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Abstract:

The nonlinear finite element method is used to analyze the geometrical nonlinear stability of cable-

truss domes with different cable distributions. The results indicate that the critical load increases evidently

when cables, especially diagonal cables, are distributed in the structure. The critical loads of the structure at

different rise-span ratios are also discussed in this paper. It was shown that the effect of the tensional cable is

more evident at small rise-span ratio. The buckling of the structure is characterized by a global collapse at

small rise-span ratio; that the torsional buckling of the radial truss occurs at big rise-span ratio; and that at

proper rise-span ratio» the global collapse and the lateral buckling of the truss occur nearly simultaneously.

Key words:
bution, Critical load
Document code: A

INTRODUCTION

The tensegrity structure composed of cables
and bars is of two types. One is the flexible
tensegrity structure. This type of structure has no
stiffness and the shape of the structure is not de-
termined when no prestress is applied. The form-
finding process for the initial equilibrium is a
significant problem for this type of structure ( Liu
et al.>1995; Hangai et al.> 1981). Another is
the "rigid” tensegrity structure, for example the
cable-truss dome. Even if no prestress is ap-
plied, the shape of this type of structure can be
determined. But the structure performance can
be improved when the cables are distributed
properly. The cable-truss dome commonly con-
sists of trusses and cables. Up to now; its planar
arrangement has been mostly restricted to rectan-
gular form. In practical engineering, the Anhui
gymnasium and the Chaozhou gymnasium are the
only large cable-truss domes in our country (Xie
et al., 1989).
mostly focus on the static and dynamic properties
and the structural design parameters and earth-
quake responsess; while no nonlinear stability re-
searches are carried out (Wang et al . » 1999; Cao

Studies on cable-truss domes
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et al.> 1991). Thus, either the theory or the
practical engineering needs further studies. In
this paper> a new circular cable-truss structure
looking like a rib-ring reticulated dome is put
forward. In this type of structure, the radial
trusses are planarly or spatially distributed and
may be cut down at the joints of the radial and
latitudinal trusses when the trusses are too
dense. Except for the outer latitudinal truss, the
latitudinal truss is uvsuvally planar. The tensional
cables are distributed latitudinally through the
nodes of the top chords and bottom chords of the
radial trusses, while the diagonal cables are dis-
tributed between the radial trusses to improve the
stability of the structure. Planar trusses may be
substituted for space trusses in larger structures.
As Figs. la and 1b shows, the structure is con-
cise and lucid compared with normal reticulated
domes. In this work, the effects of cable distri-
butions on the geometrical nonlinear stability of
the structure were studied by comparison with the
relevant truss dome. The results indicated that
properly distributing the latitudinal cables and
diagonal cables can effectively prevent the lateral
buckling of trusses and improve the stability of

the structure. Geometrical nonlinear stability
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analyses of the structure at different rise-span ra-
tios showed that perfect bearing capacity could be
achieved at a proper rise-span ratio.
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Fig.1 The cable-truss dome
Ca) scenograph; (b)) planform

Structural analysis method

The cable-truss dome consists of cables,
beams and bars. The cable can be analyzed using
the following methods: 1. Equivalent elastic mod-
ulus method (Kaid et al ., 1999; Karoumi et al .,
1996; Walther et al ., 1988). It is a linear analy-
sis method adopting bar elements to simulate cable
segments. The deflection of cables is included in
the equivalent elastic modulus and no stress stiff-
ness and large displacement are included in this
method. 2. Bar element method ( Abdel-Ghaffar
et al.> 1991). Tension-only bar elements are
used to simulate the curved cable in this method
so that the number of cable segmentations is cru-
cial to the precise solutions. 3. Catenary and
parabola element methods ( Aufaure, 20000 . Cate-
nary elements or parabola elements which include
inertial deflection are used to simulate the curved

cable.

These elements have few freedoms and

highly precise solutions for simulating cables, es-
pecially long cables with small tensional force. 4.
Isoparametric element method ( Leonard, 1988).
Numerical integrations are needed in this method
.The isoparametric element has few freedoms and
highly precise solutions. 5. Consecutive slipping
cable model ( Zhang et al ., 2000; 2001). The
segments slipping of consecutive cables are in-
cluded in this method. In this papers the joints of
cables and bars are assumed to be fixed, so the
second cable mechanical model is adopted. The
member can be analyzed by using the Oran
method based on beam-column theory Cincludes
the stability function)or by using the nonlinear fi-
nite element method or by using the isorotation
method. The nonlinear finite element method in-
cludes the T.L (Total Lagrange) and U.L(Up-
dated Lagrange ) method. The U. L method is
used in this paper. The stiffness matrixes of beam
elements and bar elements in this method are de-
tailed in Song (1996) . The structure increment e-
quilibrium equation may be expressed as

LK]1{Aut =21 {p}

Where [ K] is the structural tangent stiffness
matrix of U. L,
displacement, AA is the load increment parame-
ters {p} is the load reference vector. Before the
critical load> | K| 520> thus, an exclusive solu-
tion of the linear Eq. (1) can be obtained by us-
ing LDLT. At the critical point> | K| >0, rank

(K>)=n -1, and the structural stiffness matrix

1

{Au } is the increment vector of

is singular. On the basis of the generalized in-

cremental algorithm( Hangai et al ., 1981; Chen

and Dong, 2001; Chen et al.2002), the Eq.
(1) can be written as:

AS } _

A{30)=0)

Where A =[ K — f], is the augmented equilibri-
um matrix with n x Cn + 1) dimensions.

By using the generalized inverse theory, the

solution of the Eq. (2) is:
{A3
AWA

Where A* is the M-P generalized inverse of A,
a is the zero spatial radix and the orthogonal

(2

}:[1“, At Ada = anull(A) = aa (3D

radix of [ 7,,; — A" AJ. « is a number without
dimensions, named the generalized increment.
Regarding the physical significance, the conser-
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vative structure has an exclusive equilibrium
route at non-critical points and limit points so
that @ is a vector of one-dimension; while the
conservative structure has two equilibrium routes
at least at the bifurcation point so that a@ is a
multi-dimensions vector. The results of nonlinear
analyses showed that the cable-truss dome pre-
sented in this paper has no bifurcation points.

The tracking of load-displacement curves is a
critical technology for analyzing nonlinear struc-
tures. The arc-length method is used to get the
curves in this paper.

Geometrical nonlinear characteristics of cable-truss
domes

Now we take the structure in Fig. 1 for exam-
ple to analyze its geometrical nonlinear charac-
teristics. The structure with 60 m span and 12 m
rise consists of sixteen radial planar trusses and
three latitudinal planar trusses and one outer lati-
tudinal space truss and cables. In planar truss-
es> 165 x 6 mm tubes are used for the top chord
and bottom chord and 89 x 4 mm tubes are used
for web members. The members of the outer lati-
tudinal space truss are 159 x 6 mm tubes. The
prestress of the top latitudinal cable is 300 kN,
the prestress of the bottom latitudinal cables from
outer to inner cables is 600 kN, 200 kN, 300
kN respectively and the prestress of the diagonal
cable is 100 kN. The structure bears uniformly-
distributed load 2 kN/m?. ANSYS is used to an-
alyze this structure. 3-D beam element is used to
simulate the top chord and the bottom chord of
planar trusses. Bar element is used to simulate
the web member and members of the outer latitu-
dinal space truss. Tension-only bar element is
used to simulate the cable. The arc-length
method is used to get displacement-load curves.
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Fig.2 Nodes location of the top chord
Fig.3a shows vertical displacement-load

curves of some nodes at the top chord of the
buckling radial truss ( nodes location are shown
in Fig.2), Fig.3b shows the buckling mode of

the structure without cables. The maximum verti-
cal displacement is about 20 cm Conly 1/750
span of the structure) before the first critical
point after which the displacement of the struc-
ture increases rapidly. The buckling begins in
the middle of radial trusses, subsequently ex-
tends to inner latitudinal trusses, and spreads
over around until the lateral buckling that occurs
in the radial and latitudinal trusses leads collapse
of the structure. The critical load is low, just

5.311 kN/m>.
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Fig.3 mode of The structure without cables
(a) vertical displacement-load curve; (b) buckling mode

Fig.4a shows vertical displacement-load
curves of some nodes at the top chord of the
buckling radial truss. Fig.4b shows the buckling
mode of the structure with three bottom latitudi-
nal cables. The buckling process is similar to
that of the structure without cables. The critical

load is 6 kN/m*. Though the increment is 13%
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compared with that of the structure without ca-
bles, the bulking is still unsymmetrical local col-
lapse. Thus, the improving of structure perfor-
mances is little when only bottom latitudinal ca-
bles are distributed in the structure because the
minimal lateral restrictions on top chords of the
truss leads to the earlier lateral buckling.
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Fig.4
cables
(a) vertical displacement-load curve; (b) buckling mode

The structure with three bottom latitudinal

Fig.5a shows vertical displacement-load
curves of some nodes at the top chord of the
buckling radial truss, Fig.5b shows the buckling
mode of the structure with diagonal cables. The
results of numerical analyses showed that the
slack of some cables leads to a decrease of the
stiffness so that a brief unloading occurs (one
substep) when the load of the structure reaches
4.23 kN/m’, subsequently, these slack cables
are tensed again and the stiffness of the structure

is redistributed and the loading continues. The
buckling process is also similar to that of the
structure without cables. But the buckling is
symmetrical and the displacement wave is
smooth. The critical load is 6 kN/m?. Thus, we
can conclude that the diagonal cables improve
the performances of the structure.
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Fig.5 The structure with diagonal cables
(a) vertical displacement-load curve; (b) buckling mode

Fig.6a shows vertical displacement-load
curves of some nodes at the top chord of the
buckling radial truss, Fig.6b shows the buckling
mode of the structure with two top latitudinal ca-
bles and three bottom latitudinal cables. The
buckling begins in the middle of the radial truss,
subsequently spreads over around smoothly. The
bulking is still a local collapse, the displacement
wave is very smooth and the critical load is 7.5
kN/m? C the increment is 41% compared with
that of the structure without cables). Thus, the
structure performances are improved greatly when
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Fig.6 The structure with two top latitudinal cables
and three bottom latitudinal cables
(a) vertical displacement-load curve; (bh) buckling mode

both top and bottom latitudinal cables are dis-
tributed in the structure because the cable re-
strictions on the top chords and bottom chords of
the truss can prevent the earlier lateral buckling
of the truss. Therefore, the critical load of this
structure is much higher than that of the structure
with three bottom latitudinal cables. The results
of numerical analyses showed that a slackening of
some cables occurs after the buckling of the
structure so that the stiffness of the structure is
minimal and the displacement increases rapidly.
Subsequently the slack cables are tensed again
when the displacement is big enough and the
stiffness increases slowly so that the displacement
decreases and “ spring-back” occurs ( As shown
in Fig.4 and Fig.6).
Fig.7a shows vertical
curves of some nodes at the top chord of the
buckling radial truss, Fig.7b shows the buckling
mode of the structure with five latitudinal cables

displacement-load

(two top latitudinal cables and three bottom lati-
tudinal cables) and diagonal cables. Compared
with Fig. 6, the beginning of the buckling takes
place in the inner latitudinal truss and the buck-
ling is a global collapse. Meanwhile, the critical
load is 8.28 kN/m’ and the increment is 56%
compared with that of the structure without ca-
bles. The results showed that the diagonal cable
can prevent the lateral buckling of truss and im-
prove the stability performance of the structure.
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Fig.7 The structure with five latitudinal cables( two
top latitudinal cables and three bottom latitudinal ca-
bles) and diagonal cables

(a) vertical displacement-load curve; (b) buckling mode

Some conclusions can be drawn from above
discussions: distributing top and bottom latitudi-
nal cables and diagonal cables can prevent the
earlier lateral buckling of truss and improve the
stability performance of the structure (the diago-
nal cable is the most important); the strengthen-
ing of the structure is not evident after the buck-
ling and some signs can be seen before the buck-
ling; the beginning of the buckling usually takes
place in the middle of radial truss or in the inner
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latitudinal truss.

The effect of the rise-span ratio on the stability per-
formance of cable-truss domes

Now we take the structure in Fig.7 as exam-
ple to discuss the effect of the rise-span ratio on
the stability performance of the cable-truss
dome. Keeping the span constant we consider
five rises () :8 m, 10 m> 12 m> 14 m, 16 m.
The and buckling

modes at the five rise-span ratios are shown in

displacement-load curves
Fig.8. — Fig. 13. From Fig. 8, we can know
that the structure has optimal rise-span ratio.
The critical load is the maximum when the rise-
span ratio is 1/6. Different from the normal retic-
ulated dome> this structure does not be strength-
ened after the buckling. In Fig. 9 it is shown
that global collapse occurs earlier than the lateral
buckling because of the proper distribution of lat-
itudinal and diagonal cables; and that the verti-

°’T — /8m
85 ——f=10m
7 e f=12m
6 F=14m
e 5 T - f=16m
b4
< 4
R,
3
2 -
1 -
1 1 1 i gUl(m)
0% 1 2 3 4 s

Fig.8 The displacement-load curves at five
rise-span ratios
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Fig.10 The buckling mode at 10 m rise

cal displacement is much greater than the hori-
zontal when the buckling occurs. In Fig. 10, it is
shown that the difference between the vertical
displacement and the horizontal displacement is
small so that global collapse and lateral buckling
of the truss occur nearly simultaneously at 10 m
rise. Thus, the critical load is the maximum of
the ones at five rise-span ratios. In Fig. 11,1t is
shown that the horizontal displacement is greater
than the vertical displacement of the structure at
12 m rise at first; and that the difference is small
when the load reaches 8 kn/m”. Thus, the buck-
ling begins in the latitudinal truss; then global
buckling occurs. The critical load is less than
that of the previous structure. In Fig. 12 and
Fig. 13, it is shown that lateral buckling and tor-
sional buckling of the radial truss occur; and that
the critical load decreases evidently at rise 14 m
and 16 m, which differ from the normal reticulat-
ed dome.

Fig.11 The buckling mode at 12 m rise
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Fig.12 The buckling mode at 14 m rise

CONCLUSIONS

1. The cable-truss dome put forward in this
paper has good performance.

2. Proper distribution of top and bottom lati-
tudinal cables and diagonal cables can prevent
the earlier lateral buckling of truss and improve
the stability performance of the structure (the di-
agonal cable is the most important) .

3. The strengthening of the structure is not
evident after the buckling and some signs can be
seen before the buckling. The buckling usually
begins in the middle of the radial truss or in the
inner latitudinal truss.

4. The buckling mode relates closely to the
rise-span ratio of the structure. The buckling of
the structure is a global collapse at small rise-
span ratio and the torsional buckling of the radial
truss occurs at big rise-span ratio and at proper
rise-span ratio (1/6 for the case in this paper),
the global collapse and the lateral buckling of the
truss occur nearly simultaneously so that the
structure can bear the maximum load.
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