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Fuzzy optimization of space frame
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Abstract: Fuzzy concepts are introduced into structural optimization to solve fuzzy optimization problems with a crisp objective
function and fuzzy constraints, also a non-membership function is used to convert fuzzy constrains into crisp constrains. Two models
are discussed where the objective function considered is the volume of space frame and the fuzzy constrains are design limits by the
axial strength, slenderness, deflection, thickness and diameter of space frame member.
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Steel space frame and network dome attract struc-
tural engineers because they are constructed with
light-mass materials and it is relatively more flexible
to design the configuration of structures [1-2]. The
objective of this paper is to develop a program for
stress analysis considering geometric non-linearity
and to find the fuzzy optimum volume of space frame
by GINO programming [3].

1 Stiffness matrix of elements

Nonlinear stiffness equations considering geometric
non-linearity is derived in this paper. The strain-
displacement equation could be written as the follow-
ing equation, where include the second degree terms
in order to consider geometric non-linearity [4]:
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It is assumed that the present state is initial state,
and if the principle of virtual work on increment is ap-
plied to initial state, equilibrium state could be written
as the following equation in the process of incremental
step:

[l +0)8e.0dV = (f + f)T8d @
In equation (2) the integral area dV is replaced by

the sectional area A and length . Substituting 3¢, into
equation (2), we could obtain

Al[(6° +0. A +d"B"B)]=(f" + f)" 3)

Substituting ¢, = E¢, into equation (3), the follow-
ing could be obtained:

FO+f=Al(Af0)”)+ Allc”B"B) +
AIE[A[A M 4

In equation (4), higher terms are neglected. Using
the residual force y, we could obtain

Sy =lket+ksld S)
where,

y =Al-Alc” - £ ks = AIE[AT A},

kc = Allc\”B"B].

Equation (5) is a linearized nonlinear incremental
equation of space frame elements. In the equation,
kg and kg are the elastic stiffness matrix and the
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geometric stiffness matrix of local coordinate respec-
tively. '

2 Fuzzy optimization

The constraints of ordinary optimum design of
structures are rather unreasonable. For example, for a
certain steel element o" =240MPa means that
0 =240 MPa is allowable but ¢ =241 MPa is un-
acceptable. However, there is no substantive differ-
ence between 0 =240MPa and o =241MPa. Itis
more reasonable that there should be transitional
stages from absolute permission to absolute impermis-
sion when the allowable interval of a physical variable
is determined. Therefore, fuzzy concepts mentioned
above are introduced into structural optimization to
solve fuzzy optimization problems with a crisp objec-
tive function and fuzzy constraints. A fuzzy optimiza-
tion problem can be represented as follows.

(1) Model 1.

Minimize: F(x) (6)
G(x0<g, i=12:p
xX)3g;,, j=
Subject to: Gi(x)2g;, j=p+lp+2,.q 7
Gi(x)=g: k=q+lqg+2,---,r
x20

where the symbol ~ means a fuzzy constraint, e.g.,

G < g means that G is approximately less than g. To
solve the above fuzzy optimization problem, a non-
membership function is introduced to convert fuzzy
constraints into crisp constraints [5]. The non-
membership function, denoted by the symbol v, can
be defined as v,(x)=1-u;(x), where U;(x) is the
membership function, while f;(x) represents the de-
gree of satisfaction of G;(x) to fuzzy constraints. The
membership function was introduced by Zadeh in the
fuzzy set theory, and defined the membership function
as [6-7]

1, for Gi(x)< g
1 (x) = 1—3(%, for g < G;(x) < g, +d; (8)
1 ' for g +d; <G, (x)

where g; is the allowable upper limit of the ith con-
straint, d; is the tolerance of the ith constraint which
is a subjectively chosen constant of admissible viola-
tion. From the relation v;(x) =1- u;(x), equation (8)
can be rewritten as

O, for G,(x)Sgi

Gi(x)—g:

v’_ X)= —_—,
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for g, <Gi(x)< g, +d, 9
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where v;(x) is the non-membership function of
G(n<g.

Note that the worst and best solutions are founded
when v =0 and v =1 respectively.

Similarly, the non-membership function v,(x) and
Vi (x) are obtained as

0, for g, <G,;{(x)
vj(x)=ﬁg’—_d(ijgl, for g, —d; <G;(x)<g,

L frGwsg -4,

(10)

1, for g, +d, <G (x)

—G"();)——gk, for g, <G, (x)< g, +d,
vi(x) =10, ‘ for G, (x) =g,
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From equations (9)-(11), according to Jung and
Pulmano [5], fuzzy constrains in equation (7) are con-
verted into crisp constraints as

Gi(x)—div < g

Gi(x)+div=g;

1Ge(x)—dwv < g (12)
G (x)+dwv 2 g

LxZO

where v is the maximal value of non-membership
function v,(x), v;{(x) and v.(x). So, Model 1 can
be converted into Model 2 as follows.

(2) Model 2.
Minimize: F(x) (13)
Subject to:

Gl(x)'—divsgi, i=1,2,"',P

Gix)+dyv=g,, j=p+Lp+2,---,q
\Ge(x)-div<ge k=q+lLq+2,---,r (14)

Gk()C)‘deV ng,
x20

k=qg+1l,g+2,---,r

This means that solving Model 1 is equivalent to
solving Model 2 which is in the form of a convention-
al crisp objective function and non-fuzzy constraints.
Thus, conventional mathematical programming
methods can solve a fuzzy optimization problem. The
objective function, in this paper, is the volume of
space frame and the fuzzy constraints are fuzzy design
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limits defined by the axial strength, maximal slender-
ness, minimum thickness, allowable deflection added
tolerance, and ratio of outside diameter to thickness of
the circular tube bar.

3 Numerical examples

Example 1. Take the case of steel latticed dome [8].
All joints of the latticed dome are located on the sur-
face of a sphere shown as figure 1. We consider the
dome which consists of 19 joints and 42 circular steel
tubes, and the nodal force P = 32 kN loaded on the top
joint. The internal force of the dome evaluated from
geometric nonlinear analysis and all bars are of the
same material with E =210 GPa, f, =240 MPa. The
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objective function and constraints can be expressed as

42
Minimize:  V =nY (D —t)td; (15)

i=1
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TC(DI _tl)t! fv f (Orf )

A —-d,v S£
3

A, £25

D, <100

A
D, 2272x1073,t, 22x10™*
0<v <]

Subject to: (16)

where, fi,f. are the allowable tensile stress and al-

o s I lowable compression stress respectively; NI, are
) . the axial force and length of the ith circular tube re-
e R nao) ’@ﬁ) = spectively; d;,d, are the tolerance of permissible
{7 5 2 ”x ST L o 1455 stress and deflection respectively; D,,t; are the out-
N VARV g s em side diameter and thickness of the ith circular tube bar
) respectively.
18 [ ' ! £=150 cm J
Figure 2 shows the results of optimum design of
Figure 1 Steel latticed dome. the steel latticed dome.
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Figure 2 Fuzzy optimum design results of steel latticed dome, where V, is the fuzzy optimum design volume, V, is the ordi-
nary optimum design volume, and V_ is the conventional design volume.
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Figure 3 Double layer plan roof space truss.

Example 2. The geometry of the space frame is
shown in fignre 3, and the vertical loads applied on
the joints are uniform and expressed as P = 1 kN/m?.
The double layer plan roof truss structure presents 59
joints and 192 circular steel tubes and it is supported
around the boundary. The other design conditions are
equal to the example 1. Figure 4 shows the results of
fuzzy optimum design of the double layer plan roof
space truss.

4 Conclusion

Fuzzy optimization of engineering structures is
considered by using a non-membership function. To
formulate a fuzzy structural optimization design
problem, the non-membership function is utilized in
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converting fuzzy constraints into scrip constraints so
that conventional mathematical programming methods
can solve the problem. The performance of fuzzy
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tions of two numerical examples and the fuzzy opti-
mum area of the circular steel tubes of space frame is
governed by deflection and tensile (or compression)

structural optimization is demonstrated with the solu- stress.
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Figure 4 Fuzzy optimum design results of double layer plan roof space truss, where V, is the fuzzy optimum design volume,
V, is the ordinary optimum design volume, and V_is the conventional design volume.
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