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1- Free forms

2- Double curve

3- Geometrically constrained forms
4- Mechanically constrained forms
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1- Double domes

2- Limit point instability

3- Bifurcation point instability

4- Approximate-perturbed method
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1- Initial points
2- Target points
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1. Introduction

Free forms are usually used to refer double curve surfaces which are independent from groups of geometrically
or mechanically constrained forms. Geometrically constrained forms are only conditioned by a geometrical
definition, like it could be done on basis of simple surfaces. When there is a close relationship between forms and
forces, the forms are mechanically constrained [1]. In the present study, behavior of double domes free form single
layer space structures as a group of free form structures are investigated. Gaussian curvature of double domes can be
positive and negative, unlike regular domes. In single layer reticulated space structures, local instability with nodal
snap-through phenomenon could result in propagation in whole structure [2], so stability behavior of double domes
free form single layer space structures should be investigated. The parametric study is performed in order to
evaluate the effects of different variables on the stability behavior of double domes free form space structures.

Also, there are two important types of instability, namely: limit point instability and bifurcation point instability.
In bifurcation point instability, an initial geometric imperfection must be imposed on the perfect structure to change
the bifurcation equilibrium path into the limit equilibrium one [3]. In regular domes, usually three lowest buckling
modes are sufficient to change the bifurcation equilibrium path into the limit equilibrium one using the approximate-
perturbed method. However, no study has been reported regarding the stability behavior of free form double domes.
Therefore, imperfection sensitivity analysis of free form double domes is also performed in this study.

2. Methodology

In this study, configuration processing of free form double domes is performed through the novational
transformations. The novational transformation may cause a number of new forms to be generated on the basis of a
single base configuration by deforming it. The novational transformations could be carried out in Formian by the
following function [4]. In this function, variable L1 represents the set of initial nodes and variable L2 represents the
set of target nodes. Also variable m represents the mode of novational function and variable C represents the
domains of novational function. A configuration of free form double domes is shown in Fig. 1.

G=NOV(m, C, L1, L2)|E (1)

Fig. 1. Sample of free form double domes
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In the present study, all of the analyses have been undertaken using ANSY'S, which is a general-purpose finite
element programme designed specifically for advanced structural analysis. Beam element type of Beam189 is used
in the finite element analysis. The most frequently used iteration schemes for the solution of nonlinear finite element
equations are the Newton-Raphson iteration. It is well known that the “Newton-Raphson iteration methods” are not
very efficient and usually diverge in the neighborhood of critical points. To overcome this problem, the “modified
Riks method” based on the arc-length approach is used.

Six model types are investigated in the present study. All models are a three-way triangular grid. Tubular steel
sections are used for all members. Three load cases, namely dead load (500Pa), snow load (1500Pa) and seismic
load (considering three accelerograms in time history analysis) were considered in the design of the models. Also,
the characteristics of material are as follows: yield stress=360MPa, Young’s modulus E=210GPa and tangent
modulus E+=2.01GPa.

3. Results and discussion

3.1. Imperfection sensitivity analysis of free form double domes

One traditional method for the distribution of imperfection is the approximate-perturbed method. The buckling
modes of the structure are used for the initial imperfection shape and subsequently the nonlinear analysis of the
imperfect structure is carried out [5].

The results show that the lowest buckling modes have negligible effects on the reduction of buckling load to
obtain the bifurcation path in free form double domes. So the 60 lowest buckling modes are used as the initial
imperfection shape to investigate into the effects of different buckling modes. Table 1 gives the load factor of limit
point in different applied buckling modes considering the relatively high value of imperfection S/250 (S shows the
span of the models) in model with rise to span ratio of 1/5 and the middle-rise to span ratio of 1/8. In this model, the
load factors of limit point and bifurcation point were calculated as 4.46 and 3.34, respectively. The load factor is
calculated considering the load combination of “Dead load+Live load” equals 2000.

The results show that the buckling modes could be categorized in two groups: sensitive modes and non-sensitive
modes. Sensitive modes are effective to reduce the buckling load to obtain the lowest bifurcation path. Also, using
the approximate-perturbed method needs much more calculation time to find out the sensitive mode used for the
initial imperfection shape in free form double domes. So it is preferable to use other methods to introduce the initial
imperfection. The generalized conformable imperfection mode method is suggested in the present study. In the
generalized conformable imperfection mode method, the pre- and post-buckling deformed geometries is calculated
near critical point, then the subtractor of these two geometries is the precise form of the buckling mode at this
critical point.

Table 1. Load factors of the model in different applied buckling modes

Buckling /250 Buckling /250 Buckling /250
mode mode mode
1 411 21 3.62 41 3.84
2 4.47 22 4.48 42 4.48
3 4.36 23 4.48 43 4.46
4 4.59 24 4.24 44 4.28
5 4.46 25 4.24 45 3.73
6 4.45 26 4.60 46 450
7 4.57 27 3.75 47 4.46
8 3.85 28 4.22 48 4.39
9 4.46 29 4.42 49 4.63
10 4.16 30 4.46 50 3.96
11 4.40 31 4.24 51 452
12 4.45 32 391 52 4.45
13 4.39 33 4,53 53 3.87
14 4.44 34 4.44 54 4.08
15 3.94 35 351 55 4.07
16 3.84 36 4.39 56 442
17 4.37 37 3.82 57 451
18 4.45 38 4,18 58 3.80
19 3.91 39 4.42 59 3.31
20 4.50 40 4.49 60 3.48

3.2. Effect of different parameters on the stability behavior of free form double domes
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In this study, the following parameters were considered to investigate into the stability behavior of single layer
double domes: A) The rise to span ratios; B) The middle-rise to span ratios; C) location of double domes; D) The
shape of plan; E) location of middle rise; F) The boundary conditions.

The vertical concentrated loads are applied on all joints of the structure (global loading).Global loading increases
until the limit point is reached. Also, by examination of the eigenvalues of the tangent stiffness matrix, a first
negative eigenvalue indicating the existence of a bifurcation point is obtained. Also, first yield point of the models is
obtained considering the Von-Mises criterion. The results show that there is a rise to span ratio, which can be
defined as a boundary between limit point and bifurcation point instabilities. In global loading pattern, the collapse
mechanisms of free form double domes are overall collapse. The final load-displacement responses of some models
have been shown in Fig. 2a, b, and c. Also, imperfections could be introduced by generalized conformable
imperfection mode method in free form double domes.
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Fig. 2. load-displacement responses of the models: (a) middle-rise to span ratios of 1/8, (b) middle-rise to span ratios of 1/9, (c)
middle-rise to span ratios of 1/7

4. Conclusions

In this paper, the parametric study was performed in order to evaluate the effects of different variables on the
stability behavior of free form double domes. Also, this paper presented imperfection sensitivity analysis of free
form double domes as a group of free form space structures.

The important results of this study are as follows:

1) The lowest buckling modes have negligible effects on the reduction of buckling load to obtain the lowest
bifurcation path in free form double domes;

2) The buckling modes could be categorized in two groups: sensitive modes and non-sensitive modes;

3) Material yielding was happened before limit point instability;

4) Imperfections could be introduced by generalized conformable imperfection mode method in free form double
domes;

5) There is a rise to span ratio, which can be defined as a boundary between limit point and bifurcation point
instabilities;

6) In global loading pattern, the collapse mechanisms of free form double domes are overall collapse;

7) The variation of the width of plan has significant effect on the load factor of the models;

8) In double domes with fixed restrained, there is minimum 25% increases in load factor in comparison with the
same double domes with hinged restrained.

5. References

[11 Motro, R., Bagneris, M., “Structural Morphology and Free-form Design”, Proceedings of the International
Association for Shell and Spatial Structures, Symposium, Sructural Architecture-Towards the Future Looking
to the Past, Venice, Italy, 2007.

[21 Abedi, K., Parke, G. A. R., “Progressive Collapse of Single-Layer Braced Domes”, International Journal of
Space Structures, 1996, 11 (3), 291-306.

[31 Chan, S. L., “A Generalized Numerical Procedure for Nonlinear Analysis of Frames Exhibiting a Limit or a
Bifurcation Point”, International Journal of Space Structures, 1991, 6 (2), 99-114.

[41 Nooshin, H., Moghimi, M., “Formex Formulation of Free Form Structural Surfaces”, Asian Journal of Civil
Engineering, 2007, 8 (4), 459-469.

[51 Kani, I. M., McConnel, R. E., “Single Layer Shallow Lattice Domes: Analysis, General Behavior and
Collapse”, International Journal of Space Structures, 1988, 3 (2), 64-73.



	Dr. Abedi.
	Dr. Abedi 1
	Abstract Abedi

