Zeitschrift: IABSE congress report = Rapport du congres AIPC = IVBH

Kongressbericht
Band: 9 (1972)
Artikel: Optimum design of space trusses
Autor: Hirata, Yasuhiro / Nakamura, Yuji / Anraku, Hidetake
DOl: https://doi.org/10.5169/seals-9594

Nutzungsbedingungen

Die ETH-Bibliothek ist die Anbieterin der digitalisierten Zeitschriften auf E-Periodica. Sie besitzt keine
Urheberrechte an den Zeitschriften und ist nicht verantwortlich fur deren Inhalte. Die Rechte liegen in
der Regel bei den Herausgebern beziehungsweise den externen Rechteinhabern. Das Veroffentlichen
von Bildern in Print- und Online-Publikationen sowie auf Social Media-Kanalen oder Webseiten ist nur
mit vorheriger Genehmigung der Rechteinhaber erlaubt. Mehr erfahren

Conditions d'utilisation

L'ETH Library est le fournisseur des revues numérisées. Elle ne détient aucun droit d'auteur sur les
revues et n'est pas responsable de leur contenu. En regle générale, les droits sont détenus par les
éditeurs ou les détenteurs de droits externes. La reproduction d'images dans des publications
imprimées ou en ligne ainsi que sur des canaux de médias sociaux ou des sites web n'est autorisée
gu'avec l'accord préalable des détenteurs des droits. En savoir plus

Terms of use

The ETH Library is the provider of the digitised journals. It does not own any copyrights to the journals
and is not responsible for their content. The rights usually lie with the publishers or the external rights
holders. Publishing images in print and online publications, as well as on social media channels or
websites, is only permitted with the prior consent of the rights holders. Find out more

Download PDF: 15.02.2026

ETH-Bibliothek Zurich, E-Periodica, https://www.e-periodica.ch


https://doi.org/10.5169/seals-9594
https://www.e-periodica.ch/digbib/terms?lang=de
https://www.e-periodica.ch/digbib/terms?lang=fr
https://www.e-periodica.ch/digbib/terms?lang=en

I11b

Optimum Design of Space Trusses
Projet optimum de treillis spatiaux

Optimaler Entwurf von Raumfachwerken

YASUHIRO HIRATA YUJI NAKAMURA
Chief Research Engineer of Takenaka Manager Steel Structure Division
Technical Research Laboratory Nippon Kokan K.K. (Ph.D.)

HIDETAKE ANRAKU
Doctor Course Student of Tokyo University

MASATOSHI UEDA
Research Engineer of Takenaka Technical
Research Laboratory

Japan

1. Introduction
The analysis and optimum design of two types of simply supported, double
layered space trusses, which are called Takenaka-truss in Japan, is reported
herein. The design of the space trusses is usually carried out through the pro-
cess shown in Figure 1. 1. The design procedure developed here corresponds to
the foundamental design stage, and this can be utilized to determine the optimum
grid layout and the truss depth for the final design stage. Consequently, the ac-
curate analysis and design procedure should

be followed. F}undamemal Design Stage

The apprOXimate analysis is applied Input: Geometrical cendition
here to treat the following optimum design Iru:t Type

. . . o e Oa

problem in a mathematically simplified UsedsMa,e,.ia,s
form. And the results obtained by this Unit Colsls
method are verified, being compared with Evaluation of Member Forces and
the accurate results by the stiffness mat- Disolacememsl
rix method. ) Determination of Optimum

The variables of the optimum design Design usinp -SlUMT
are not only section properties of mem- Dutpat. Erid Lagaus
bers of space trusses, but also the depth Truss Depth
of the trusses and the spacing. The ob- Memb‘?r Rropoities
jective function to be optimized is the cost Final Design Stage
of the space trusses. Wh'lch consists .of Input: Design paremeters (Truss
the costs of members, joints and purlines. Depth, Grid Layout) are set

. . s e - . _I
The applied design specification is the eeTiE ARl ois 5T Maber
steel structural standard of Japan (1970) Forces and Displacements
and the deflection limitations. The se- "_”;9::‘;" property madifications,
quential unconstrained minimization tech-
[Output: Final results. |

nique is applied to the optimization tech-
nique.

Figure 1.1 Design Process Flow Chart
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2. Configulation of the Space Trusses
The two types of double layer grid trusses in this study are, Square Pyra-
mid Truss (S.P. Truss) and Star Element Truss (S. E. Truss), which are quite
similar each other. S.P. Truss has been utilized often recently, however, S.E.
Truss has newly been developed. Both space trusses have diagonal top layer
grids and normal lower layer grids, but the relative locations of top and lower
chord are different, and the direction of latticed members are also different.
S.P. Truss is composed by arranging the inverted square pyramid ele-
ments as a chequered pattern and connecting the neighbouring pyramid apexes
with lower layer members (see Figure 2.1). On the other hand, S.E. Truss
is composed by star elements (see Figure 2. 2).

Square Pyramid Unit
Figure 2.1 S.P. Truss

Star Element Unit

Figure 2.2 S.E. Truss

3. Evaluation of Displacements and Member Forces

The rigorous solutions for the axial forces of members and deflections of
joints of space trusses under the imposed loading conditions may be obtained by
deflection method using an electronic digital computer. In this optimization
study, however, much simpler analysing methods are necessarily needed which
lead to good approximate solutions and require short time and small core size
in computation. One of the most successful ways which seems to satisfy these
requirements is to find the equivalent solid plate that has nearly the same force
and stiffness distributions.

The S.P. Truss has very small twisting rigidity around x and y axies
(Figure 3. 1), that is,

Mxy=0 . (3.1)
From the wellknown equilibrium equation of solid plate and Equation (3. 1) the
following equation can be obtained.

40 25

where w shows the vertical displacement, P the load per unit area and D the
rigidity per unit width of the plate. Solving the Equation (3. 2) under the simple
support boundary condition by using

Fourier series, the displacement is

6 |
OO T, L e () e o (3.9)

me{35-N=425- F
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On the contrary to the S. P. Truss, the S. E. Truss has small twisting
rigidity around x' and y' axies,

[
Maxy =0 . (3.4)
Equation (3. 4) is rewritten as 35 5 <
__aigL,_ — (3.5) i l
2Xx*24 4D -
The rigidity of plate D is expressed as Y \ b |
=__D_EAE_AL_ Eh* (3.6) Figure 3.?
b 0 V2 AutAlL ? Co-ordinate Systems

where n is a number of blocks along the y direction. Au and Al are average
sectional areas of upper and lower chords members respectively. Member
forces are given in Table 3. 1. The comparisons between rigorous solutions
and plate solutions are shown in Figure 3.2 and 3. 3.

In order to minimize the total cost of the space trusses exactly, each
member and

joint costs Table 3.1 Member Forces
are individual-

ly to be taken - i - P
. SIS ion: Vi bt S, P, Trus S, E. Truss
into account, Member |Sectional Virect un; 1russ |
however, this r— 1 Yeaher Hember Member iMemher
is not practi- 1 forge .. llength [  force ___ [length |
Ix! ' i
cal actually Upper Aue x' Mx' = My' = M| 1a :%_'%L;:— | 1a
- | 42 n tl2an
to treat whole | chord \ . 4 a 1 a My ;
members and | member ue ¥ E nn Znh
. i A
JCk))ll.l'ltS afst;arl Lower Ale x = 'il“i a Mx =My = M a
ables O e ) = S
¢hord n n
objective func-| member Alc y :_,!'::_
. ' »_—’_- —-»-—-v' - = Pl e
Elan. Th | Latticed| Awep | x —i—ijJd- At | i = ,/ !
e- ‘ e
: er ¢ member | v 2 qy o2 "lh TS i
e ! i Tt
ore ]S;om 4 ' o n 4nth o |
members an ! ;
s : — a DU
joints are to be.| x| 1 ;Qx’._|/ ool [T o
i Awe : ] b h+ .
chosen to re- | v | 2 gy, [T cn
A
present the } - | whl
structure. L Number of joints 3'-“%11‘ + (%1» 1)n .')'%nz + (—2 +1)n+ 1
Two members —

for each up-
per, lower and latticed chord members, and one joint are selected in this study.

< . x

X

Lower Chord Upper Chord o Rigorous Solutions
Plate Solutions
Figure 3.2 Figure 3.3

Comparison of Bending Moments Comparison of Shearing Forces

3g. 31 Vorbericht



482 Illb — OPTIMUM DESIGN OF SPACE TRUSSES

4. Optimum Design of Space Frames

4.1 Mathematical Model
Design variables are the sectional areas of members, Aue, Auc, Ale,

Alc, Awep, Awem, Awc, the number of blocks, n, and the truss depth, h, which
are described in the previous section.
The objective function f of the structure to be minimized is the total cost of steel

skeltons. -
‘f“‘?:;.. CmpPAm +£|_\Cmpprt + Ci'N , (4. 1)

where Cm, Cmp, Cj are the unit cost of members, purlins and joints; m, n, N
are the number of members, purlines and joints, respectively.

Tubular sections and wide flange sections are used for the members of
trusses, and purlines respectively. Empirical relationships between section
properties are obtained by plotting section properties commercially provided.
(i) For steel tubes '

19
I=—(o0625A)% , (4.2)
(ii) For wide flange sections
F
A=o0581% |, (4.3)
2
Z = 058 1%,

The diameter of the spherical joint is assumed three times of the diameter
of the largest members and the thickness is assumed twice of that of the largest
members.

Therefore, the objective function f of the structure for S. P. Truss,

§=p[{22nag Aue +2vTnad Auc + (2na3--2a) Age

‘|’2na$‘_ Alc+na«H’—i'x'E-Ei%'(AweF+AweN)
Y A 2 = 4
v2na| 1+35E. B Ayclom + 0587 (4 )T(Tﬁz‘;’,f-; JEN® Cmp
27
+(3M*+2n)-Cs Age'® - C ] ’ (4.5)

where lp is the spacing of purlines (em), Cg is the coefficients obtained by the
relationship between member properties of tubular sections.

(4.4)

4.2 Sequential Unconstrained Minimization Technique

The optimum problem, mentioned in the previous section, may be obtain-
ed by several mathematical techniques. Here, the sequential unconstrained
minimization technique developed by Davidon is adapted. The objective func-
tion to be minimized is converted to the following equation F,

l
F:f."—RR;‘I"U} y) (4. 86)

therefore, the optimum design problem with constraints is changed to the un-
constrained optimum design problem. The macro flow chart is shown in Fig.
4. lo

4,3 Parametric Study
Using the developed programming, a parametric study was carried out.
The observed results tell the interesting behaviors of the optimum designs.
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(i) Parameter: Span [frrot a8 7 o o cp Rl oo

Constants given: l
[Assunptjon of Initial Design A, h, n]

P = 200 K:/"‘lla &alculation of Behavior ¢, §

F= 24 t/cm ' i
E= 2.1x10% Ki/cm® )\

CJ- 308,000 ch ({.aaa dﬂl/‘f‘) LIs Design in 10 | Modification

Peasible Hegion? of A, h, n
Cm= {23,000 4Yen ( 4Loo dollers)
lp- 180 em b

[Calculatlon of Cost function "]

At the optimum design, all stresses of
members are fully constrained, however, Compersency? ; <
the deflection limitation p = a/300 does q\(

not dominate at all. The cost per unit Galeulstion of Derivatives
area increases almost linearly with the > s B
span length of the whole structure. Span ’
per depth is scattered between almost lMl"i?f';ff,.'}:f’?éffm" Yeeror
8 - 12, which is coincident to the usual- ¥
ly adapted value in the actual design. Determination of Optimum Moaification Length A
Moveover, the optimum number of blocks X=XtA-$X
seems to be obtained so that the angle .
of the diagonal member is almost 45° g
(actually 409459 vas
(ii) Parameter: Loading

Constant given: Figure 4.1

Span length 72 meters, F, E,
Cj, Cm, lp are same as 4. 1,
The cost per unit area increases almost linearly with loading amount.
The optimum designs of the S, E, Truss were almost same as those of the
S.P. Truss when Cj = 0, that is, the weight is minimized, the results show al-
most same tendency. Moreover, almost the same results were obtained for
the change to the purline spacing, too.

Macro Flow Chart of S.U.M.T.

| J |
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Figure 4.2 Results of Parametric Study
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5. Conclusions
Through this study, the following conclusions have been atained.

(1) Comparisons with the results obtained by the stiffness matrix method con-
firm the theoretical analysis presented.

(2) The sequential unconstrained minimization technique works very effectively
in the optimum design of the double layered space trusses, and shows good
convergence. Computer time for one case is approximately two minutes
using IBM 360/65.

(3) Through a parametric study, structural characteristics of the Takenaka-
truss have been obtained. The cost per unit area is almost proportional to
the span.

The optimum ratio of the truss depth to the span is approximately 8 - 12.
At the optimum design, the angle of the latticed members are approximate-
ly 45°. The results for S.P. Trusses and S. E. Trusses are almost same.
The optimum design with truss depth limitation, and the rectangular plan
can be readily developed in the future.

Bibliography

1. Kato B. and Hirata Y. '"The Analysis of a space truss composed of square
pyramid units'', Space Structure, pp201 - 212, September 1966.

2. Renton, J.D., "The Formal Derivation of Simple Analogies for Space
Frames'', TIASS Pacific Symposium Report October 1971,

3. Geiger, D.H., "A cost evaluation of space trusses of large span", AISC
Engineering journal April 1968.

4. Architectural Institute of Japan, "The steel structural design code', May
1970 (in Japanese).

5. Fiacco, A.V., McCormick, G.P., "Nonlinear Programming: Sequential
Unconstrained Minimization Techniques', 1968.

Acknowledgements

The authors wish to express their sincere thanks to Prof. Ben Kato, the
University of Tokyo, for his continuous encouragement in developing of this
paper. They are indebted to Miss Reiko Senda for her assistance for the pro-
gramming.

Summary

The analysis and optimum design of simply supported, double layered
space trusses is presented here. The approximate analysis using a transforma-
tion method to a continuous equivalent plate is good enough for design use.
The optimum design by a sequential unconstrained minimization technique
insures good convergence. Through a parametric study of approximately twenty
cases, the structural characteristics of the Takenaka-truss have been studied.
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