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SYNOPSIS

Automatic, computerized design of plane frames for dif-
ferent combinations of vertical and horizontal loads, yield-
ing optimum stiffness and weight distribution, may be ob-
tained using mathematical programming techniques. In the
case of earthquake loading, however, difficulties arise be-
cause of period-dependency of the earthquake design loads.
The degign variables define the stiffness of the frame and
hence its period, whereby the design earthquake loads need
to be redefined in each step. 1In this study, a stepwise,
iterative design process, applying linear programming tech-
niques, is described. The solution yields a set of design
values for the cross section areas of all the frame elements
which minimizes the steel weight of the frame and simultane-
ously gives optimum stiffness distribution for the frame to
resist the prescribed earthquake loads. The elements of the
analytical and numerical methods are reviewed and a numeric-
al example is given.
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ANALYSIS

To recapitulate the mathematical programming formula-
tion of any structural frame design problem, consider a
structure which is fully determined by the n-dimensional
design vector

X = {Xl, cee Xn} e e e e e e e e e e e e e e e (1)
The design variables {Xi} may be taken as a parameter de-
scription of each structural element (e.g. area, moment of
inertia and so on) or a description of different features
such as the degree of fixation of element ends and so on.

Once all the design variables have been assigned values,
there exists one complete structure and its weight or even
the total cost of erection can be expressed as a function
(to be minimized)

Z(X) - minimum . . . . . . . . . e o e e oo e . . (2)

termed the object function of the problem.
The admissible values for the design variables are to
be located in the design space which is defined as follows.
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The deflexion of the frame and the maximum stresses in the
frame must be within the acceptable limits, set by design
philosophy and material strength. This will result in the
following inequalities or constraints.

The deflexion or drift limitations

IY(X) YD v v v v e e e e e e e e e e e e e e e (3)

where Y are the critical deflexion values to be checked and
YD is the corresponding vector of the admissible values

S(X) ésn e e s s e 4 s e s s s s e e e e e e e (4)

Eq.(4) refers to the stress constraints where S(X) is the
matrix of critical stresses sought after among the critical
sections of the frame and SD is the corresponding matrix
of the allowable stresses. .

The constraints in Eq.(3) and (4) together define
subspace, the design space, in the n-dimensional variable
space. The boundaries of the design space are the above con-
straints treated as equalities which corresponds to n-dimen-
sional hypersurfaces. The optimum design vector is thus lo-
cated at a boundary point of the design space at which the
function, Eq.(2) , is minimum.

The constraints of Eqgs.(3) and (4) are because of the
effect of all possible load combinations the structural
frame is to accomodate. Here, the design philosophy being
studied amounts to determining the optimum values of the de-
sign variables so that all load combinations can be with-
stood through linear deformation. Therefore, the design
earthquake forces are selected as suitable for elastic be-
haviour. However, the thus determined optimum structure can
afterwards be checked for non-linear behaviour because of
more realistic earthquake forces and possibly put through a
dynamic analysis.

NUMERICAL EXAMPLE

A two bay, 30 storey steel frame, was selected for ana-
lysis (Fig.1l). Modified Californian SEAOC design loads are
taken as the lateral earthquake loads and moreover, the
maximum deflexion of the top storey is restricted to be
1/300 the total height of the frame.

It is noteworthy, that these two effects are contra-
dictory with respect to the frame stiffness. The earthquake
loads call for more flexible design, whereas the deflexion
constraint demands more rigid design. Ostensibly, the opti-
mization process selects a design which yields the best com-
promise available.

The numerical procedure now starts with selecting an
initial design vector X1 which, in the present case, con-
sists of the cross section areas of all the elements. The
global optimum, which yields the lowest admissible value of
the object function within the design space, is then sought
through a step-by-step approach which consists of solving a
linear programming problem for each step.
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() T?: o;;glnal mathematical progrémming problem (Eqs.(z)_
) genera;, strongly non-linear. Therefore, for

each step the functions in Egs.(2)-(4) are linearized by a
f}rst order Taylor approximation. This involves the nume-
rical computation of the left-hand sides of Egs.(3) and (4)
Whlqh in turn requires the computation of the fundamental
period, the force envelope, the mass matrix and the local
an global stiffness matrices. Further, the partial deriva-
tives of.all these quantities with respect to all the de-
sign variables are needed. Hereafter, it is easy to formu-
late a linear programming problem which gives the optimum in-
cremen@al vector AX which results in maximum decrease of
the object function. More details about the computational
process can be found in a recent report by the authors {17

_ Now, the structural frame of Fig.1 may consist of 90
different elements, requiring overwhelming computational
effort and cost. The frame is therefore optimized in
stages as follows: 1In the first stage, the storeys are
grouped 6 at a time, regarding the columns, whereas all the
beams are equal. Because of symmetrical design, there are
only two different column types and thus with 11 design
variables a crude weight and stiffness optimization is ob-
tained.

In the following stage, the storeys are grouped 3 at a
time regarding the columns and 6 at a time regarding the
beams, thus allowing for a total of 25 design variables.
Starting with the results of the preceeding stage the opti-
mization process now finds a better optimum design.

The technique of stage optimization, each new stage
allowing a larger number of individual variables, may be con-
tinued until a sufficiently detailed design has been reached.

The changes in steel volume and largest natural periog
through 3 stages of optimization are respectively: 12.006 m”-
9.83 m3 - 9.20 m3 and 3.77 sec - 4.60 sec - 4.80 sec.

The distributions of section moduli in the optimum
structure, for which the continuous design values have been
assigned IPE or HE-B profile values, is shown in Fig.2 while
Fig.3 displays the profile numbers. Fig.4 shows the deflex-
ion of the frame exposed to the modified SEAOC design loads.

The computer processing time, of course, is large. The
first stage took about 10 minutes CPU-time on a IBM 370/165
computer, and the following stage needed about 20 minutes
CPU~-time for full processing. However, taking into account
the information obtained, the computer costs are negligible.
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FIG.1. 30 STOREY STEEL FRAME: LOADS. FIG.3. 30 STOREY STEEL FRAME: FINAL OPTIMUM DESIGN.
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FIG.2. SECTION MODULI (103cm’) DISTRIBUTIONS. FIG. 4. DEFLEXIONS (x18).
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