ䳽滒ݫṘ痚╚힉ᧈĀ렃䃻홴땖��Ā�﷿�������䥄㨲㤲ㄱ楬瑥爱㩍潮潧牡灨楬瑥爲㩔䱕ⵍ潮潧牡灨ⵓ䍁乜戱㐱〱㤱㤊䙩汴敲㌺呌唭䵯湯杲慰栊䅣瑩潮ㄺ偲潣敳獩湧ੁ捴楯渲㩃牥慴楮朠偄䘠扯潫浡牫猊䍲瑐牯杲敳猺《䵡硐牯杲敳猺ㄊ䱡獴却慴畳䵯摩晩捡瑩潮呩浥啔䌺ㄴ㜲㐷㠷〹数潲瑥摔業攺ㄴ㜲㐷㤱㌸㤱㌴䃫ꨈ炪︈胭ꨈ炨︈⃭ꨈ︈ᣬꨈႧ︈レꨈ炩︈룫ꨈ
	Fig, 2, Working schemes 1-6.��ʩ�ʩ�̒¬˳�ўnўnЀFȹ�ȹ�ȹ�ȹ�ȹ�ѲԂFя�Ѐ�׆�Ѐ(ѲBЀ?Ѐ?Ѐ�Ѳ`Ѳ`Ѳ`ѲJЭ�ЀFў?Ѷ�ЀvͰ�Ѳ5Ѳ`Ѳ`ލ5ލ5ލ5ʩ)ʩ'ʩ9ʩ¼ʩ-ʩ�ʩìʩ¢ʩuʩ
ʩﾸ�ﶄ�︓�ﶀ�ﵡ��ﱂ�ﵶ�﹃�ﶔ�﹈�ﷹ�ﴏ�ﵾ�︿�ﶠ�ﴎ�ﵶ�ﵵ�﹎�﹢
	KAKSIKKÕVERATE KOORIKUTE TÖÖPRINTSIIPIDE UURIMINE MUDELITE ABIL�㜵屵〰㙣屵〰㜴屵〰㜳屵〰㉥屵〰㈰屵〰㐵屵〰㘶屵〰㘶屵〰㘵屵〰㘳屵〰㜴屵〰㈰屵〰㙦屵〰㘶屵〰㈰屵〰㈸屵〰㘱屵〰㈹屵〰㈰屵〰㜳屵〰㜵屵〰㜲屵〰㘶屵〰㘱屵〰㘳屵〰㘵屵〰㈰屵〰㙣屵〰㙦屵〰㘱屵〰㘴屵〰㘹屵〰㙥屵〰㘷屵〰㈰屵〰㘱屵〰㙥屵〰㘴屵〰㈰屵〰㈸屵〰㘲屵〰㈹屵〰㈰屵〰㘳屵〰㙦屵〰㙥屵〰㜴屵〰㙦屵〰㜵屵〰㜲屵〰㈰屵〰㙣屵〰㙦屵〰㘱屵〰㘴屵〰㘹屵〰㙥屵〰㘷屵〰㈰屵〰㙦屵〰㙥屵〰㈰屵〰㙥屵〰㘱屵〰㜴屵〰㜵屵〰㜲屵〰㘱屵〰㙣屵〰㈰屵〰㘶屵〰㜲屵〰㘵屵〰㜱屵〰㜵屵〰㘵屵〰㙥屵〰㘳屵〰㘹屵〰㘵屵〰㜳屵〰㈰屵〰㙦屵〰㘶屵〰㈰屵〰㜴屵〰㘸屵〰㘵屵〰㈰屵〰㜳屵〰㜴屵〰㜲屵〰㜵屵〰㘳屵〰㜴屵〰㜵屵〰㜲屵〰㘵屵〰㉥屵〰㈰屵〰㕣屵〰㈰屵〰㔶屵〰㘹s

	ENSURING THE STRENGTH OF TALL VERTICAL CYLINDRICAL STEEL VESSELS DURING ERECTION�　㘀挀　　　　㔀㤀攀㔀　　　　　　　　挀㜀昀㜀㔀　㔀攀　　挀㠀　㈀㠀　㜀㠀㈀攀　昀　㤀搀㠀搀搀㤀㠀　㤀　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　㈀㈀攀㠀　　　　戀㠀　㌀攀挀㔀㈀㐀愀搀　昀㈀攀攀㘀㠀㌀挀㔀　　　　　　　　　挀挀昀㜀㐀㤀㔀攀　　挀㤀　㈀㠀　　　　　　　　　㌀㠀搀攀㤀㠀　㤀　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　昀㔀㐀　　　　戀㠀　㌀攀挀㔀愀挀㘀㈀㠀㠀㤀攀挀昀昀㜀　㤀㠀　　　　　　　　昀㔀昀㜀㐀㈀㔀攀　　挀愀　㈀㠀　　　　　　　　　㔀㠀搀昀㤀㠀　㤀　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　㠀㜀挀　　　　戀㠀　㌀攀挀㔀愀㤀戀昀攀㤀㘀㌀㘀㌀　㈀㤀㈀　　　　　　　　昀愀昀㜀㜀戀㔀攀　　挀戀　㈀㠀　㘀㠀㈀戀　昀　㤀㜀㠀搀搀㤀㠀　㤀　　　　　　　　　　　　
	Fig. 1. Erection of a 91,4 in high vessel with a mass of 803 t by means of 1000 t capacity masts.�〰㘱〰㘴〰㘹〰㙥〰㘷〰㈰〰㘱〰㙥〰㘴〰㈰〰㈸〰㘲〰㈹〰㈰〰㘳〰㙦〰㙥〰㜴〰㙦〰㜵〰㜲〰㈰〰㙣〰㙦〰㘱〰㘴〰㘹〰㙥〰㘷〰㈰〰㙦〰㙥〰㈰〰㙥〰㘱〰㜴〰㜵〰㜲〰㘱〰㙣〰㈰〰㘶〰㜲〰㘵〰㜱〰㜵〰㘵〰㙥〰㘳〰㘹〰㘵〰㜳〰㈰〰㙦〰㘶〰㈰〰㜴〰㘸〰㘵〰㈰〰㜳〰㜴〰㜲〰㜵〰㘳〰㜴〰㜵〰㜲〰㘵〰㉥〰㈰〰㕣〰㈰〰㔶〰㘹〰〰㙣〰㕣〰㔴〰㘵〰㙤〰㜰〰㕣〰〰〰㠱㙥㈴㑥〰㍤〰㠰慣㕤㤲㙡挵〹㕦〷㙥〷摦〹愰㤶挵〴㈸戶攵㜳㌴㤲㑤㜴〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰㤴㕤㤲㙡〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〲〰〰〰㡢㙥㍥㑥昳㍥〰㠰㈴ㄲ㔰㘷㌴〰〰〰㜳〰㕦〰㘵〰㙥〰㘷〰㙣〰㘹〰㜳〰㘸〰〰〰㘹㙣㘵㜳搸搹㘸〸〰〰〰〰㐰散㝣〸晤㑦㘷愸戳戲〵〰〰〰〰〱〱〰〰〰〰〰〰愰〹㠷〰〲〰〰〰戵㙥㌰㑥〰㍦〰㠰㕣〰㍦〰㍦〰㕣〰㜰〰㘹〰㜰〰㘵〰㕣〰㐹〰㙤〰㘱〰㘷〰㘵〰㑦〰㘲〰㙡〰㘵〰㘳〰㜴〰㔰〰㘹〰㜰〰㘵〰㕦〰㌹〰㌵〰㌲〰㕦〰㌲〰㌶〰㌸〰㌹〰〰〰〰〰〰〰扦㙥捡㑥ち㐰〰㠰愸搰㘳〸愸〳㘱〸愸捦㘳〸搸〴㘱〸攸换㘳〸昸〴㘱〸攸捤㘳〸㜸〳㘱〸愸挹㘳〸挸〳㘱〸㈸搰㘳〸㤸〳㘱〸㈸捣㘳〸㠸〶㘱〸攸捣㘳〸愸〶㘱〸㈸捡㘳〸
	Fig. 2. Erection of a 56.3 m high vessel with a mass of 248 t by rotating it around a hinge by means of a crane and a support post with an additional polyspast.�湧湤敭ⴍ牡湥瑲敳獥猠楮楲捵污爠慮搠汯湧楴畤楮慬楲散瑩潮献⁔桥ഊ獨敡爠獴牥獳敳牥敬慴楶敬礠獭慬氬漠浯牥⁴桡渠㌠灥爠捥湴ഊ潦⁴桥慸業畭⁶慬略⸠周慴猠睨礠瑨攠湯牭慬潮杩瑵摩湡氍ਨ佊権湤楲捵浦敲敮捩慬 佹⤠獴牥獳敳慹攠捯湳楤敲敤⁴桥ഊ灲楮捩灡氠潮敳Ⱐ慮搠瑨攠楮瑥湳楴楥猠潦瑲敳獥猠慴⁴桥ഊ敬慳瑩挠獴慧攠潦⁴桥桥汬⁷潲欠浡礠扥灰牯硩浡瑥搠慳潲ഊ愠瑷漭摩浥湳楯湡氠獴牥獳敤瑡瑥牯洠瑨攠景汬潷楮朠景牭畬愍ર嚓嘠漧汓⁃⤍潲浡氠慴牥慡敡†慮搠漪礠慲攠摥瑥牭楮敤礠瑨攠數灲敳獩潮猻xᵷ뽈愆�ᒶ퀆�퀆���ഊ†獥琠瑲敳桯汤⁛䝥瑐慲慭噡汵攠⑰慲慭猠潣牉湄楣瑔桲敳桯汤崍ਠ‣瑯漠敮慢汥琠瑯漠佃刍ਠ整潭灵瑥रഊ†獥琠摯挠孤潣崍ਠਠ整⁶慲彬敶敬⁛楮景敶敬崍ਠ整慤彰慧敳‰ਠਠਠ整⁰慧․敮琍ਠ整⁰慧敉湤數⁛⑰慧来琠偡来䥮摥硝ഊ†ഊ†獥琠灡来⁛⑤潣灡来⁛數灲․灡来䥮摥砫ㅝ崠ഊ†楦⁻⁛⑰慧攠ⵤ慴愠偟千䅎当呁呕卝‽㴠∶猠楮物杩湡氢⁽⁻ഊ††牥瑵牮•∍ਠ⁽ഊ†ഊ†獥琠瑭灁牲⁛湥睥湴楴礠慲牡祝ऍਠ整汥浐慧⁛⑰慧来琠䕬敭敮瑳崍ਠ湴彳敬散琠⑥汥浐慧․瑭灁牲⁻䥳䭩湤佦⡴桩猬❔數瑢汯捫䱩步✩…☠ⅉ獋楮摏昨瑨楳Ⱗ䅤癥牴楳敭敮琧⥽畬氍ਠ整⁴浰卩穥⁛⑴浰䅲爠ⵧ整楺敝ഊ†ഊ†獥琠佫‰ഊ†獥琠乯瑟䙯畮搠」ਠ整⁆潵湤彷楴桟䍯牲散瑩潮‰ഊ†獥琠潣牃潲散瑩潮‰ഊ†ഊ†景爠笠獥琠捲砠〠素笠④牸‼․瑭灓楺攠素笠楮捲牸⁽⁻ഊ††獥琠敬敭⁛⑴浰䅲爠ⵧ整慴․捲硝ഊ††楦⁻․捯浰畴攠㴽•〢…☠嬤敬敭楳灲潰敲瑹捯浰畴敤⁘䵌呥硴崠㴽•〢⁽⁻ഊ†††捯湴楮略ഊ††素ഊ††䅮慬祺敟䕬敭敮琠⑥汥洠⑶慲彬敶敬ഊ†納ਠਠਠ整⁰慧敏欠ㄍਠ整捲䍯牥捴楯渠ㄮ」ਠ映笠孥硰爠欠⬠潴彆潵湤․䙯畮摟睩瑨彃潲牥捴楯湝‡㴰⁽⁻ഊ††獥琠潣牃潲散瑩潮⁛數灲 欫⑆潵
	Fig, 3, Coefficient when the circumferential moment load is applied to the vessel through a square sheet box.� 䠀倀伀匀㴀∀㜀㈀∀ 嘀倀伀匀㴀∀㠀　㈀∀ 圀䤀䐀吀䠀㴀∀　㈀∀ 䠀䔀䤀䜀䠀吀㴀∀㌀㔀∀ 䌀伀一吀䔀一吀㴀∀搀椀欀愀∀ 匀唀䈀匀开吀夀倀䔀㴀∀䠀礀瀀倀愀爀琀㈀∀ 匀唀䈀匀开䌀伀一吀䔀一吀㴀∀洀攀琀漀漀搀椀欀愀∀ 圀䌀㴀∀　⸀㤀㤀∀ 䌀䌀㴀∀　　　㌀∀⼀㸀ഀऀऀऀऀऀऀ㰀匀倀 䤀䐀㴀∀倀㘀㔀开匀倀　　　㠀㌀∀ 䠀倀伀匀㴀∀㈀㜀㐀∀ 嘀倀伀匀㴀∀㠀㌀㘀∀ 圀䤀䐀吀䠀㴀∀㌀　∀⼀㸀ഀऀऀऀऀऀऀ㰀匀琀爀椀渀最 䤀䐀㴀∀倀㘀㔀开匀吀　　　㌀∀ 䠀倀伀匀㴀∀㌀　㐀∀ 嘀倀伀匀㴀∀㜀㤀㐀∀ 圀䤀䐀吀䠀㴀∀㐀㔀㈀∀ 䠀䔀䤀䜀䠀吀㴀∀㐀㌀∀ 䌀伀一吀䔀一吀㴀∀洀漀渀琀愀愀縁椀欀漀漀爀洀甀猀琀攀∀ 圀䌀㴀∀　⸀㘀㜀∀ 䌀䌀㴀∀㘀㌀㘀　㐀㌀㠀　　　　　㔀㜀㘀　㌀∀⼀㸀ഀऀऀऀऀऀऀ㰀匀倀 䤀䐀㴀∀倀㘀㔀开匀倀　　　㠀㐀∀ 䠀倀伀匀㴀∀㜀㔀㘀∀ 嘀倀伀匀㴀∀㠀㌀㘀∀ 圀䤀䐀吀䠀㴀∀㌀㌀∀⼀㸀ഀऀऀऀऀऀऀ㰀匀琀爀椀渀最 䤀䐀㴀∀倀㘀㔀开匀吀　　　㐀∀ 䠀倀伀匀㴀∀㜀㠀㤀∀ 嘀倀伀匀㴀∀㜀㤀∀ 圀䤀䐀吀䠀㴀∀㈀㘀㌀∀ 䠀䔀䤀䜀䠀吀㴀∀㔀㐀∀ 䌀伀一吀䔀一吀㴀∀洀樀甀洀椀猀攀氀⸀∀ 圀䌀㴀∀　⸀㤀㤀∀ 䌀䌀㴀∀㌀　　㘀　　㘀　㔀㐀∀⼀㸀ഀऀऀऀऀऀ㰀⼀吀攀砀琀䰀椀渀
	TERASEST SILINDERREAKTORITE TUGEVUSE tagamine montaažil�����惞�选��������ꃡ�㠃��������ꃣ�㠃���������㠃��������⃯���������ꃵ������������������惽�樉��������ꃹ�耈���������耈���������耈��������惻�耈���������耈��������怍�耈��������怖�耈��������‘�耈��������”�耈��������†�耈��������怢�缈���������缈���������缈��������ꀪ�缈��������怶�缈��

	Picture section���������������������������������������������������������������������������
	Untitled����������������������������������������
	Untitled����������������������������������������

	Cover page�ATE KOORIKUTE TÖÖPRINTSIIPIDE UURIMINE MUDELITE A
	Untitled����������������������������������������


	Illustrations���0㔵0㑡��������烗켈금�䨉İ㔰İ㔰ი켈ꁥ금䁋끤금��������0㑥0㐱郟켈끧금聒⡨금��������0㈰
	Untitled����������������������������������������
	Untitled����������������������������������������
	Fig. 1, Five first generations of the two-scale Cantor set with Ц = 1/4 and 2/5 L 63.�㘀攀　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　��
	Untitled����������������������������������������
	Fig. 2. Theoretical cracks in discrete system under external shear using criterion II (a) and criterion 111 (b) [l2] .�愀爀攀尀䌀漀渀昀椀最尀吀䰀唀ⴀ搀漀挀圀漀爀欀猀ⴀ䜀䰀䈀䰀⸀椀渀椀䰀漀挀愀氀倀愀琀栀㨀䌀㨀尀倀爀漀最爀愀洀 䘀椀氀攀猀 ⠀砀㠀㘀⤀尀搀漀挀圀伀刀䬀匀尀戀椀渀尀搀眀匀爀瘀尀䐀圀匀爀瘀㌀⸀攀砀攀刀攀瀀漀爀琀攀搀匀琀愀琀攀㨀匀琀愀琀甀猀㨀倀爀漀挀攀猀猀椀渀最刀甀渀渀椀渀最䄀瀀瀀猀㨀䨀漀戀㨀䔀砀瀀漀爀琀堀䴀䰀䐀漀挀䤀䐀㨀㈀㤀㈀䘀椀氀琀攀爀㨀䴀漀渀漀最爀愀瀀栀䘀椀氀琀攀爀㈀㨀吀䰀唀ⴀ䴀漀渀漀最爀愀瀀栀ⴀ匀䌀䄀一尀戀㐀　㤀㤀䘀椀氀琀攀爀㌀㨀吀䰀唀ⴀ䴀漀渀漀最爀愀瀀栀䄀挀琀椀漀渀㨀倀爀漀挀攀猀猀椀渀最䄀挀琀椀漀渀㈀㨀匀愀瘀椀渀最 倀䐀䘀 ⸀⸀⸀䌀爀琀倀爀漀最爀攀猀猀㨀　䴀愀砀倀爀漀最爀攀猀猀㨀䰀愀猀琀匀琀愀琀甀猀䴀漀搀椀昀椀挀愀琀椀漀渀吀椀洀攀唀吀䌀㨀㐀㜀㈀㐀㜀㠀㜀　㤀刀攀瀀漀爀琀攀搀吀椀洀攀㨀㐀㜀㈀㐀㜀㤀㘀㠀伀䌀刀䔀渀最椀渀攀匀琀愀琀甀猀㨀䘀椀渀攀刀攀愀搀攀爀 ⸀　簀 刀甀渀渀椀渀最 漀渀 氀漀挀愀氀 洀愀挀栀椀渀攀 簀 甀渀氀椀洀椀琀攀搀 挀栀愀爀愀挀琀攀爀猀 氀攀昀琀⸀㬀 伀䌀刀 戀椀渀愀爀椀攀猀 瘀攀爀猀椀漀渀㨀 㘀⸀㤀⸀⸀㈀㌀匀琀愀爀琀吀椀洀攀㨀㐀㜀㈀㐀㜀㠀㜀　㤀✀ 圀䠀䔀刀䔀 匀攀爀瘀椀挀攀一愀洀攀 㴀 ✀开倀刀伀䐀㌀开䐀圀匀爀瘀㌀开匀爀瘀开倀刀伀䐀㌀⸀琀砀琀✀伀䐀㌀⸀琀砀琀✀㌀⸀琀砀琀✀���
	Fig. 3. Theoretical (criterion II) and experimental cracks for an alloy (details given in [l2] ).�〰㘱〰㘴〰㘹〰㙥〰㘷〰㈰〰㘱〰㙥〰㘴〰㈰〰㈸〰㘲〰㈹〰㈰〰㘳〰㙦〰㙥〰㜴〰㙦〰㜵〰㜲〰㈰〰㙣〰㙦〰㘱〰㘴〰㘹〰㙥〰㘷〰㈰〰㙦〰㙥〰㈰〰㙥〰㘱〰㜴〰㜵〰㜲〰㘱〰㙣〰㈰〰㘶〰㜲〰㘵〰㜱〰㜵〰㘵〰㙥〰㘳〰㘹〰㘵〰㜳〰㈰〰㙦〰㘶〰㈰〰㜴〰㘸〰㘵〰㈰〰㜳〰㜴〰㜲〰㜵〰㘳〰㜴〰㜵〰㜲〰㘵〰㉥〰㈰〰㕣〰㈰〰㔶〰㘹〰〰㙣〰㕣〰㔴〰㘵〰㙤〰㜰〰㕣〰〰〰㠱㙥㈴㑥〰㍤〰㠰慣㕤㤲㙡挵〹㕦〷㙥〷摦〹愰㤶挵〴㈸戶攵㜳㌴㤲㑤㜴〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰㤴㕤㤲㙡〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〰〲〰〰〰㡢㙥㍥㑥昳㍥〰㠰㈴ㄲ㔰㘷㌴〰〰〰㜳〰㕦〰㘵〰㙥〰㘷〰㙣〰㘹〰㜳〰㘸〰〰〰㘹㙣㘵㜳搸搹㘸〸〰〰〰〰㐰散㝣〸晤㑦㘷愸戳戲〵〰〰〰〰〱〱〰〰〰〰〰〰愰〹㠷〰〲〰〰〰戵㙥㌰㑥〰㍦〰㠰㕣〰㍦〰㍦〰㕣〰㜰〰㘹〰㜰〰㘵〰㕣〰㐹〰㙤〰㘱〰㘷〰㘵〰㑦〰㘲〰㙡〰㘵〰㘳〰㜴〰㔰〰㘹〰㜰〰㘵〰㕦〰㌹〰㌵〰㌲〰㕦〰㌲〰㌶〰㌸〰㌹〰〰〰〰〰〰〰扦㙥捡㑥ち㐰〰㠰愸搰㘳〸愸〳㘱〸愸捦㘳〸搸〴㘱〸攸换㘳〸昸〴㘱〸攸捤㘳〸㜸〳㘱〸愸挹㘳〸挸〳㘱〸㈸搰㘳〸㤸〳㘱〸㈸捣㘳〸㠸〶㘱〸攸捣㘳〸愸〶㘱〸㈸捡㘳〸
	i�����
	Fig. 2������������������������������
	Fig. 1, Screen model�襲��そhʀဗ༉룜頉����������ὰ�렃┎鄾��곰⥝iʀ⠘༉ᣣ頉����������⊀�렃Ĥ䶈從��嗱≝jʀ㠛༉ᣣ頉�����������렃䦠엳힋㘀�嫱�ʀ砙༉飘頉����
	Fig, 2, Scheme of the model. 1 – contour; 2 – bearing cable; 3 – stretching cable; 4 – support columns; 5 – ties; 6 – support columns; 7 – location of the load, modelling the weight of concrete���㰭͋�㼭ɋlʀ㸭ŋ�����㽋�����∭㵋�┭㱋确ʀ㭋 ␒偧��☭㥋¡����⠭㝋¢⬭㙋pʀ⨭㕋£��聮ЅⰭ㍋¤␒偧��⸭ㅋ¥턭かrʀ퀭⽋¦����툭ⵋ§��좲Ѕ퐭⭋¨휭⩋tʀ혭⥋©�����ª�����«�ࡶʀ�⍋¬␒偧���⅋����쀭�®쌭�xʀ숭�¯��낝Ѕ쐭�␒偧℀�옭�줭�ʀ젭흋澲����쨭핋³��£Ѕ찭퍋´켭퉋|ʀ츭텋µ����콋¶����쵋·챋졾ʀ쭋¸␒偧��쥋¹����읋ºשּׂ왋�ʀ鶴앋₻悵專ꃆЅﰭ썋¼悗輈냛簈︭셋½쁋�ʀｋ삾僬��﵋¿墕輈胔簈וֹÀ碑�ʀ屢棁룹��Â⢖輈裛簈Ãゆʀ룄����Å烨봉ꃜ簈逭Æ錭�ʀ鈭㢪專Ѕ鐭È࠘봉მ簈阭É餭�ʀ頭��騭Ë棦봉䃘簈鰭Ì鼭�ʀ鸭⣍��耭齋Î䃩봉簈舭鵋Ï蔭鱋�ʀ萭魋�袦唉℀�蘭饋Ñ逓봉僜簈蠭靋漄�謭陋�ʀ設镋꣓碩專㠋ԅ谭鍋Ôᣬ봉飕簈踭酋Õ넭運�ʀ뀭轋냂專��눭赋×�×簈됭譋Ø뜭詋�ʀ똭襋Ù烳��렭蝋Ú㣧봉惛簈먭蕋Û봭葋颖ʀ밭荋胜僵��븭腋Ý�郘簈ꀭ뽋Þꌭ빋�ʀꈭ뵋專塋Ѕꐭ뭋à裡봉⃚簈륋á꤭롋�ʀ띋탢ꃿ��ꨭ땋ã봉죜簈갭덋ä꼭뉋�ʀ긭녋ᣥ��偒꽋��炛輈烕簈剒굋ç啒걋႞ʀ呒ꭋ壨邡唉��噒ꥋé낞輈꣙簈塒ꝋê孒ꙋ ʀ婒ꕋ샫����屒ꍋì냠簈幒ꅋí䅒ꁋ¢ʀ䁒彄⣮����䉒嵄ïࣨ봉㣛簈䑒孄ð䝒婄¤ʀ䙒奄ࣱ����䡒坄ò룬䣟簈䩒啄ó䵒呄袦ʀ䱒卄烴��℀�乒兄õ飱棝簈灒佄濶獒乄榨ʀ牒䵄磷����瑒䭄ø僬簈癒䥄ù祒䡄ªʀ硒䝄��穒䕄û�惠簈籒䍄ü罒䉄¬ʀ繒䅄䣽����恒罄þ⣯飚簈扒組ÿ敒籄®ʀ摒筄砀Ҁ����晒祄�Ҁჩ⃟簈桒睄�Ҁ歒癄°ʀ橒畄〃Ҁ���汒獄�Ҁ壮죡簈湒煄�Ҁᅒ灄²ʀၒ潄蠆Ҁ����ቒ浄�Ҁ食簈ᑒ歄�Ҁᝒ橄´ʀᙒ楄ꀉҀ����ᡒ杄
Ҁ䣪㣠簈ᩒ敄�Ҁᵒ摄¶ʀ᱒捄�Ҁ梌��Ṓ慄Ҁ怔봉僡簈Rὄ�Ҁ͒Ṅ¸ʀɒᵄ᠏Ҁ��䢒Ѕђ᭄�Ҁࣧ簈ْ᥄�Ҁ॒ᡄºʀࡒᝄҀ����ᕄ�Ҁ惤봉샟簈ፄ
	Untitled����������������������������������������
	Fig. 3 V Fig. 4���������������������������������������������������������������������������
	Fig. 5�　協䣽눈ね簉����������⋨�렃✌�徵꾕��
	Fig. S�匀롔QㄞҀ�灬簉�����������렃갸䉧�웨㴀∀
	Fig. 7�Ҁဲ눈끴簉����������ࣰ�렃ྥ탮烞��彑倗Ҁ
	Fig. 8��Ҁဲ눈끴簉����������ࣰ�렃ྥ탮烞��彑倗
	Fig. 9��렃큋脝砛��⍔饑」Ҁ��큦簉����������Ḱ�
	Fig. 10�����������������������������������
	Fig. 11�����������������������������������
	Fig. 1. Scheme of the model. 1 – contour; 2, 3 – supports; 4 – timber shell; 5 – cables.�刀匀吀唀嘀圀堀夀娀嬀尀崀帀开怀愀戀挀搀攀昀最栀椀樀欀氀洀渀漀瀀焀爀猀琀甀瘀眀砀礀稀笀簀紀縀缀갠脀ᨠ茀Ḡ☠†℠蠀〠言㤠谀ꠀ윂렀退ᠠᤠᰠᴠ∠ጠᐠ頀∡騀㨠鰀꼀�ꀀﳸꈀꌀꐀﷸꘀ꜀�嘁가관글였뀀넀눀대됀딀똀뜀뤀圁묀밀봀븀Ё⸁�쐀씀᠁ሁఁ준礁ᘁ∁㘁⨁㬁态䌁䔁팀䰁픀혀휀爁䄁威樁�笁紁�ԁ⼁ā܁ᤁጁഁ稁ᜁ⌁㜁⬁㰁愁䐁䘁䴁猁䈁嬁欁ﰀ簁縁�瀀   ခ退退退쀀  퀁态怀뀀뀀퀀、退뀀退退          退退、、、 ဂ态态老老态䀁ꀁ老退ခ态 뀁老ꀁ态ꀁ老态䀁老态态态䀁退退退 뀀  ခ  退  瀀瀀ခ瀀뀁    뀀ခ退 ခ老ခခခ뀀退뀀、� �瀀�뀀ဂ  �ဂ�뀀�뀀뀀뀀�瀀瀀뀀뀀쀀 ဂ�ဂ�뀀�뀀뀀�退�   �退 ꀁ老老 、뀀老ဂ䀁、쀀쀀뀀  退䀁쀀뀀 퀁퀁퀁퀁态退态老态态态态老态䀁态ꀁ态退 态老老ꀁꀁꀁꀁ、老 态老老䀁䀁䀁 瀀 ခ    ခ ခ 瀁ခ退瀀ခ      、 瀀ခ  ခခ뀀退
	Fig. 2. Examples of recorded displacements. A – network without shell; В – network with timber shell�㘱〰㙥〰㜴〰㙦〰㜲〰㈰〰㜳〰㘵〰㜴〰㈰〰㜷〰㘹〰㜴〰㘸〰㈰〴㈶〰㈰〰㍤〰㈰〰㌱〰㉦〰㌴〰㈰〰㘱〰㙥〰㘴〰㈰〰㌲〰㉦〰㌵〰㈰〰㑣〰㈰〰㌶〰㌳〰㉥〰〰㌶〰㘵〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰㌰〰�㔱㸠呪ഊ䕔
	i Fig. 3. Test results. Effect of (a) surface loading and (b) contour loading on natural frequencies of the structure. \ Vi�栈��㢁簈ჽ佧䂞눅��ā���ꀉ蜀Ȁ�䍮*�␒偧����������⢶��䢾栈��䃄簈ჽ佧눅��ā���猀开攀渀最氀椀猀栀���̀���Ā���⢶��僘栈��䣳簈ჽ佧죄눅��ā���耋蜀Ȁ�睮Ｌ�␒偧��̀�������⢶��栈��飳簈ჽ佧눅��ā���ꀉ蜀Ȁ�慮葍-�␒偧㘀���������⢶渠穯룓栈��衒砈ჽ佧ꃑ눅��ā�����特�歮鹍弮��搅債搅搅悹搅₶搅袶搅⢸搅壄搅碿搅⣅搅搅搅킻搅炽搅搅椠櫤献)⤀ᕮ遍/�␒偧㐀���������⢶楬敳栈��죰簈ჽ佧悯눅��ā�������Ὦꩍ0�␒偧㐀�̀�������⢶楬敳⣛栈��냴簈ჽ佧ペ눅��ā���ꀉ蜀Ȁ�८뱍1�ᒶ㔀�㔀���䕸楳�������䱔����������������������������������¶������嬀ऄ퀀㑧����ā���ꀉ蜀Ȁ�㵮䡎䘳�ᒶ㌀�㌀���䑥晡畬瑟䍨散歚潮敳佮汹佮偡来䅮摍潲敉獳略獏湓慭敐慧攀湴�❮䉎4�걝鉪㐇㴁︄ꂖ씄⢶㒒䵴��������鑝鉪��������������텮呎5�␒偧㐀�̀���Ā���⢶楬敳裟栈��䃱簈ჽ佧壍눅��ā���耋蜀Ȁ��శ�ᒶ㐀�㘀���䌺屐牯杲慭⁆楬敳 砸㘩層潣坏剋卜扩湜摷卲癜䑗卲瘳硥��앮恎7�␒偧㔀�̀���Ā���⢶湴Ⱗ椈��룢簈ჽ佧킦눅��ā���ꀉ蜀Ȁ�콮穎ਸ�␒偧�̀�怈Ā���⢶죵怈ჽ栈��b砈ჽ佧䂞눅��ā�
	Fig, 4. Computed mode shapes.�ВÛմßҮÍ̻ŪԄｭ־ｭ־ｭϟｭմﻙӌÇՇｭմÛэÛ־ｭ־Ŗ־ｭҗｭҗｭԚĄҮｭВÛմｭմË���������������������������������������������������Ŗ����ﻙԦTڇT̢�̢�ά�Չ�Ԡ�͢�͢�ڇTڇTڇT̤�ӹ�ͤ�φ�А�Т�ҩ�Ѥ�
	Fig. 1. Particulars of the studied shells.��Ā�Ā�啳敲慬偡ഀ���ऀ���ऀ�ⷈ鸉䐀�䐀�䵅佗Ā��Ȁ��쀀��F��Ā�ꚤ䳽滒ݫṘ痚╚힉ᧈĀ렃䃻홴땖��Ā�﷿�������䥄㨲㤲ㄱ楬瑥爱㩍潮潧牡灨楬瑥爲㩔䱕ⵍ潮潧牡灨ⵓ䍁乜戱㐱〱㤱㤊䙩汴敲㌺呌唭䵯湯杲慰栊䅣瑩潮ㄺ偲潣敳獩湧ੁ捴楯渲㩃牥慴楮朠偄䘠扯潫浡牫猊䍲瑐牯杲敳猺《䵡硐牯杲敳猺ㄊ䱡獴却慴畳䵯摩晩捡瑩潮呩浥啔䌺ㄴ㜲㐷㠷〹数潲瑥摔業攺ㄴ㜲㐷㤱㌸㤱㌴䃫ꨈ炪︈胭ꨈ炨︈⃭ꨈ︈ᣬꨈႧ︈レꨈ炩︈룫ꨈ
	Fig, 2, Working schemes 1-6.�.�ВÛմßҮÍ̻ŪԄｭ־ｭ־ｭϟｭմﻙӌÇՇｭմÛэÛ־ｭ־Ŗ־ｭҗｭҗｭԚĄҮｭВÛմｭմË���������������������������������������������������Ŗ����ﻙԦTڇT̢�̢�ά�Չ�Ԡ�͢�͢�ڇTڇTڇT̤�ӹ�ͤ�φ�А
	Fig. 1. Erection of a 91,4 in high vessel with a mass of 803 t by means of 1000 t capacity masts.�ll�㜲〰㘹〰㙥〰㘷〰㈰〰㘳〰㘱〰㘲〰㙣〰㘵〰㍢〰㈰〰㌳〰㈰㈰ㄳ〰㈰〰㜳〰㜴〰㜲〰㘵〰㜴〰㘳〰㘸〰㘹〰㙥〰㘷〰㈰〰㘳〰㘱〰㘲〰㙣〰㘵〰㍢〰㈰〰㌴〰㈰㈰ㄳ〰㈰〰㜳〰㜵〰㜰〰㜰〰㙦〰㜲〰㜴〰㈰〰㘳〰㙦〰㙣〰㜵〰㙤〰㙥〰㜳〰㍢〰㈰〰㌵〰㈰㈰ㄳ〰㈰〰㜴〰㘹〰㘵〰㜳〰㍢〰㈰〰㌶〰㈰㈰ㄳ〰㈰〰㜳〰㜵〰㜰〰㜰〰㙦〰㜲〰㜴〰㈰〰㘳〰㙦〰㙣〰㜵〰㙤〰㙥〰㜳〰㍢〰㈰〰㌷〰㈰㈰ㄳ〰㈰〰㙣〰㙦〰㘳〰㘱〰㜴〰㘹〰㙦〰㙥〰㈰〰㙦〰㘶〰㈰〰㜴〰㘸〰㘵〰㈰〰㙣〰㙦〰㘱〰㘴〰㉣〰㈰〰㙤〰㙦〰㘴〰㘵〰㙣〰㙣〰㘹〰㙥〰㘷〰㈰〰㜴〰㘸〰㘵〰㈰〰㜷〰㘵〰㘹〰㘷〰㘸〰㜴〰㈰〰㙦〰㘶〰㈰〰㘳〰㙦〰㙥〰㘳〰㜲〰㘵〰㜴〰㘵〰〰〰愱〰㠰㜸っ〳㌰㈹㕤〸㈸㉢㌷㑤〰愲〰㠰㠰㐷㜳〱㘰㘱晥〲㉡㉢㌵㑤㤰愳〰㠰戰换〹〵㌰捣〹〵㉣㉢㌳㑤〰愴〰㠰昰㝡っ〳㈹㕤〸㉥㉢㌱㑤〰愵〰㠰昰㝡っ〳㔰㈸㕤〸搰㉢㉦㑤㜸愶〰㠰㠰㐷㜳〱㈸㘲晥〲搲㉢㉤㑤〰愷〰㠰㔰捤〹〵㜰捣〹〵搴㉢㉢㑤〰愸〰㠰㜸っ〳㜰㈶㕤〸搶㉢㈹㑤㈰愹〰㠰捣〹〵挰换〹〵搸㉢㈷㑤〰慡〰㠰㠰㐷㜳〱㐸戲戸〴摡㉢㈵㑤〰慢〰㠰昰㜹っ〳戰㈸㕤〸摣㉢㈳㑤昰慣〰㠰㜸っ〳㔰㈵㕤〸摥㉢㈱㑤
	Fig. 2. Erection of a 56.3 m high vessel with a mass of 248 t by rotating it around a hinge by means of a crane and a support post with an additional polyspast.�㐸〰㐷㸠呪ഊ䕔ഊ儍ੱഊ䉔ഊ⸸㔠〮〰‰⸰〠㜮㤴‱㌱⸲㠠㔲㐮㈸⁔洍ਲ਼⁔爍਼〰㐹〰㔵〰㐸〰㐸㸠呪ഊ䕔ഊ儍ੱഊ䉔ഊㄱ⸰㤠〮〰‰⸰〠㜮㤴‱㔵⸰〠㔲㐮㈸⁔洍ਲ਼⁔爍਼〰㔹〰㑣〰㐵〰㔵〰㐴〰㔷〰㑣〰㔲〰㔱〰㔶㸠呪ഊ䕔ഊ儍ੱഊ䉔ഊ㠮㘸‰⸰〠〮〰‹⸰㜠㈰㤮〰‵㈴⸲㠠呭ഊ㌠呲ഊ㰰〵愰〴㠰〵㔰〴㠾⁔樍名ੑഊ焍ੂ名〮㈳‰⸰〠〮〰‷⸹㐠㈳㐮〰‵㈵⸲㠠呭ഊ㌠呲ഊ㰰〴㐰〴昰〵㘰〵㈾⁔樍名ੑഊ焍ੂ名〮㈳‰⸰〠〮〰‷⸹㐠㈵㤮㈸‵㈵⸲㠠呭ഊ㌠呲ഊ㰰〴㠰〵戰〴㘰〴挰〵㜰〴㠰〴㜾⁔樍名ੑഊ焍ੂ名ਸ⸷㌠〮〰‰⸰〠㜮㌷′㤷⸷㈠㔲㔮㜰⁔洍ਲ਼⁔爍਼〰㐵〰㕣㸠呪ഊ䕔ഊ儍ੱഊ䉔ഊ㘮㔸‰⸰〠〮〰‸⸲㈠㌱㠮〰‵㈵⸰〠呭ഊ㌠呲ഊ㰰〴挰〵〰〱〾⁔樍名ੑഊ焍ੂ名ਹ⸸㔠〮〰‰⸰〠㜮㤴‴㈮㜲‵ㄱ⸷〠呭ഊ㌠呲ഊ㰰〵㌰〴㐰〴㘰〵㜾⁔樍名ੑഊ焍ੂ名〮㠵‰⸰〠〮〰‷⸳㜠㘸⸰〠㔱㈮㜰⁔洍ਲ਼⁔爍਼〰㑦〰㔲〰㐴〰㐷〰㑣〰㔱〰㑡〰て㸠呪ഊ䕔ഊ儍ੱഊ䉔ഊ㤮㌷‰⸰〠〮〰‷⸹㐠ㄱㄮ〰‵ㄲ⸲㠠呭ഊ㌠呲ഊ㰰〵愰〴戰〴挰〴㘰〴戾⁔樍名ੑഊ焍ੂ名⸷㈠〮〰‰⸰〠㜮〹‱㐰⸰〠㔱㌮㈸⁔洍ਲ਼⁔爍਼〰㕡〰㐴〰㔶㸠呪ഊ䕔ഊ儍ੱഊ䉔ഊㄱ⸰㘠〮〰‰⸰〠㜮㤴‱㔹⸴㌠㔱㈮㈸⁔洍ਲ਼⁔爍਼〰㔵〰㐸〰㐴〰㑦〰㑣〰㔶〰㐸〰㐷㸠呪ഊ䕔ഊ儍ੱഊ䉔ഊ㠮㜳‰⸰〠〮〰‷⸳㜠㈰㐮㜲‵ㄲ⸷〠呭ഊ㌠呲ഊ㰰〴㔰〵挾⁔樍名ੑഊ焍ੂ名〮ㄸ‰⸰〠〮〰‸⸵〠㈲〮㈸‵ㄲ⸹㠠呭ഊ㌠呲ഊ㰰〵㐰〵㠰〴挰〴㘰〴放⁔樍名ੑഊ焍ੂ名ਹ⸹〠〮〰‰⸰〠㜮㤴′㐸⸴㌠㔱㌮㈸⁔洍ਲ਼⁔爍਼〰㔵〰㐸〰㑦〰㐸〰㐴〰㔶〰㐸㸠呪ഊ䕔ഊ儍ੱഊ䉔ഊ⸸㤠〮〰‰⸰〠㘮㠰′㠹⸰〠㔱㐮㈸⁔洍ਲ਼⁔爍਼〰㔲〰㐹㸠呪ഊ䕔ഊ儍ੱഊ䉔ഊ㠮‰⸰〠〮〰‷⸰㤠㌰㌮〰‵ㄳ⸲㠠呭ഊ㌠呲ഊ㰰〴㐰〵ㄾ⁔樍名ੑഊ焍ੂ名ਸ਼⸱㤠〮〰‰⸰〠㜮㤴″ㄷ⸰〠㔱㈮㜰⁔洍ਲ਼⁔爍਼〰㐴〰㔳〰㸠呪ഊ䕔ഊ儍⸰〠㔰㤮㜰⁔洍ਲ਼⁔爍਼〰㐶〰㐴〰㔳〰㐴〰㐶〰㑣〰㔷〰㕣㸠呪ഊ䕔ഊ儍㠾
	Fig, 3, Coefficient when the circumferential moment load is applied to the vessel through a square sheet box.�� 䠀倀伀匀㴀∀㜀㈀∀ 嘀倀伀匀㴀∀㠀　㈀∀ 圀䤀䐀吀䠀㴀∀　㈀∀ 䠀䔀䤀䜀䠀吀㴀∀㌀㔀∀ 䌀伀一吀䔀一吀㴀∀搀椀欀愀∀ 匀唀䈀匀开吀夀倀䔀㴀∀䠀礀瀀倀愀爀琀㈀∀ 匀唀䈀匀开䌀伀一吀䔀一吀㴀∀洀攀琀漀漀搀椀欀愀∀ 圀䌀㴀∀　⸀㤀㤀∀ 䌀䌀㴀∀　　　㌀∀⼀㸀ഀऀऀऀऀऀऀ㰀匀倀 䤀䐀㴀∀倀㘀㔀开匀倀　　　㠀㌀∀ 䠀倀伀匀㴀∀㈀㜀㐀∀ 嘀倀伀匀㴀∀㠀㌀㘀∀ 圀䤀䐀吀䠀㴀∀㌀　∀⼀㸀ഀऀऀऀऀऀऀ㰀匀琀爀椀渀最 䤀䐀㴀∀倀㘀㔀开匀吀　　　㌀∀ 䠀倀伀匀㴀∀㌀　㐀∀ 嘀倀伀匀㴀∀㜀㤀㐀∀ 圀䤀䐀吀䠀㴀∀㐀㔀㈀∀ 䠀䔀䤀䜀䠀吀㴀∀㐀㌀∀ 䌀伀一吀䔀一吀㴀∀洀漀渀琀愀愀縁椀欀漀漀爀洀甀猀琀攀∀ 圀䌀㴀∀　⸀㘀㜀∀ 䌀䌀㴀∀㘀㌀㘀　㐀㌀㠀　　　　　㔀㜀㘀　㌀∀⼀㸀ഀऀऀऀऀऀऀ㰀匀倀 䤀䐀㴀∀倀㘀㔀开匀倀　　　㠀㐀∀ 䠀倀伀匀㴀∀㜀㔀㘀∀ 嘀倀伀匀㴀∀㠀㌀㘀∀ 圀䤀䐀吀䠀㴀∀㌀㌀∀⼀㸀ഀऀऀऀऀऀऀ㰀匀琀爀椀渀最 䤀䐀㴀∀倀㘀㔀开匀吀　　　㐀∀ 䠀倀伀匀㴀∀㜀㠀㤀∀ 嘀倀伀匀㴀∀㜀㤀∀ 圀䤀䐀吀䠀㴀∀㈀㘀㌀∀ 䠀䔀䤀䜀䠀吀㴀∀㔀㐀∀ 䌀伀一吀䔀一吀㴀∀洀樀甀洀椀猀攀氀⸀∀ 圀䌀㴀∀　⸀㤀㤀∀ 䌀䌀㴀∀㌀　　㘀　　㘀　㔀㐀∀⼀㸀ഀऀऀऀऀऀ㰀⼀吀攀砀琀䰀椀
	Untitled����������������������������������������
	Untitled����������������������������������������
	Untitled����������������������������������������

	Tables�금���������ÎȠ��������ၞ尉ꂤ금쁓쁬금
	Untitled����������������������������������������


