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Stress Analysis and Tests on a One-sheet Hyperboloidal Tower

Calcul des contraintes et essais sur une tour en hyperboloide ä une nappe

Spannungsanalyse und Versuche an einem einschaligen Hyperboloid-Turm

BEN KATO
Assistant Professor, University of Tokyo

1. Introduction

A one-sheet hyperboloidal tower, as shown in Fig. 1, is now under construction

on the 3rd pier of the port of Kobe. This tower consists of an outer net of
one-sheet hyperboloid and the elevator shaft located in the core; diaphragms
between the net and the shaft are distributed at each node level of the net
(a. ./ in fig. 2). The members of the net are made of high tensile steel tubes,
and they are connected by high-strength bolts at every node.
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In this paper the stress calculation and the results of model tests on this
structure, when subjected to lateral forces such as the seismic load, are
discussed.

2. Geometrical Properties of the Hyperboloid

a) The net consists of sixteen paus of family generators as shown in Fig. 2,

and one of them is
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Enveloping these generators, we have an equation of one-sheet hyperboloid

^HK©>M'+(l7?)! (2)j.2 _ ryl

b) The Z-co-ordinate of each node a <~/ may be calculated as that of the point
of intersection of corresponding generators.

c) The geometrical moment of inertia at any section a ~ / of the net is /„
l%r2An, An: sectional area of the generator, and that of the elevator

shaft is Is.

d) The Z-component of direction cosines has the same value in every generator

e* -ö- 0-98, S2 hL+ ö) + (44\2 + h2, S: length ofthe generator.

3. Stress Analysis (Lateral Force P at the Top of the Tower)

Both net and shaft may be regarded as jointed to the rigid body at the top
and bottom of the tower, and relative displacement of the net and the shaft
is restrained by diaphragms distributed at the nodes. So we may assume
that the net and the shaft behave as a complete composite structure and
that the applied moment is to be shared between the net and the shaft according

to the ratio of the moments of intertia

Mn=-^-TM, Ms -^-rM, k 4^-" l + k s l + k In

M: applied moment, Mn: moment acting on the net, Ms: moment acting
on the shaft.

We divide the tower at two arbitary adjacent node lines I. J. The shear
force P and the bending moments MI Ph1, ifJ P(A1 + A2) are then acting
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on this portion ofthe shell (fig. 3). Deformations of an arbitary point i of the
section consist of the deformation due to shear 8x0 and of the deformation
due to bending 8zi; these are also expressed by the meridional deformation
8mi and the hoop deformation 8g i as shown in Fig. 4.

TYJf» \ i roU,= Ph M, Ph,

P\ r\
L

KP
Mj P(h,fh2]M," P(h,»h2)

1 0 A o
1 0

lt*--42

ZK 3

1 8

a) b)

Fig. 3.

zi T;

öxo

t'-1
/ ;*]

Fig. 4.

A,ir-S,.iV©£'- /T! 9 -^-

A
Fig. 5. / N».i,i

b)

j=i-i j=i+l

First, let us consider the stress due to deformation 8g i. The axial deformation

of the generator i,j is: Agi ±8gisinu> (fig. 5a), and the stress in it is

N6ttj ^EAn ±^EAnsma>,
s s

+ .j i — 1, - .j i+l,
28„v

(3)

Qe.i Wtt.tr.i-Net,**)sin" —^^„sin*«,.
6

Let the shear deformation 8x0 be same at any point i (fig. 5b), and

in

then

The X-component of dgt is

hi 8xosin-16>

Qei ^^nsin2eosin^.

(4)

ITT 2S
Qexi öfliSin— —^^^nsin2wsin2—. (5)

Let us next consider the stress due to the deformation 8mi. The axial
deformation of the generator Ami (fig. 6a) is Ami 8micosa>, and the stress in it is

NmiJ ^iEAn S-^EAncosco, N^^ Nmi,i+1 Nmi. (6)
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The resultant stress Tmi (fig. 6a) is

2S„
Tmi 2Nmicosw —^EAncos2w.

2 8„

The Z-component of Tmi is

Tmzi Tmi cos$ ^f±EAn cos2 u> cos rp.

In Fig. 6 b, we find the following relationships

ScOSCüCOStp h2, .'. coscp
hr,

S COS O) cos tu

r.sin— ssinaj,2 16
r, 77 r, .ttsmt-j =^sin— —e3sin —.
s 16 A, 16

Introducing (8) into (7) we have

T
28

^.EM„e,costo.

Z-component of deformation 8mi is

Kzi 8micos<f> 8»
COSCU
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Fig.7

1=«—l i'i*i

By introducing this value, (7) may also be written as follows:

T„t=^***EA „cos2«,. (7")

According to the assumption indicated at the beginning of this section, 8„

may be expressed as follows (fig. 7)

Kzi 020COS —. (11)

And the moment at the point i is: Mi Tmeir1 cos 16'

Using (7) and (11): Mi -4^EAnr1cos2cocos24^.
1

s 16
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Summing up at all the points of the section

ZMi ^EAncos2oi8z0Zoos2— -^ EAncos2oo8s0. (12)

This must be equal to the applied moment

Ph lfir
S^L —lEAncos*a.oe0. (13)

Introducing (13), (11) and (10) into (6), we obtain the stress of the generator
due to the deformation 8mi

*T PK i7r IIA,N^=l&r~eÄl4k4)C°STQ- (14)

Next, let us consider the X-component of stress Tmi

i-M+i
^i-mxi 2j ™mi.j exi,j ™mi (exi,i-l + ext,i+l) ' (*¦")

i
where exi • is the X-component of direction cosines of the generator »•/, and
with reference to Fig. 3

ITT 1 TT

^COSjg-^COSjg
5

Introducing (14), (16) into (15) we have

(16)

(18)

_ Ph. I r2 it\ .i-n
^^-s^d + ^l1-^008^)0082!!,- (17)

The resultant stress in the X-direction is

Qxt Qexi+Qmxi —f*EAnam*wBm»^

Pht / r2 77 \ in
-zh^i+kA 4iCOS46)cosW

Summing up at all the points of the section

_ _ 2 8-.n _ .„ „.„177 Ph. /, r„ tt\„ „inZQx^-^^msin^Lsin2--8A2(I^i)(l-^c0s-jZcos2-
168_.n _ „ Ph. I r„ 77 \- ^EA^m2M-h^i-^){1-rrsW

Here we must consider the shear stress on the shaft

* -{tV^-iV^ " 4k4ht)-444}p' <20)

The equilibrium between the stresses in the section and the applied force is

P ZQxi + Q3- (2i)

(19)
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Introducing (19) and (20) into (21) we have

g fx0 l6EAnsin2w {y4F2 ~ n^n) where> " F2'ß ?i

Introducing (4), (9) and (22) into (3) we have

PKNetj +-
16r2eesinyg

(l+oc
txß n\ in

TT^-T4ÄcosIojsini6'

+ .j i-l, - ...j i + l.

(22)

(23)
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We now obtain the resultant stress of an arbitary member i j
¦"i,J ¦"mi.i'-^'ti.j

P h2 f ccß in / 1 + «

16e2r2

ocß in tl+OL 77 a.ß n\ In]-—S-cost^Üi—5—cosecT7T — ¦;—^i—cot—- sin—->, (24)l + kx 16 \1+Ä;2 16 l+kt 16/ 16/ v '

+ ...j i-l, -...j=-i + l, «=A ß=?M, h -^-, k2=
/s

K H V 1 8r2An' "'» %r2An

4. Test Results

The test model has dimensions equal to 1/25 of those of the actual tower as
shown in Fig. 2, and each part of the model is made of steel.

A lateral force was applied at the top of the model by means of a tension
bar, and the magnitude of the tensile force was measured by a tension meter
inserted in the tension bar system as shown in Fig. 8. Seven dial gauges were
used to measure the deflection of the model, and 360 electric resistance wüe
strain gauges were mounted to investigate the stress distribution ofthe model.
The locations of the dial gauges and electric resistance wüe strain gauges are
shown in Fig. 8.

Some of the more important results are shown in Fig. 9, they are the stresses
measured at all the main parts of the model. In Fig. 9, the theoretical values
obtained by means of Eq. (24) are given in condition; the moment of inertia
of the shaft Is is 460 cm4 in this model.

The calculated and the observed stresses show satisfactory agreement,
except at the upper portion of the model aB. In Eq. (24), we have not
considered the boundary effects at the top end of the model, and this might have
affected the above results to some extent at the upper portion aB.

In the practical design of this tower, Eq. (24) was adopted as a design
criterion, and some appropriate modification were therefore applied, for the
upper portion of the tower by reference to the test results.

Summary

A unique tower as shown in Fig. 1 is now under construction on the 3rd
pier of the port of Kobe. This tower consists of an outer net of one-sheet
hyperboloid and the elevator shaft located in the core. This paper comprises
the stress analysis and the experimental study of this tower when subjected
to lateral forces such as the seismic load. The agreement between the test
results and the theoretical results was satisfactory, and the method of calculation

described would be adequate as a practical design criterion.
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Resume

Une tour d'un genre unique, visible ä la fig. 1, est en cours de construction
ä la jetee n° 3 du port de Kobe. Cette tour comporte un treillis exterieur en
hyperboloide ä une nappe et une cage d'ascenseur dans son noyau. L'auteur
presente les resultats du calcul des contraintes et des recherches experimentales
effectuees sur cette tour soumise ä des forces laterales telles que celles d'origine
sismique. On constate un accord satisfaisant entre les essais et les resultats du
calcul, et l'on en conclut que la methode de calcul presentee devrait constituer
un critere süffisant dans la pratique.

Zusammenfassung

Auf dem dritten Landungsdamm des Hafens von Kobe ist gegenwärtig ein

einzigartiger Turm im Bau (siehe Abb. 1). Dieser Turm besteht aus einem
äußeren Netzwerk in der Form eines einschaligen Hyperboloids und einem
den Aufzug enthaltenden Kern. Die vorliegende Abhandlung beschreibt die
Spannungsberechnung und die Modellmessungen unter der Wirkung seitlicher
Kräfte insbesondere infolge von Erdbeben. Die Übereinstimmung der
Versuchsergebnisse mit den rechnerischen Werten ist befriedigend, und die
gewählte Berechnungsmethode darf für die Bedürfnisse der Praxis als ausreichend
bezeichnet werden.
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