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1
.

This thesis-presents optimizatién- procedures for the design of
steel frames mcludmg composxte steel beams at ultlmate load The
s tudy also includes a theoretical 1nvest1gat10n of the effedts of providing
compos1te action in a building steel frame at ultxmate load and its,
advantage over the correspondmg non«composne_a__si;gl frame based

LY

S
on the optimum solution.

] b

In this study, a theory of 'plastic collapse is applied to the design -
of composite frames in a limitéd‘way due ‘to the, lack of dchtility in
the reinforced concrete slab., The optimum_solut‘ion is found by -
using linear programmmg techniques, successively, in order to m1n1m1ze
the weight of the comp051te steel structures A computer program
generates, automazically, the constraints of the feasible ;:ollapse modes
for the proposed structure and 'the corresponding objective function,
then produces the optimum solution ﬁsing linear programming algorithm
without violating the safety criteria for the combosite beams. The
proposed procedure appears to be efficiently applicable when an electromc

computer is uged,

Furthermore, comparisons of the changes in required plastic
moment capacities and relative cost on a weight saving basis of a
composite steel frame to that of the corresponding non- omposite one

are made with several mode! frames. This investigation indicated that

ther\'evis a-definite advantage of the romposite frames over the

~
conventional steel frames from’ either economy or structural strength-
capacity. Since the composite beams have g.reater shape factors than the
normal steel beams, lighter members can be used, and also, it is not
necessary to consider the buckling of the compression flange of the

steel beams when the composite construction is adopted,




Finally, an alternative Opurmza.tmn procedure, uamg the nonlinear

programming technique,is proposed to eliminate some pof difficulties
and arbitrary restz;lctlons which are found in the other method. This

approach appears t'o be powerful in handling the nonlinearity of the

minimum weight de51gn problems and also efficieht in refining the linear

\

opt1mum solutlon

',45‘-
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NOTATION

The following symbols are used in this paper:

a =

ji

Pl
1

ji
a (X)
J

1l

ji

= B~ - S
Jo

Q @
3
It

the distance from the top of concrete slab to N, A, of
composite section, when N. A, is in slab;

the coefficient of the variable x. for the j-th constraint
of linear programming problem:

a./b.;
)
the current value of the j-th constraint of nonlinear
programming problem;
.FAA.:] = am x n matrix;
ST
the total area of steel section;
the effective width of concrete slab;

the external work for the j-th collapse mechanism and also
the coefficient of the dual variablr% U. for the dual objective
function G (U) defined by G (U) = % b’ U ;

1 1 )

upper and lower bounds, respectively, for the variable X,
boundary of the feasible region;

L
the compressive forces of concrete section and steel .
section, respectively; ..

the coeffickent of the primal variable x {%r the primal
objective function F{(X) defined by F(X)‘ = %} Ci :-Ei H

depth of steel section: g

the displacement of the load Pk _f_(f the ctillapse mechanism x;
a feasible region;

a region in En which controls D; :

moment arms, Egs, (1, 2) and(l. 3);

Euclidian n-dimensional space;
Zp/ze = a shape factor;

the compressive strength of concrete;

an objective function; )

L

L {
the op!iml;m value-of the objective function in nonlinear !
programming problem: (

e M e o
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the primal weight function;

- W{X) = the current value of the objective function
in nonlinear Programming problem; the primal objective
function; '

the yield strength of steel : ¢t

V F(X} = the gradient of the objective function;

the intersection of the hypersurfaces Gl’ o G

the dual weight function;

the dual objective function;

the hypersurface 'in En defined by aJ.(X) = 0; ' v
the supportipg hyperplane to Gj at XO;

an identity matrix; ‘ ~

the maximum length of D';A also span length;
the‘ length of the i-th member;

shear span length;

the number of constraints; t -

bending moment;

allowable moment;

fully plastic moment capacity; also the fully pla'stiﬁc
moment capacity of steel section alone;

the starting point to obtain M ;
P min

A N Ty ™.

X = the nonlinear minimum weight design solution;
max |

redundant moment;
ultimate moment of composite section; —

moment anywhere at distance x from the origin of the
member; ‘

the number of variables; also the number of shear
connectors within LB;

neutral axis;
service load;

AP = ultimate load;




e

P (X)
q

Na

W(X)

W (X)
q

WX

I

H

‘the unit weight of the i-th member;

- Xiv -

I1-U (X) Vq (X) UqT(X) = the symmetric n x n projection .

matrix; -

\,

: ) N . .
the current number of active constraints;

_the ultimate strength of one shear connector ;

[}
the total horizontal shear force in all shear connectors;

the intersection of the supporting hyperplanes Hl (X )....,
H (X )atX ; °
qg o o

T
vV (X U (X ) g = a vector of order q;
q v g v
safety factor or load factor;
slab thickness; also the step length;
the tensile force in steel section; ~
vaj (X) = the gradient of aJ.(X), a vector of order nj

the distance from the original point to the section of
the plastic hinge formed due to the distributed loading;

the j-th dual variable;

{
'
L]
\
’
¢
‘
\
!

[ 4y{X),..., B ()] = aqxqmatrix;
the i-th diagonal element of Vq(X);

total weight of a frame;

the current weight of the frame;

[al xX),..., aq {X}] = the error vector of order q;

the length of error vector, a measure of the nearness
of the point XV to the intersection G;

the current value of the i-th design variable; also the
i-th primal variable; '

a point which lies near the intersection, G, of q
constraints, 1< q< m;

[x1! ..., x_] = the current design, a vedtor of order n,
a point in nt

the optimum solution;

elastic section modulus; : -

plastic section modulus;
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Z(X )
v

B(X)
3.(X )
1 \%

. B (Xv)

]

1

"t

- XV -

(X ) g/‘ P g| = a unit vect';or of order n which

pc%nts in the &rectlon of the projected gradient;

Mu/Mp;

max[lpq (X)a|. 5 ;
V2 vy

max l‘[3i (Xv)] :

the allowable stress in bending;

the yield strength in bending;

a tolerance which contrels the nearness of the point X

to the 1ntersectlon G; N

a tolerance which controls the nearness of the point X

to the true optimum point;
the plastic hinge rotation;

the plastic hinge rotation capacity;

u, (X) = the gradient of a, (X) at X, a vector of crder n;
J’ J

g (X) = the gradient of the objective function at X,

vector of order n;

\

max

e
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CHAPTER I

INTRODUCTION

1.1 Object and Stope of Study

The basic advantages of composite construction compared to
non-composite construction are the savings in materials, greater stiffness
of a floo-r-s'ystem, and also greater overload capacity of a floor, -~
Composite construction, for these reasons, are becoming popular both

in bridges and more recently in building frames. \

This thesis presents an optimization procedure for the design of
steel frames including the composite action of steel beams and concrete slabs at

ultimate load. The study also includes a theoretical investigation of

1
E

the effects of providing composite action in a building steel frame at
" ultimate load, and its advantages over the corresponding non-

composite steel frame based on the optimum solution.

The object of this investigation is to demonstrate the feasibility

of using programming techniques for obtaining optimum plastic design of

%

rigid steel frames with composite beams, and also to find the effects of

composite action in a huilding frame, so that the full benefit afforded

by composite action is realized,

¢ The nonlinear analysis and design inherent in the plastic design of
steel structures or the limit design of concrete structures have the
advantage over the methods of analysielvbased on the normal assumption of
elastic giructural behavior. The plastic design procedures for steel
structures first received extensive acceptance in the AISG Specification of 1961.
Limit design for concrete structures has received only limited approval
in the ACI Building Code of l? 63, due to the uncertain and Iimit(_ad
ductility of reinforced concrete" members, Both of these nonlinear methods. _ »
have found acceptance in many countries of Europe and in general throughout

3
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.the world. However the application of plastic design method to steel ‘ i

1

frames with composite beams has not found its way into full acceptance

up to this point because of the uncertain and limited ductility of reinforced

concrete slab. In this study, a theory of plastic collapse is employed.
in a limited way due to the lack of ductility in the reinforced concrete

slab.

The steel sections used in this study will be rolled sections without
cover plates, A non-syrnmetriéal section , with cover plates at the b‘ottom
flange of the composite section, in combination with cover plates at the
hegative 'rr'xoment region, is more economical. In general, furt}&@;'_ Are;luction‘
in steel weight can bé achieved by transforming steel from the top flange to
the bottom flange as it is done in built-up sections, However,the prim-e
concern of this study is to determine the effect Iof composite action based
only on the rolled steel section alone, so that fabrication will also be

limited to a quj__rPum. 4

The minimum weight plastic design method is applied tothe

design of composite and corresponding non-composite frames. In the

plastic des-ign of structures, the main difficulty has been in arriving at
the correct mode of failure which occurs at the ultimate load. This
c'ollape;e mechanism,and the ultimate load at which it occurs,are used as
the basis of design. An examination of all possible modes of failure
normally requires the testing of a very large number of failure mechan®sms.
For a structure of even moderate cbmplexity this has made the procedure
somewhat im;;ractical to date. The computer program that has been
developed overcomes these difficulties by generating only the equilibrium
equations of the feasible modes. For the optimization of steel frames
with composite beams, the successive linear programming techniques

74
are used,

L e
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Finally, the effects of nonl1near1ty in the plastic optim1zat10n
problems of both non-composite steel frames and composute steel fra.rnes

are mvegtxgated by employing the nonlmear progra'mmmg techniques as
an optlmum tool.

The computer used for this study‘ is an IBM System 360/Model 65

cornputer

1.2 @rganization of T\hesis

% ' - . : _
Chapter 2 illustrates how the optimum. design of the steel frames

with composite beams can be formulated.

Chapter 3 includes a general discussion and detailed presentation

of the linear and nonlinear pProgramming methods, including modifications

and revisions which were found to be necessary,

In Chapter 4, the effécts of the composite action in the building

framjes at ultimate load, based on the results of optimum solutions, are .

invegtigated., A com arison of the changes in plastic moment capacities
4 p g P p

ahd relative cost on a weight saving basis, of a composite steel frame to.a

corresponding non-composite steel frame, is made, with reference to

typical two-story andtwo-bay i‘igid frame. (Fig. 4-1)

o .

Several design examples of composite frames, based\on the

linear programming solutions are presented in Chapter 5.

In Chapter 6, the nonlinea‘rity in the plastic optimum design
problems of both non-compoaite steel frames and composite steel frames

are investigated in a general manner and also the feasibility of usmg the

nonlinear programming techmques are discussed with some examples

Chapter 7 draws several conclusions,-based on the results of

this study.
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. 1.3 Review of Plastic Theory for Steel Frames

It is shown here the brief descnptmn of structural behanor up
to collapse It is followed with the fundamental theorems which are

later applied to the minimum weight design problems of steel frames. -

. . The theory of plastic collapse is applicable to the flexural _
behavior of a ductile material. Su¢h a moment-rotation relationship
for steel as shown in Fig. (1-2) is determined by assuming that each
fiber will strain according to the idealized stress-strain curve shown
in Fig. (1-1). Fig. (1-2) shows that af‘ter the rr;a.ximum moment is reached,‘
the rotation beconies indefinitely large. This moment., termed the plastic
moment MF-) is the ultimate mc;ment which this section can maintain

‘under the above assumption.

Upon attainment of the plastic moment at a particular cross
section, rotation occurs with no increase in the bending moment, and

_ the plastic hinge is said to have formed there,

Collapse occurs only when a sufficient number of plastic hinges
developed to transform pai't or all of a structure into‘a mechanism. For U4
structures éomposed of members with constant sections, the mechanism
deformation will develop first at points with peak moment, where
plastic hinges form and the intermediate elastic parts do not deform

further, Final structural deformation then occurs without change in load.

If the collapse occurs when the frame is subjected to the magnitude
of thé abplied load, it is termed the ultimate load. The ratio between >

" the ultimate load Pu and service load P is referred to as the safety

factor or load factor., The structure will not transform into a mechanism ‘

. .l'. K
under P'< 1:;
| -

The ultimate load also can be shown to lie between the loads

comput.ed by the so-called upper-bound and lower- bound theoremq. The

y

3N
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methods of analysis in the theory of plastic collapse are based on these

theorems.
3
i) 'Upper-bound Theorem. A load compufed on the basis of an

assumed mechanism will always be greater, or at best equal

to the true ultimate load. °

. — 2 )

i1) Lower-bound Theorem. A loa.&“'c?\)‘mputed c?n the basis of
an assumed moment distribution which is in equilibrium with
the applied loading and where no moment exceeds Mp is less

~

{han, or at best equal to the true ultimate load,

At the point of collapse the following conditions must be met:

v 1) The applied loads must be in equilibrium with the internal
forces, ; I

—— T

2) There must be a sufficient number of .piastic hinges for

the formation of a mechanism.

3) The plastic moment must not be exceeded at any point

in the structure.

The mechanism method in which the principle of virtual work
is used, is based on the upper-bound theorem. The virtual work principle
! !

can be stated as follows, . l

If a system of forces in equilibrium is subjected to a virtual
displacement, the work done by the external forces is equal to the

work done by the internal forces.

—

In the plastic analysis, virtual work is generated by subjecting
the frame to virtual displacements consistent with the motion of the
mechanism. The external work is equal to the sum of the products of
all the forces times the displacements through which they move, while
the internal work is equal to the'sum of the products of the plastic

moments times their hinge rotations. No internal work is performed by

7

)
g
{
(
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/ curvature in the ela.st1c parts of the structure

"1.4 Review of Plastic Theory for Composite Beams

-6 - ) ,

: !
lthe moments between the h1nges, s1nce there ib no change in the / :

~

|
It is convenient to classify mechanisms as indepéndent or ele-rnentary i
mechgnisn‘}s and combined mechanisms. Usua'lly the elementary mechanisms ;
are beam fhechanisms and sidesway or sway mecilanisms If more than
two members meet at-a joint, an additional elementary mechamsm
ig the joint mechamsm In addition various combinations of independent

mechanisms can be made, ) i

In the above concept in plastic design theory, however, the effects '
of axial loads and shear forces are not taken into account, It is also
assumed that the instability effects can be ignored, and the deflection
limitation is secondary.. All these concepts and agsumptions are

used in the following chapters except specially dealt-with cases,
~S

The plastic'design of composite beams presents some interesting
- !

problems not found in elastic design as follows:

1) Ther'e ig ho di_f.ference between the shored and the unshored

composite beams in plastic design, '

t ’

ﬁ\lt is not necessary to locate the shear connectors close to
the bearings, as long as the same total number of shear

connectors rE?quired are used,

The summary of plastic theory of the composite beams are
presented in the follorwmg parts. For a more detailed presentation of
the plastic theory including the experimental results, the papers of

(1), (2), (3), and (4) should be consulted.

Plastic Behavior of Compo site Beams

‘The concrete slab acts as a cover plate in the composite

beam. This is made possible By the use of shear connectors which

Y

.

M

i
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- " the section increases, crushing of the slab extends downwards, while
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ensure 'that the steel bearn ard concrete act as a unit, If sufficient “a
shear connectors are prOVided’, the full plastic moment may be reached

without the failure of the connectors.

When the moment on the positive composite section is
increased beyond the working load, the bottom flange of the steel beam ) +
yields first and the neutral axis moves upwa.r‘ds causing teﬁsile cracks |
at the underside of the slab. Cracking or spalling of the concrete at the

compressionface occursawhen the strain reaches aﬂqut 0. 38 per cent. The

ultimate strength gfithe section is" them-almost reached. Asithe curvature of

strain hardening begins in the bottom flange of the beam and the load
i

being carried remains approximately constant, As the curvature is

increased still further, the carrying capacity of the composite section :.

is, eventually reduced by extensive crushing of the concrete.

This general pattern of behavior is exhibited byl-bearns
subjected to positive -bending/a}nd for the case where the neutral axis
is near the top steel flange or in the slab. In cases where the number
o'f connectors is limited to such an extent, the failure of the connectors
occurs before the maximumn moment is developed. The ultimate moment

capacity may also not develop if the plastic neutral axis is close to the

bottorm beam flange, as crushing at the surface of the concrete occurs

before full plda‘sticity can develop in the steel section.

1) Shored and Unshored Compositel Beams

It may be of interest to compare the differences in
the bebé.viors, up to failure, beil:ween. the shored and.the
unshored composite beams. Fig. (1-3) and Fig.(1-4) show
the differences in the stress distributions and the deflections,
respe.ctively between the shored and the unshored composite
be.a.ms. At the ultimate load, they reach the same stress

distribution. )

ol et A RS kT b o T ol



(a) Stress Distributions ™
In unshored construction, the steel beams have an

initial stress distribution, as shown in Fig. (1-3), (stage 1)

-This is due to the dead load to be carried before composite

»

action takes place, After composite behavior exists, the

beam has stress distributions shown in stage 2.

The stress distributions for the shored composite
beam are as shown in stage 2, where the dead and live s

loads are applied after composite action exists.

Although the bottom flanges reach the yield point
as the live load increases, a greater load can be carried
in both cases, because ﬁafts'of the cross sections still
remain elastic., The plaatic‘behavior proc ee;is with
increased load producing the stress distributions shown

in stage 3., -

'The stress distribution at the ultim',ate load stage is .
thlfe same for both the shored and unskhored cases, as shown
i\ stage 4. Thereiore, the ultimate strength is inciependent

1 the loading process. The resisting moment of the ,I
PA

cr(m;p section is equal tthhe_ external moment produced
by the tota] load. |

{(b) Deﬂ;tions

. — .

Fig. (1-4) shows the change in the deflection, covering
stage 1 to stage 4, in accordance with the change in the
stress previously noted. From these results, it is noted | .
that the deflectiofis due to live load, after composite action

exists, are the same for the shored and the unshored

composite beams. :Bheretis no difference between the shored

i
A5{

and the unshored composite members in so far as the plastic

1
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l_design method is concerned which is based on the failure P
load. According to the classical method, diff'érent sections
are designed for the shiored and the unshored composite members,
respectively, for the same design load. It is based on the
working stress design method. Such a design method does

not take full advantage of the structural properties.

2) Plastic Rotation Capacities of Composite Beams.

When applyihg the plaétic design method to composite
beams, it is necessary that the.composite beams have
sufficient plastic rotation capacities. Although the steel is very

ductile, the concrete is not, being relatively brittle., The

moment curvature diagrams for the composite beams _‘f-
made from these materi.als, calculated from the stres‘s—strain | §
diagrams that were obtained from material tests of the ?
concrete and the steel have been presented by Spillers

Fig. (1-6) shows the relationship between moment and

curvature 'for the composite girders having the section shown

irﬁ'Fig. (1‘- 5) for various sti‘ength of concre_te. In Fig. (1-7) §
the effect of different widths of the cover plate, when the §

concrete strength is constant, is shown. If a large steel
section in'comparision to the concrete section is used, the
rotation capacity decreases and tlie 'girder may fail due

to the crushing of the concrete before the load reach'es the
ultimate load as calculated using the plastic design theory.
Thus, when a larger concrete section having a high strength
is use®, a greater rotation capacity is obtained, These
relationships are similar to those for reinforced concrete
between the rotation capacity. and the ratio of the area of the

reinforcing steel to the ax;;ea of the concrete,

-f
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3) Shape Factor of Composite Beams
The safety factor for the failure of a simply

supported beam, designed by the working stress method, is

given by —
M o Z o
- —2 Y _p __¥
B : = i (1-1)
M g Z g
a a - e a
Where:
Mp = Fully Plastic Moment M_ = Allowable Moment
o v = Yield Strength o, = Allowable Stress

Z‘b = Plastic Section Modulus Ze = Elastic Section Medulus

f = Shape Factor = Zp/Ze s = Safety Factor

The shape factor in Eq. (1-1) depends on the shape of the
section. Structures designed to have a constant allowable
‘stress for the same design loads, obtain a bigger safety

factor against failure, when a greater shape factor f is used.

However, in the plastic désign method, structures are

designed for a given safety factor at failure, the section .y

with the larger shape factor f is more ecénomical, s
The shape factors of shored and unshored composite

beams are different, Also the ratio of the load before and

after composite action results in different values of the shape

factors.

(h.tima.te Strength: of Composite Beams

The concept of ultimate strength design in reinforced colncrete
can also be applied to the design of a composite concrete and steel beam, This
may be classified into two categories: the first is based solely on
the statical equilibrium of internal forces and the second j:a.kes into

account the distribution of strains in addition to equilibrium of internal

forces,
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a

The second theory can theoretically account for the effect
of strain hardening which can contribute as much as*25% to the carrying
capacity of the beam, but it has not become popular as it is difficult

to apply.
3 . t /'
The first theory is based on the assumption that at'the ~r

maximum flexural capacity, éach element of the section has reached
the plastic state of stress. This method has the advantage of simplicity
and represents the lower limit of the bending capacity. Experiments

2
conducted by Slutter and Driscoll (2)

showed. that the theoretical uitimate
moment based on this theory can be reached as long as sufficient shear
connectors are provided. In this study, the ultimate strength of a
composite beam shall be calculated from the fully plastic distrifution of

stresses.

Normally, a composite beam fails due to the crushing of the

concrete slab. At this instant a fully plastic state of stress is
assumed—for both concrete and sfeel. The assumed stress distribution
is shown in Fig. (1-8}). The plastic state of stress is represented by
stresses of 0. 85 f‘cl in concrete and FY in the steel. Casel appliesv

when the neutral axis is in the slab or when the concrete slab is

3
Z
<
¢
3
Z
-}
C
>

adeqﬁate to resist the total compressive force at ultirnate load, Case I
applies when the neutral axis is below the slab or the concrete slab is

not large enough to resist the total compressive force.

Referring to Fig. (1-8) the appropriate equations for computing

the ultimate moments are; ' e
Casel C=0.85f'ba- '
T = As"Fw} . |
C=T" (1-2) :
a = Ass Fyy/(O.vBS f\é’ b) l ‘.
"M =Te=T(d/2+t-a/2) o



A

0:851, bt |
L)

A F& - C

C+cCr (1-3)

=Ce' + C' e"
u

Case II

2 H =3 0
1l

The values of e' and e" must be determined from\(e stress distribution

and géometry of the cross section.

The ultimate moment for the negative moment regions is
determined by a similar consideration of only the steel portion of the
cross section, The longitudinal slab reinforcing steel may be
considered if s%ear connectors are provided in the negative moment
regions, However, in this study, the ultimate moment is reduced to

the plastic moment of the steel member to neglect the effect of slab

steel in the negative moment regions.:”

- Y
Ultimate Strength of Stud

The requirement for the shear connectors, when designing
composite beams according to the plastic design method, are prescribed

ag follows:

{
(
:
3
!

1) The steel bears and the concrete slab to be connected
together so that the composite beam can be subjected

to its full ultimate capacity.

2) Shear connectors to be designed not to fail before the

.composite beam does. : , »

Therefore, it is important to know the ultimate strength
properties of the shear connectors in detail before their use in design.
¥

The result of the research done on the frequently used shear connectors

are shown herein,

Generally, the ultimate strength of these connectors is

investigated b{r means of the push-out test, Many experimental results are

{

TR
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.
reported. These report's term studs to be flexible shiear connectors which
permit some slip 'as- the force increases to the ultimate load, The
typical behavior of studs investigated by Th{irlim\ann (3) is shown in Fig,
(1-9). '

The Bernouilli-Euler linear strain assumption is not
satisfied when slips occur in the composite section. The AASHO
Specification (5) defines the ultimate design capacity to be the useful
capacity that correspdnds to the load producing a slip of 0. 003 inch

divided by a safety factor.

However, it-is reported t};nat slip does not affect grea:tly
the ultimaj:e load-carrying capacity. 'He;nce, ‘the plastic desigyg method
can be based on the ultimz-:\te load-carrying capacity. The simple beam
test is used to investigate the shear connectors under the conditions
that are close to their actual behavior. Symmetrical point loads
are applied, as shown in Fig. {1-10), tg the simply supported beam
having shear connectors. The shear connectors are subjected to horizontal

shearing forces produced by these loads.

. The load-carrying capacity of tﬁe shear connector investigated
is shown as follows. Assuming tl'.lat. the beam fails when subjected to the
ultimate bending moment, the compressive force C in the slab is balanced
by }:ci cr’ the summation of the ultimate loads of the shear conneét??x's

- - |_4

Where, C is obtained from the stress distribution at the
ultimate bending moment. The ultimate load capacity for a connector

is given by:

5.
q, * C/n (1-5)

[

>
Py
9
of
N
Z
»
v

e

—reY




-14 -

[

Slutter and Driscoll (2) introduced their experimental
formylae for the ultimate loads of shear connectors based on the
resultsj of many pushout and beam tests., The AISC Specification
established the design strength to be this ultimate load divided by the

safety factor of 2. 5.

Design of Shear Connectors

Sufficient shear connectors are to be located so that the
com_posite beam, made of concrete slab and steel beam, does not fail
prematurely before being subjected to the fully plastic moment. The
properties of the shear connectors have already been covered. For
convenience, the relationship between load and slip for the shear
_ cﬁnnéctors can be simplified, as shown in Fig. (1-1i}, and used in the
investigation of the behavior of the shear connectors up to the failure.

The approach of the plastic design method is tried.

In the case of proportional loading, generally, the horizontal
shear force on each connector (connector force) is not the same. With
the increase in the forces on the s.‘hea.r cox'ﬁ;t“ectors some slip occufs,
at the most highly stressed connectors, this‘transfers load to the remaining
elastic connectors which finally reach their ultimate loading capacity.

) Wheﬁ all connectors reach their ultimate strength values, the beam‘fails

by a rupture of the shear connectors.
. ‘

A,
.

The total horizontal shear force Q in all shear connectors is,

regardless of the spading of the connectors, given by
Q=3z q, =", (1-6)
Where n is the number of shear connectors within the shear

span and ,gﬁ--'}s—‘(iltimate load for one shear connector.

J If the shear connectors fail when the ultimate load capacity

;

S .
of'the composite beam is reached, the shear connectors are ideally designed.

/
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From the equilibrium of the stress distribution in the \

CYross section}t the ultimate load:
2y

C=Tn= Aé .FY (Neutral axis remains within slab)

(1-7)

Where AS is area of the cross section of the steel beam and

FY is the yield stress of the steel.

Letting Q@ = C in Eqgs. (1-6) and (1. 7), the number of required
shear connectors is given by:
’ A F

n =_._'..S_¥_L (1—8)

R

The paper of (2) reported that the composite beams do not
fail prematurely when the number of shear connectors used is greater
than that calculated by Eq. (1-8). The beams fail at a lower load when

the number of shear connectors used is less than that given by Eq. (1-8).

4 . ‘
The paper by Kurata and Shodo (4) also shows the design of-shear
connectors in the case of moving loads. ‘
1.5 Previous Applications of Programmgng Techniques to Optimum
Design Problems of Steel Frames

_ &

{8)

defines
the optimization problem as 'the optimization of a structure consists of
designing and constructin 2t structure at the lowest cost, with the

object of fulfilling a well defined purpose. In particular, the safety

From the view point of structural design, Curbon

factor of the structure must be specified... In estimating the cost, '
consideration must, of course, be given to the service life of the
structure, its maintenance, and the possibility of its adaptation to meet

any foreseeable changes in the service required. "
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.

However the term of optimum design of the frame used in this

thesis will beconfined to the problem of minimum weight design. Although ' '
e .
the weight of a structure is not necessarily the best measure of optimality

[

of civil engineering structures, it may nevertheless' be one-of the ‘cc':i;siderations
in design, and then a saving in weight can be of importance. In this

case, it is assumed that the weight of the structure determines the

cost. This problem may be stated as follows. For given member

length ofplane frame, together with a set of static loads acting upon it,

select the member sections fhat will make the weight of steel used minimum

without violating the constraints for the safety critetia,.

When the objective function considered for optimization and the
constraint inequalities or equations are linear combinations of the

variables, the problem is one of linear programming. All programming

N razTrr YN

problems that are not linear but satisfy the general definition for an

optimization problem given above are called nonlinear.

1) Application of Linear Programming Techniques to Minimum

Weight Design Problems !

During the last decade, the application of linear

h
‘
H
'
.
'
i
.
I

programming techniques to minimum weight plastic design

12, 13, 14
problems has been done by several researchers ( ).

n early study by Heyman (%) showed that the method

equalities could readily be adapted to the problem of
igning structural frames for minimum weight of steel

consurmed,

From the theorem of lower bound, the bending moment
M. apywhere at distance x from the origin of the member i
must not exceed the plastic moment caipa.city Mpi of the member.

Expressed mathematically it takes the form
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M. > M >-M (i=], ...n). (1-9)

- ‘ . 4

The moment equilibrium equation requires that Mx must
: ) {

be expres'sed in the form of the external load, st, and

a set of fhdependent redundant bending moment, M_. M

is implicit in the statement.

M, =By - sP +C_ MU _ (1-10)1

i k T r
Where B and'C are constants, and so (1-10) yields

M: > (B, . sPk+C . . M)Y>-M (1-11)
P xak k xir~ “r = :

Eliminating Mx'- by the method due to'Dines (1918), (1-11) can

be converted into a set of m inequality of the form

n
. T Cji: -.Mp".Z Biﬁ . st' . (1-12)
i=1 1
Where D is a constant andj =1, ..., ml.
e ;
(10) .
proposed that the mechanism

Symond and Neal
method which employs virtual work equations to find the
correct mechanisms of collpase. The virtual work equations
correspond to the inequalities of the equilibriufn eqnations
(1-12). Foulkes (1) later poi'nt’ed out that these inequalities
could readily be derived by c'onsidering them in terms
of mechanisms. The advantage of this method is that
thé procedures for eliminating the redundant bending moments

are not required, and the inequalities can be handled

easily and readily in a systematic way.

Since the mechanism method is based upon the upper

bound theorem, the plastic moment capacity Mp assigned

Sl g-a. T
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- é‘, A
in the design of the structure will generally be greater

than or possibly equal to the theoretically calculated value.

The following summary of the method of minimum
~ weight design proposed by Foulkes has been represented

.~

here, . \ -

Assuming that each member has constant weight per
“unit length throughout its length, the total weight of the frame

W is given by

W ; -
I _ (1-13)

[ng =)

W=

i=1

Where w. is the i-th member's weight of the section

and Li is its length.

The weight wi is the function of the fully plastic moment

capacity Mp and it will be wrirtten by
i

Wy = f (Mg’_a) (1-14)

i
On the assumption that the weight of the section used

in appropriate generalizationis directly proportional to its

plastic moment"capacity. Eq.({1-14) may be approximated by

W Mp (1-15)
i P,
Then the objective function to be mminimited is expressed as

a linear function of plastic moment capacities as follows @

B

n
FF=35 M .I...'i
w i=1 Pi '
-

If a collapse mechanism x for the frame is assumed,.
the virtual work equation for this mechanism may be )

written as

8. P'lk d}i&:MBi .e{;‘c

¢

T
/.\‘ ' ' '.‘
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Where dk;‘ are the displacements of the loads, and
8 i;z are the hinge rotations of the members relevant to the
# -
mechanism x.
In order that the structure is not to transform into a

collapse mechanism ﬁt is necessary to satisfy the safety

criteria, s> > 1, i. e,
2

.___?iii“‘____M)l

T a. 2
Pk Tx P

Letting < : 1
8 . ;

2 T P.. 4
kT kx

This inequality may be rewritten by
T ..My > 1 =1, ..., n) (1-16)
These inequalities are the same as the set {1-12), which

are derived.by the inequality method.

Under the above assumption, a problem in plastic

minimum weight design method leads to a linear programming

problem, which may be stated as follows

n

F =% Mp . L . (1-17)
W, , i. ’
1=1 1 . & '

Subject to the m constraint functions

n
T —aj'%. M- > 1£=1,.... m)
i=1 . pil_ L .
S (1-18)

and N%_Z 0 (i=1,..., n
4
1

Foulkes alpo established the necessary and sufficient

condition for minimum weight design procedure. The Simplex

method is a well known technique for the numerical solution

|
i
!
[ .
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of linear programming probIefhs. For a detailed

presentatic;n of linear prograrm;ning techniqué‘s used for

|
|
y

dptimum solution, Section 3.1 shall be referred.

2) Application of Nonlinear Programming Techniques to

Minimum Weight Design Problems

It should be pointed out that the applications of the
nonlinear progrE}mming techniques to the minimum weight
design problem in the past developements have invariably
been based on the normal aésumptioné of elastic structural
behaviors. Schmit (15) formulated the minimum weight
elastic design of a three-bar plane truss as a nonlinear

~ programming problem.

Moses (1‘6) used the cutting plane method which involves
solving a succesgion of linear programming problems to
obtain the minimum weight elastic solution 1;0 a three bar
truss problem and also to obtain.the solution to a more
practi:cal problem cons‘isting of a single-story single-bay rigid
frame,. ' .. |
: r _ :

Using the modified Rosen's Gradient Proj ection Method
of nonlinear programming techniques, Brown and Ang‘(”)

developed the computer opti mization method for obtaining

&

- minimum weight design of elastic structures.

However the application of the nonlinear programming
techniques to the minimum weight plastic design problems
has not found its way into the computer application noted

to this point.

The paper by Foulkes (1) investigated the nonlinearity

of the plastic moment capacity - unit weight relations. It
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is concluded that the errors introduced by the linear

assumption of these relations are usually small. |
The equilibrium method by Douglas ) showed that

the equilibrium equations in which distrii)ute'd loadin'ga-"

are a factor and the hinge positions are not predetermined,

should take the nonlinear form. Such effects of nonlinearity

will be investigated in Chapter 6 ina mor e,geﬁe;al manner .

The nonlinear programming problems may be solved

| by the gradient projection method, the steepest descent

‘method or other similar methods. Nonlinear programming
problems can also be transformed into linear programming ~
problems by leing a series of linear programming approximations .

or a series of nconstrained minimizations, For a detailed

presentation of nonlinear programming techniques used

— JE—— I ————

for optimum solution, Section 3.2 sh d be referred,

~a

A



CHAPTER 2

PLASTIC DESIGN OF STEEL BUILDING FRAMES

WITH COMPOSITE BEAMS

2.1 General Design Procedures

a

Plastic composite design has been applied to buildings with success

in a limited way. Most of these have been built in England. Johnson, Finlmson -

19) . . .
and Heyman ( 9),1n the design of a five 3tor§r building frame, found that

plastic composite design gave substantial reduction in cost when

" compared with the established elastic composlte design method. However, the

a.pphcanoans of the plastic design method to composite steel frames have been

relatively few in numbe®.

In this paper, plastic design Iof building frames with composite beams

is performed in the following way.

1)

2)

3)

4)

5)

6)

7

‘Determine the dimensions of the structure, working loads

Select sections based on the plastic moment capacities of

- i

.
e

g

and ultimate loads,

Qb’ta.in the minimum weight design solution for the proposed

composite steel structure,

g
members ob?a{ned in s'tep (2), \
Design the beam-columns.
Check the selected sizes for adequacy against local buckling,
lateral buckling, excessive deflection,and shear.
»*

Design the shear connectors, connections,and lateral bracing

systems.

Consider the problems of fabrication and erection.
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2.2 Ass;}lmption on Composite Beam Design

For design purposes, a composite floor is assumed to be a series

#7 T-beams, each made up of one steel beamand a part of the concrete slab. -

The width of concrete slab that is assumed effective as the
flange of the T-beam is governed bythe codes given in the AISC and the CSA
(6,7) '

Specifications for composite construction For slabs extending

c{on both sides of a beam, the effective width of the concrete .flénge must not

exceed :
1) one-fourth of the beam span

2) the flange width of the steel beamplus sixteen times the slab

thickness.

3) the distance from the center of the steel beam to the centres

of adjacent steel beams.

For slabs extending on only one side of a beam, the effective

concrete flange width shall not exceed:
1) one-twelfth of the beam span
2) six times the slat? thickness
3) one-half of the clear disté.nce to an adjacent steel beam J/

Furthermore,the ultimate strength is not significantly influenced
\ by shoring, shrinkage or creep, and so except in unusual cases, none of
these need be considered in the proportioning of composite beams for

buildings.

2.3 Loading Conditions

Normally in building design, the following types of loading are

considered; dead loads, live loads, lateral loads and deformational loads

such as creep and shrinkage.

»
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The dead 1oa.d$ in building frames will includes‘the beams,
columns, the floor or concrete slab, the walls, partitions and ceiling
‘plasters. The live loads in buillding design are normally considered as

uniformly distributed over the floor area.

At ultimate loads, all dead loads and live loads other than wind
or earthquake are carried by the composite section. Opinions differ on
the factor by which design loads should be multiplied. The load factor
for plastic desig:n of steel is the same for dead load and live load, while
in ultimate strength design of concrete structures the dead-load factor

>

is smaller than the live-load factor. A load factor of 1.70 minimum for
plastic design of steel is prescribed in the CSA Codes. in which h

furthermore-the reduction in the load factor is permilted for the loading‘
combination of dead load plus live load plus wind load or earthquake load.
However, in this study, it is assumed that the overall load factor of 1.70

for all the prescribed design or working loads, though the larger load

factor appears better for the design of composite beams.

The selection of members will be based on the minimum weight
design solution. In this study, two types of the loading combinations of
dead load plus live load and also wind load, were considered into,
simultaneously, through the application of the minimum weight design

method to the example frames.

It is assumed that these loads are static and that they remain
proportional during the entire loading history. Although this assumption
is not fulfilted in many cases, study has shown that the usual load
fluctuations existi‘n;g‘ in~buildings will not cause a significant reduction
of the ultimate load computed by assuming proportional loading. Plastic
design should not be used if load fluctuations are severe enough and

repeated often enough to cause fatigue failure.

AASTF T TV

¢
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2.4 Application of Plastic Collapse Theory to Steel Frames with

Composite Beams

Composite beams are composed of two different materials ; steel
possessing ductility and concrete lacking in du::tility. Thus the limited
ductility of concrete slab makes it difficult to apply the conventional plastic
collapse theory to structural design of composite steel frames. On the
other hand, ’the plastic compatibility condition ensures that sections do
not fail due to crushing of the concrete slab prior to developing a
plastic collapse mechanism. This requires that for any loé.ding level up
to collapse the plastic rotation 8, at the section i should not be larger

than the rotation capacity ep
1

5, < B _. (2-1)

Pl

This condition can be incorporated in the optimization problem

1

as an additional constraint. Alternatively the following approach is taken

here.

The previous study (20) on the moment capacities of th.e composite
beam section of a rigid frame at working loads indicates that the firét
plastic hinges in the composite beams are likely to form at the ends
or at the negative moment regions and finally the plastic hinge form at
the positive moment regions or near the mid-spans \;fhep ultimate loads
are reached. Such a tendency is similar to the plastilc behavior of the fixed-
ended beamin which the first hinge will form at the ends and the hinge at
the center will be the last to form; therefore rotation capacity is required
at the enzis and none is required at the center. Thus, though in a limited

way, the.plastic collapse theory may be applicable to the composite steel

frames under the following conditions.

The plastic moment capacity at the negative moment regions shall
be reduced to the plastic momeént capacity of the steel section alone in
order to allow large rotational deformations, and it gives conservative

results; However, the plastic moment capacity at the positive moment region

- R ) -
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_is assumed to be equal to the ultimate moment capacity of the composite

beam (see Sec. 4.2), since the positive hinge likely to form last requires.

a very small rotation capacity. Fyrthermore, in order to give a sufficient

amount of rotation capacity at the positive hinges against the critical condition

and also make the foregoing assumptions more realistic, the following

points shall be considered.

1}

2.5 Linear Optimization Procedures

1) Outlines of Optimization Procedures

A use of larger concrete section having a high compres sive

strength gives a greater rotation capacity. (See Sec. 1. 4)

Lirmit the maximum value of the ratio of the steel beam
section to the effective concrete slab section not to cause
the failure of composite sections due to crushing of the

concrete slab before the ultimate load is reached. (See Sec. 1. 4)

craacrrryr/

Test the plastic compatibility condition given by Eq. (2-1)

after the optimization procedure. —

In this section, we will examine how to develope an efficient R

computer program which erﬁploys linear programming techniques

as a tool for optimization of steel frames with composite beams.

[ '
The formulation of minimum weight design problem consists
of the following steps: L
a) Generate all feasible constraints from the elementary

b)

mechanisms for the steel frames alone in which the effects

of composite action are neglected.

Apply linear programming techniques to obtain the minimum

weight design solution for the steel frames alone.
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c)’ For each composite beam section at which a positive
plastic hinge is likely to form, assume the ratio of the

ultimate moment capacity of composite section, M ., to the
u

i
1
1
]
1

plastic moment capacity of the corresponding steel section.,
Mp’ where both Mu and Mpare unknowns, by substituting
the value of the plastic moment capacity of the corresponding
steel bearn alone obtained pr_eviously, into Mu/Mp function
which are approximated in terms of Mp under the given

properties of structural members. (See Sec. 4.2).

d) Modify the elementary mechanisms to assume the variable
Mu. approximately equal to the variable M-p multiplied by

the Mu/Mp ratio which are previously calculated in step (c).

e} Generate all feasible linear constraints from the newly

generated elementary mechanisms in step (d) where the %
effects of composite action between steel beams and concrete ;
slab are taken into account. ' :EU
f) Seek the linear programming solution for new constraints. %
‘ >
g} Check the convergence of the solution for the composite g
sections. If all the solutions are satisfactory, then the correct
minimum weigilt design solution is reached. If not, go back
to step (é) and repeat the same procedures until the correct
minimum weight design solution is found. (See Sectic;n 4-2).
These sflep‘s are briefly depicted in Fig. {2-1), and the
corresponding optimization procedures will be carried out by .
using computer programs which are composed of a main program and
a subroutine. The function of the main program is to generate the
equilibrium equations of the feasible modes, to set the linear
we1ght function in terms of variables M_ ; to control the whole .

i
procedurea until the convergence in the solution reached, and also

p\

\ -

r d
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’ to read in-the input data and print out the minimum weight solution.
The function of the subroutine program is to ca.rry'.outl the
optimization procedure wging the Simplex method in the linear

programming. (See Sec. 3.1).

¢ The input to the computer program consists of a description

of the elementary failure mechan‘isms. These characterize

the structure for a particular loading, and suitably combined they
result in the feasible collapse mechanisms at the ﬁltimate load.

The coefficients of the objective function, which is to be minimized,

are also required as input. /
The programs were written in FORTRAN with desired

flexibility. Whole procedures can be done in the computer cores

without using any disc or tape units. The program is constructed

to be usegd by other computer with minimum alternation.
. % . ’

2

A description of input data , a general flow chart for the ::cb

main program and computer results for the example problems c

: . C

are presented in Appendix 4. %

‘ T

S

2) Generation of Equilibrium Equations of Feasible Collapse 2
- Mechanisms

In the computer program, the equilibrium equations of the collapse
) O
mechanisms are expressed in matrix form. This matrix is termed \

here a hinggrotation matrix, THE TA., which is related to column

vector of ext;rnal work, Wext' This will be written by .

NOMP NTHL
’ _ 1): s THETA (j, k, i) - Mp (i) > Wey¢ ()
i= k=1 P (j =1,2..., NELM)
.. (2-2)
where: NOMP = The number of plastic moments. o
i NTHL = The number of hinge locations.
" NELM = The number of elementary mechanisms.
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The outlines of computer procedure for generating the
feasible mechanisms are shown in Fig. (2-2), which will be

explained as follows.

—_—

Generate all fexsible combinations of each elementary
mechanisms with a skt of combined mechanisms. Such work
will be done by, checking hingerotation matrix, and accompanied
by series of eliminatian procedure so as to result in only the feasible
combined mechanigms. After this cycle, a set of the combined
mechanism No. (i + 1) results in. Repeat the similar procedures
until no combined mechanisms can be generated. The constraihts
to be used for linear programming solution are stored in the
matrix form which may be termed in this paper as constraint
matrix W, given by

NOMP
T w {j,1). Mp‘ﬁ (i) > W- (j)

i=1 int ext
G=1, 2,..., NTMC)
............... (2-3)
where NTMC is the number of all feasible mechanisms.

2.6 Secondary Design Consideration

With the information from the minimum weight solution for the
proposed struct;re, the selectfon of member sizes and details can begin ,
However in addition to furnishing the required plastic modulus, each
member must meet certain additional requirements which assure its
capacity to maintain the plastic moment through large enough rotations to
permit all the hinges in the failure me(;.hanism to form, These secondary

checks are shown by:
1} Adjustment of member size for axial force.

2) Design of the shear connectors, connections and lateral
v
w bracing system.,

WAWYNYDY ‘0!
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Local buckling
Shear force
Frame stability

Rotation capacity and deflection

3
<
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CHAPTER 3 .
MATHEMATICAL PROGRAMMING TECHNIQUES

3.1 Linear Programming Techniques

1) Formulation of Linear Programming Problem
When the optimization problems of structural design are
approximated by the linear objective function and the linear

constraints, linear programming techniques are used,

In recent years, the availability of computers and computer
programs has made the linear programming method applicable
to the problems in which large numbers of variables are
involved,

A summary of the linear programming problem and some techniques
(21, 22) will be presented before its application to the optimization

of the structure is discussed. (See Chapters 4 and 5}.
The general problem in linear programming is as follows:

To minimize the linear objective function
n
F=%¥ C x. {3-1)
. iTi .
i=1

where SR x_are the variables of the problem, which are

defined by the nature of the problem.

Subject to the m's constraint functions

x, > 0 (i=1, , n)
n .

and T a.x,> b, {j=1 ..., m) (3-2)
j= 31 T ) -

WAWAIYTY OINE TR

oo
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One of tl'},é special features of all linear programming problems

*

ig the discrepancy between the number of constraints and the

number of variables.

As the size of a linear programming problem that can be
solved on a electronic computer is usually limited by the
number of rows m involved, a problem that is too large when
stated in terms of the primai may be of the right dimensions

when written as the corresponding dual-problem.

From the fundamental theorem of duality,

Primal Dual
minimize maximize
. n m
Fix, ..., x)=2 C.x G(U, ..., U )=% U..
1 n‘ i=1 i1 1 m i<l .J j 3
: g
subject to subject to =
X
x>z 0G=1 ....n Ujz0G=l .., m %
n m ¢
T a. . x >B (j=1, , m) .EalUSCih:l‘ , n) N
- . L
oy 1 et M :
. 3
.......... {3-3)

In the context of Eqs. (3-1) through (3-3), the minimum weight

design problem is as follows:

“

The variables considered herein are ass.urned to be the fully

plastic moment capacities of the structural members. 1f the
®
weight of the sections are proportional to their fully plastic moment

capacities, the obj ective weight function can be represented by

n

F = 2 M L. (3-4)
' w 1=1. i 1

Bl e
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Where M
is its length, !
Introducmg the column vector(C Jwhose coefficients are the

lengtha of the members, Lv the obJectlve function can be stated

as follows.

(C (M i) -F_=0 (3-4)

The constraint inequalities are derived from the theory

of plastic collapse with virtual work approach as set forth in

Section 2.4

~a

The tomplete system of linear inequality constraints may

be written in matrix form,

J Py J
) {3-5)
[I..J (M: ) > (o)
ii Py

where; [Aj,-] is a matrix of coefficients of M -{ terms. {m x n)
p

(bj) is a column vector composed of the external work
terms of the equilibrium equations, (mx 1)
[Iﬁ] is an identity matrix, whose diagonal elements are

one with all other elements zero, {n x n)

Snnplex Method and Computatmnal Asgpects of Linear Programming

Prdbleqﬁs
The solution for the specific problem.in which there an‘z two
variables, can Be readily solved by using the graphical method.
When the number of constraints and variables are large, this

method become useless. In such cases, the Simplex method is

used,

- is the plas_tic moment of the i-th member, and L,

R/l Vil

ty
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Taking the direct expression as a minimization problem,

the objective function by Eq. (3-4)’ and the constraints by

Eq. (3-5) can be arranged in the Simplex Tal;leau:

1

(m + n)

(m+n+1)

where i =1, 2

1 n (n + 1) -
A -b.
12 J
(m x n)[{m x 1)
I.. -0 -» minimize F
ii w
(nxn) [nx 1)
C. 0
i
{1 xn) [lx1)
' Primal Initial Tableau
y -..,mnandj=1,2, ..., m withm> n

L
(3-6)

In the minimum weight design problea the number of

constraints usually far exceeds the number of variables. Using

the theorem of duality shown in (3. 3), the minimization problem

will be converted into the maximization problem in order to

obtain better solution by computer. Hence the Simplex Tableau

in (3. 6) wil?dé rearranged as follows:

1 m (m+ n) (m + n +l)
B I.. C.
1j 11 1
(n x m)((n x n)/(n x 1) - maximize G
n ' w

- b 0 o
n .
C 7 ok Jaxn) [0xD)

-

“Byal Initial Tableau

(3-7)

Once initial computational tableau has been constructed, the

Simplex procedure calls for the successive application of:

a) The testing of the elements of the last vector to determine

whether a maximum solution has been found, i.e., whether‘

‘srastr

‘AN raiA

WAWAI




- 35 .

- he

all elements of last row vector are less than zero, or

at best, equal to zero,

b) The selection of the column k to be introduced into the
basis if some elements of last row vector are positive,

1.e., selection of the column k with mEL,ximurn element of

last Tow vector. \-«

c) Test every entry in the pivot column k to see if it is
positive or not, If 31‘1 the entries in the pivotal column
are zero or negative numbers, i.e., 3, = 0, then the
solution is unbounded. If not, find the pivotal element,
i, e..tmin (Ci/.aik)'

d) The transformation of the tableau by the complete elimination

procedure to obtain the new solution and associated elements.

Each such iteration produces a new basic feasible
solution . Ewventually a minimum solution will be obtained or

a bounded solution determined.

-

An application of the Simplex procedure to the dual initial
tableau in (3-7) yields the transformed values of tableau in

. (3-8).

1' 1 ‘m .(m+n)(m+n+l)
n o0 (3-8)
F max G
(n+1) Mg, |4 w

From\phe previous discussion in this section, the maximization
of G_ corresponds fo the minimization of the F_. Thus the optimum

solution is reached,
min ¥ =max G (3-9)

Of the several computational method available, Dantzig's

(23)

Simplex method As used.

2

[T
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3.2 Nonlinear Programming Techniques

Formulation of Nonlinear Prograrﬁming Problem

When the problem of optimum design can be formulated

as nonlinear combinations of variables, nonlinear programming

techniques can be used, and the related computational algorithm ,
provide feasible numer'}éal techniques for the détermination of

an optimum design,

A general problem in nonlinear programming may be

defined as follows:
'fo maximize the objective function:
FX)=F(x, x,,..., x ) (3-10)

Where HKip Koy ues x are the variables of the pr.t)blem,

which are defined by the nature of the problem,

Subject to m constraint functions,

» X ) >0

a X) = a (x , X, ...
'J( ) i1 2 n

; : _ (3-11)
where j=1,..., m, withm > n
The problem of maximizing F under these conditions is

the same as the problem of minimizing\-F under the same

conditions. In the above formulae, the function F (X) and ,

a. (X) are assumed to be continuous functions of the variables X.
i o -

The optim

design problem of structureﬁ may be stated as
follows: THe objecgtive function F is consi red as the weight of
a structure) but As a.brogrammihg problerr}._ must be expressed
}{\ a negative value, and the variables are as%umed to be the fully

Plastic moment capacities of the structural rembers.

v

¢
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’Gradlent Projection Method and Computational Aspects of

PrOgramrmng Problem

Several methods have been proposed for the solution of

_ nonlinear programrning proble{ns. Among the available methods

-
the gradient technique seems to have the greatest flexibility.

In particular the " gradient projection method" of Rosen has
been found to be well suited to the requirements of strut_:turlal

optimization,

The following summary of the gradient projection ‘method
of nonlinear programuming has been condensed from the papers

2 . ) R
of Rose (24 5) ‘ .

. . 13
An Euclidian n-dimensional vector space En is considered.
A point in E_is represented by the vector.
. n .

{ .
X = (xy, Xo0on., x ) > Mg 12)
th n

A region D within En ig defined by a set of m constraints
in the form “ ‘
a (X)>0(=12, ..., m) (3-13)
j %2 (i . \
Corresponding to each function aj (X) is a hypeﬁ\gf&ce
Gj (X) defined by" '

g.(X)=fo|a. (X)=0,j=1,2,..., m] (3-14)

4

If a point lies in all of the hypersurface G s )=l .., q,
"it is said to lie i_r{the intersection G of the q- hypersurfaces

The feasible region D and its boundary B are defined as follows;

D= [X] ajﬂ(X)_;» 0,j=1,2,..., m) T (3-15)

B

il
n

[X|XinD, hT (X) = 0 for at least one j]  (3-16)

3
¥
<
£«
>
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Every point in D is called a feasible point, An interior-

point X is one for which a (X) » 0, for allj. The point X is

J
. said to lie in a § -neighborhood of the intersection G if

Zq

2 2
=1 aj . (X} <6 . The region D can be enclosed in a region

D! determined by an upper and lower bound on each variable, -

D'=[X|-b<x<b, ,i=12, ...,n]  (3-17)

The maximum length L of the region D' is defined by
n
LP= 5 (b +5)2
2] i

(3-18)

At each point X in D' the gradient of each function a, (X) is
J

a vector
g da. (X) 52, (X)
u. (X)) = Ta. (X) = [—3— -J——l (3-19)
J j 0%, X

Let XO be a joint which lies in‘a §-neighborhood of the
intersection G of q-hypersurface (G, j=1, ..., q) where
l<q< m. Itisassumed that W, ()éo) # 0 for ail“-j and that
the gq-vectors ‘uj (Xo) are linearljy indep‘e‘ndent, The vector
‘tuj (XO) points into D if X is in B and toward D if X is outside
of D. The vector hj (Xo) is orthogonal to the hypersurface
Gj at Xo' A hyperplane containing Xo' which is orthogonal to
‘uj (XO) is given by |

HO(X) = XX - XDT\) U X) = 0] (3-20)

H (X ) is the supporting hyperplane to Gj at X . ‘Suppose
J

that a point XO lies in the intersection G of q-hypersurfaces,

Corresponding to each hypersin'face is a supporting hyperplane

H. (XO) at Xo. .These g-supporting hyperplanes form a linear
)

intersection Q (Xo) which contains Xo.

S
=
X
<
:
T
3
L
C
£
-
X
N
3
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To compute the vectors uj (XO) requires rei:ea.ted calculation
of the first partial derivatives of the constraint functions.
This computation can be done conveniently by a forward difference
techniquie. The objective function F is defined for every X in D,

The gradient of the objective function is given by

x) = (RELZD D F (X)) (3-21)
g |_zgx1 e d%_ h

\

The nonlinear prograrmming problem is then to
maximize F (X) for X in D, {3-22)

A matrix Uq (X) is defined by the normals 'uj {X) to

"HJ_ (X), wherej=1, ..., q< m,
Uq(X)'—'[ﬁl(X)...., uq (X) ], (X in D) (3-23)
!
The g-by-q symmetrical matrix UqT (X} Uq (X} is nonsingular
for all X in B. Let ‘
T -1 *
V (X)=[U  (X)U (X)] ' (3-24) ¢
q q q :
A symmietric n-by-n projection matrix Pq (X) is defined i
for each X in B by
T
P (X)=1-0U (X} V (X3U (X) (3-25)
q q q( } q

In the course of a typical gradient projection calculation it is
necessary to obtain the projection of the gradient vector q on
an intersection Q . For the purposes of this study Vq (X)

is determined by direct inversion.

The stepwise optimization procedure can be described
e

as follows. It is assumed that a feasible starting point is known.

If the starting point is an interigr point of D the constant gradient g N r
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is follow:ed until a boundary point on B is reached. At a boundary
point the supporting hyperplanés to the constraint hypersurfaces
in which the point lies are determined. The gradient is projected
on the intersection of these supporting hyperplanes. A step

is taken in the direction of the projected gradient to a new point
with an increased value of F. " Since the constraints are
nonlinear, the new point will generally not be a féasible point,

It is then necessary to correct back to the feasible region in such
a way that F remains greater than its value prior to taking the
step. This correction procedure mmakes use of the inverse matrix
V and is intended to determine a corresponding peoint on G.

Q?xe measure of the distance of a point X from G is given by

the length of the error vector,

|Wq(X)|=|[al(X),...,aq(X)]| (3-26)

2
Consider 2 point X and the corresponding matrices i
v =
U (X}, V (X )and P (X ) as given by Eqs. (3-23), (3-24) =
q ( v q v q v - g Y --Q:f
and (3-25), (Q
A g-dimensional vector with 'c:omponents Yj (Xv) is defined by g
T
T i
= = U X
REJ =Dy Khen v (XD =V XU (X)) q %
..... (3-27) o
f
o
Let L
b
X Y=y, (X )2 [V (3-28) :
FBJ v YJ ..—V/ 3 .
where v _ are the diagonal elements of Vq (Xv) . Let :
J) !
I:
= max [ B. (X)) - (3-29)
b = max LA (X))
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The unit vectotr Z (Xv) is defined by
b |

Z (X,) =P (X)g/|P (X)g]| - v (3-3) >

The necessary and sufficient copditions that Xv yield a local
optimum are Pq (Xv) g = 0 and Yj (Xv) < 0, where j-= 1, 2,..., a.
This means that the gradient must be orthogonal to the intersection
G, and the compohent of the grad\e\nt in the direction of the normal
to any one of the active constraint ilypersurfa.ces G. must point
away from the feasible region. This is illustratedjfor the two-
dimensional case in Fig, (3-1) In both Fig. {3-1la) and Fig. {3-1b)
G is a vertex of R and $hus P g 0. In Fig. (3 la) Xv is a
local optlmurn because it is not possible to. move along either of
the ‘curve, a

1
is improved. But in Fig. (3-1b) it is possible to move along the

= 0 or a, = 0 ,such that the objective function F
/s

curve a, = 0 and thus Aimprove F.

)

Hence, whenever |Pq g | » 0, itis possible to take a small
step of length t in the direction of the projected gradient such
that the objective function is improved. This is accomplished by

computing the sequence of points.

x OV () = X_+tZ(X) (3-32)
0D o x g iu xo v o w xY e :
q v g v Tq
where j = 0, 1, 2 . (3-33)

Eq. (3-32) represents movement along the linear intersection
Q (XV), and Eq. (3-33) represents iteration to correct back to
feasible region. (See Fig: (3-2)), In taking the step represented by
Eq. (3-32), the constant step length t =14 /100 in which L is given
by Eq. (3-18), was used for the examples presented herein. This

value of t was selected after other values led to greater computation

)

LASTLIATLSTY
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times for a typical problem. No atte.mpt has been made to

. derive an optimum value for t. U.sing this constant value for t,
it is possible to overshoot the optimum point Xmax; this is
illustrated in Fig. {3-3). Whenever this occurs, as indicated -
by a decrease in the objective function after applying Eqs. (3-32)
and (3-33), a local optimum can be located by interpolating

along the intersection G.

-~

" Whenever | Pq g | = Obutyj + 0 for some j, j =1, 2, ..., q,
i.e,, for p = ﬁ{, > | Pq g‘l , the objective function can be
improved by dropping the constraint for which Y >0 and moving
along the intersection of the remaining constraints. (see Fig.
{3-4)). Thisg is accofnplished by using Eqs. (3-32) and (3-33)
with P U Vv and W q-1 repeating the corresponding

q-1'" g-1" g-1

quantities in Eq. (3-33). The values Pq-l' Uq-—l' Vq_1 and

W ) aTe obtained by omitting u. and ac from Uq and Wq, respectively.
L

It has been shown that a local optimum is also the global
optimum if the feasiblgl/region D is convex. However, the
feasible region for a structural optimization problerﬁ is not
necessarily convex;for convex D, the gradient projection method

may converge to a local optimum which is not global, This
LY

difficulty can be overcome, at least intuitively, by starting the

algorithm at substantially different points and comparing the

resulting solutions. Yy

, A tolerance § is provided whi¢ch measures thle n‘eguness of

each constrained point XV to the cof*x_;esponding intersection G,

. . w_
and a tolerance ¢ is provided which measures the nearness of the

indicated solution to the true optimum. It can be seen that § and

¢ are not independent. The further a constrained optimum point

£

52‘
T
X
<
=
X

=]
Ry
£
X
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?

is from the active constraints, the larger must be the error

in the indic\ated optimum value of the objective function.

A point Xv is said to be on the intersection G if |W (X ) |
. q v
< & , where Wq_ (Xv) is defined by Eq. (3-26). The tolerance § \,
is limited by the accuracy to which the constraint functions can

be computed,

Finally, it is assumed that the feasible region D containg ~
points X for which x. >0, whereinl, 2, ..%, n. In the course
of the calculations one or more varjables may approach zero,
This can be prevented, if. necessary, by defining n constraints

in the form of lower founds on each variable.

On the basis of the foregoing adaptation of the basic
formulation of the gradient projection method of nonlinear programming,
the following algorithm is presented. It is assumed that tolerances
¢ »0and § > 0 have been specified, and that an initial feasible

point is known or can be determined. %

1=Xo+tg, where t

is chosen so that Xl is in B. This is a one-dimensional

intefpolation to determine t such that aj (Xo +tgl)>0,

a) If X is an interior point of D, let X
o

vj=1 2, ..., m, where the equality holds for at least one j.

(See Fig. (3-5)).

b} Consider a point XV which lies in a § -neighborhood of
the intersection G of q constraints, 1< q< m. For convenience -
let these be Gj' j=1,2,..., q, so that [Wq (XV)| <5,
where W (Xv) is given by Eq. (3-26). Compute Vq (Xv) =
q ‘_ T
T 1
=V (X)) U X)eg, P X )g
(Vg (X)) Uq (X)) 7, R(X) q( S Uq K e F Ry
g-U (X)R(X )}, andp=p (X ) as given by Ec&(?ﬁ-BO). If
q v v v ,
= " X)< F
B< e/2n L, thenXmax. Xv, or if F { v)_ {

v-l)l /‘

then X lies along G between X and Xv

max -1

WIUNYY ‘OINY TNO WY



c)

d)

If > ¢/2 nL and qu g |2 [3{’ , compute Z (Xv) by Eq. (3-31).
(See Fig. (3-2)). A.sequence of n points is computed by

I 4
Eq. (3-32) and (3-33) with t =L/100, and n is the smallest
integer such that IWq[ X(n) {t)] li &§. I aj [X(n) (t)] > 0,
{n) T
= 1, ..., s 1 , = . -
q +1, m, let Xv 41 X (t) (The point X_v +1
lies in a § -neighborhood of G. If a [ X ) (t}]1< 0 for at

least one j, j =g+ 1, ..., m, 1nterpola.te for the value of
t' < L/100 such thaé"a. [X(n) {t1]> 0, j=q+1,..., m, with

the equality holding for at least one i (See Fig. (3-6)).

<« o
1° (t'). The point Xv +1 lies in a

6 -neighborhood of a new intersection consisting of G and

Let X
" v +

at least one additional constraint,

Iifp>e/2 n L and | Pq gl < ‘;3{‘ drop u, from Uq and obtain .

-1
V = U =
Uq _ lgnd 1 [ q-1 Uq-l] Compute R Vq 1
» P = P Z =
Uq _1 8 q-1 g=-¢g - Uq—-l R, and Pq-l g/\Pq_1 gl
A sequence of n points is then computed by Eqs. (3-32)
and {3-33) with U \' and W replacing to”corresp_onding

g-1' 'q-1 " g-l
quantities Uq’ etc. The value t =L/180 is used, and n is the

smallest integer such that | Wq ) [x(n) (t)] ]< 5. (See Fig. (3-4)).

(n) o
faJ[x (t)]z O,J-q+1,...|mlletxv+1 X (t).

lies in a § -neighborhood of the intersection

(n)

The point X
v+l
oftheq-lconstraints(}j.j=1, e 9, JF4. 1fa,

J
[X (n} (t) ] <0, for at least one j, j =q-1, 2, ..., m,

(n)

interpolate for t' such that aj (X (th]= 0, j=9q+1, ..., m,

with the equality holding for at least one j. Let X

X(n) v+l

(t"). The point X vl lies.in a § -neighborhood of thg
intersection of the q - 1 constraints Gj' i=l, ..., Aq, iF#FL,

and at least one other constraint.
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As expected, the determination of the solution to a nonlinear

programming problem by the gradient projection method is much

more complicated than that of a similar linear programming problem.

(26)

The cutting plane method of nonlinear programming has been

proposed as a simpler method of solution., In this latter method
TN '

a series of linear programming problems are'solved to determine

" the solution to the original nonlinear pfoblem.

A number of advantages of the .gradient projection method over
the cutting plane method can be noted. With gradient projection,
there is no increase in the number of constraints as the solution
proc.eeds, and it is necessary to linearize only those constraints
which are active at a particular stage of calculation. In addition,
if the optlrnum golution does not occur at a-vertex of the feaafble
region, the cutting pqa.ne method is even less satisfactory. The
capabilities of the basic projected gradient approach for problems

of structural optimization appear to be extensive.

‘tra

dmrrserralm

A T ALY



- 46 - 2

L)

CHAPTER 4
INVESTIGATION OF EFFECTS OF COMPOSITE ACTION
IN BUILDING FRAME AT ULTIMATE LOAD BASED
ON RESULTS OF OPTIMUM DESIGN SOLUTION

4,1 General Remarks

Generally the type of construction controls the economy of a
structure and the method of analysis, FXor structural steel frames two

framing schemes are available.

The first type is usually referred to as simple framing. With
this type of framing, the end moments are eliminated but it also results
in the use of the largest possible beam or girder. However, elimination

of the end moments makes possible the use of the simplest connections.

There is also no problem as far as analysis is concerned, as only the

simple beam moment is required,

The other type is rigid framing. The effect of rigid frame
construction is to reduce the size of the steel beams or girders, but the ?,J
. N
cost of fabricating connections capable of fully rigid action offset the

savings in girder material.

For both simple and rigid framing, a more economical design
might be obtained by using composite action in the positive moment regions
of the beams by providing shear connectors between concrete and the
steel sectidqs. In the follov.:ring sections, we investigate the composite

action for rigﬁd framing.
W

4.2 Empirical Relationship between Ultimate Moment Capacity of Rolled

!

Wide Flanges and That of Corresponding Composite Beams

- ’t "
As noted in Sec. 2.4, the ultimate moment capacity of a composite

beam in the positive moment region, Mu,‘ shall be calculated as a function



of the structural properties of the corresponding steel wide flange section
and concrete sla:b_ In order to make the conventional rminimum weight
plastic design method applicable to the design of composite steel frames,
the ultimate moment capacity of a composite beam in the positive moment
region, Mu’ shall be approximated as .ﬁ function of the plastic moment
capacity of a rolled wide flange, Mp' assuming that all other factors
related to the ultimate moment capacity of the composite beam, i, e, ,

the thickness and effective width of concrete slab and strengths of materials

are known, It will be written by
Mu = f (Mp) (4-1)

Since the linear programming techniques are used as an optimum
tool, it seems to be convenient to assume that the ultimate moment capacity
of a composite beam section, Mu' is directly proportional to a plastic

.. moment capacity of the wide flange, Mp' as given by
T Mo M T (4-2)
u 1%
Eq. (4-2) may be rewritten by
M /M =gq (4-3)
o p
where ¢ is a constant,

However, the actual values of Mu/.Mp will not be the sarpe.for
all available sections si.nc'e Mu depends on the structural properties of
the steel members and concrete slab used. Such changes in the values of
Mu/Mp were investigated,and s‘imulta.meously the value of Mu/Mp i’
approximated as a function of the plastic moment capacity of given rolled
wide flanges, Mp' by using the least square method. The results are as
shown in Tables (4-2) through (4-4). The rolled wide flanges used for

these calculations are identical to the so-called economy sections which provide

a given capacity of plastic moment for the least weight as a steel beam alone,.

o
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These sections are tabulated m the handbook of CSA Specification. Table
(4-1) lists these sections together with the plastic moment capacities for
A36 steel. The thickness of the concrete slab is varied from 3 inches to 6 inches
in increments of k—;_in. The author assumed the constant yield stren:gth

of steel (FY = 36 Kgi), \;rhile various compressive strengths of concrete
(fc: = 3, 3.5 and 4 Ksi) are assumed, The effective width of the concrete
slab is assumed as the ﬂai_nge width of the steel beam plus sixteen times
the slab thickness, {(See Se:.c. 2.2). The ultimate moment capacity of a
composite beam Bectioh, Mu' is calculated by Eq, (1-2} and (1-8) which are

based solely on the statical equilibrium of internal forces.

These works have been done by using the computer program
developed for investigating this problem in a more general manner. It
is possible to generate automaﬂtically the appropriate valufe of Mu/M
as a function of Mp for the arbitrary sections of wide flanges under the
conditions o-f‘ the given thickness of concrete slab, t, yield strength of
steel, Fy' and compressive strength of concrete, fc'. The eifective
width of the concrete flange is defined according to the assumption in

Section 2, 2.

From the results shown in Tables (4-2) through (4-4), it is
found that th ra..tio of the ultimate moment capacity of a composite 'bea‘\m to
the plastic nitn:qent capacity of the corresponding wide flange steel section,
M /M , is likely to lie between 3.0 and 1, 0. Also the actual discontinuous
relat1qnsh1p between M /M and Mpo-has been approximated with the
various functions. Among these functions, the following functions present
good results for the actual disérete relationship.

a+bM'+cM2+dM3
€ P P P (M % 0) (4-4)

Type A; M, /M_

n

| 2, . ....3
Type B; M_/M +b(logM ) +c (logM ) +d(log M) (M_#0)
ype WM, =2t llog M) ¢ (log M) (log M )" (M #

(4-5) -
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Whex"e the 'va.l‘ue_s of Foefficients a, b, ¢, and d corresponding to \
type A"a,nd type B functions"a:;:'e listed in Tables (4-2) through:(4-4). Such
approxi}hations represent the continuous v, ;iation ofrthe ul£imate moment
capacity of composite beams with plastic moment capacity of steel wide

flanges.

Thus Eq. {(4-4) and {4-5), ‘dompared to Eq. (4-3) will give better
results for the approximation of M;/Mp values, since the latter is

expressed as a function of the variable M .
P

However, it is necessary to use the successive linear programming
‘/{echniques for obtaining minimum weight design solution since the effects |
of composite action in the beams at the positive moment regtons are
approximated by the nonlinear functions as in Eqs. (4-4), and (4-~5). In
the-following parts of this section, it is discussed how to apply these nonlinear

functions, to the minimum weight design problem ‘which employs the linear

programming techniques. For the detailed presentation of the linear

optimization procedures, refer to Sec. 2.5.

First it is necessary to assume the initial value of plastic moment

capacity, Mél), for each composite beam to calculate Mu/Mp ratio,

YIYNYD. QMY

since the optimization problem is confined to the.application of linear

(1)

programming techniques. Such initial values of M_ 'at composite section

which have to be optimized may be estimated from the inspection of the

proposed structures, or assumed by the plastic moment capacities of steel
beams in which the compqsite action in the beams is neglected, though the ’
latter ones may be overestimation. It may be started with the average . ,
value of Mu/Mp for the available sectioh; as given in Eq. (4-3). Such o i
average values of Mu/Mp calculated for various cases are shown in Tables ‘

(4-2) through (4. 4),

, - B
In this study, the non-composite structure¥ were also optimized &
. |

‘ |

|

in order to make comparison with the composite structures under the same

IS
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structural configurations and loading conditions. Hence, for each
_composite beam section, at which a positive plastic hinge is likely to

form, the initial value of M /M ratio will be approximated by substttuting . =
‘the value (of) the, plastic moment capacity of the correspomﬁs% steel be\am - |

alone, Mp , which obtained as a linear programming solutlonbof the

non-composite frame, into either Eq. (4-4) or Eq. (4-5).

Now the eler'nenta.ry mechanisms will be modified at each composite
sSction in which the variable M is assumed as equal to the variable M
~multiplied by the M /M ratio which were calculated previously.
Then the new feasible constra.mts will be generated from these elementary
collapse mechanisms where the effects of composite action between steel

beams and concrete slab are taken into account.

This yields to a new linear programming solution. Then the
convergence of the solution must be checked. This will be done by

checking relative errors of the newly obtained ultimate moment capacity

()

of the composite beam, Mu , to the previously obtained ultimate moment "
(4]

(o)

capacity of the same composite beam, Mu at each composite section

considered. It may be written by

<
S
=
X
<
r
>
:
&

Relative Error = (Mu )/ M (i=1, ..., NOCP)

........ - (4-6)

Where NOCP is the number of composite beam sections at which

v

positive plastic hinges -are assumed,

If all the relative errors calculated by Eq, (4-6) are satisfactorily
small, i.e,, within 5%, the,correct minimum weight design solution is
reach-ed.‘ 1f not, calculate the.rtew ratio O‘f Mp/Mu for all the composite
gections at which positive plastic hinges are agsumed, as done previously,
and repeat the same procedure until the correct minimum weight design

solution is found, . : o
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For all the example problems e';tudied in this paper, the cycles

of linear programming applications required for obtaining the minimum
- [

weight design solution through the foregoipg’f)rocedures, fall within five

times while less than 5% of relative error was secured,

4.3 Effects of Composite Action in a Typical Two-5tory Two-Bay Rigid

Frame

The fx}w@}”ﬁosen for the theoretical investigation on the effects
of composite action in a rigid frame at ultimate loads, is a two-story

two-bay frame with fixed foundations shown in Fig, (4-1).

The object is to compare a composite plastic design to a

v oas

WMy

non-composite plastic design by varying the span length L, loading
‘condi,tione_;, the thickness of the concrete slab #hd the compressive strenpth

of concrete. The results are based on the minimum weight design solutions,

For convenience, it is assumed that the two side-columns

M E TR

are identical. The fully plastic moment capacity of roof-beam, floor-beam
side-columns and center-column are denoted byM M | M and Mp .

P
respectively. The span length L is varied from 20 ft to %0 ft i?ﬁ. incremgnts

.
e

of 10 ft, and the column height is képt constant at .12 ft. The loading L )
conditions are varied by having the live load to dead load ratio .(LL/DL)

equal to approximate 1, 2 and 3., The thickness 'Sf the concrete slab is varied
from 3 i'nc.h to 6 inch in in'crement of 1 inch., The constant yield strength of .
steel (F = 36 Ksi) is as;sumed in all cases, while various compressive
strength‘,; of concrete (f~c' = 3, “3. 5 and 4 Ksi) are assumed. The effective

width of the concrete slab is assumed ag the flapge width of the steel

beam plus sixteen times.the slab thickness. o
N -
Based on the slab thickness of 5 inch and a bent spacing of 15 ft,

the concrete dead load is about 937 lbs per ft arnd assuming the beam weight

a
-
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to be around 100 ibs, the total dead load, DL is assumdd toibe’ IKipper

ft. Based o:?‘;s load, the total uniform load (w Jof2 K/ft, 3 K/ft and‘

4 K/ft correggond to the LL/DL ratio of 1,2 and 3, respectively’

>

For wind load a conservative value of 50 psf is ..used, compared
to the 20 to 30 -psf normally used in multi-story frames, Wind load is
replaced by concentrated loads of a 4. 5 Kip and 9. 0 Kip load at the roof and

lfloor levels, respectively for aﬁ:olumn height of 12 ft as shown in Fig., (4-1),

For each plastic design problem, two types of the loading
combinations; dead load plus live load and dead load plus liye;load
plus wind load are considered six;xlultaneously through the application of
minimum weight design method. According to these loading combinations,

working loads are multiplied by the safety factor of 1.7,

In formulating this problem] all the factors used are chosen

within practical limits. These works have been carried out systematical?:, %
with the aid of a computer, . g{_
=

It is pointed out that in this section mainly the effect of composite ;

action on the beam is investigated since the column remain nearly the. %
same for both the non-composite and the composite design within the range ?

of span length of 20 ft to 30 ft, and in the case of span length of 40 ft ' o

or over, the column design is likely to be governed by the axial loads.

One of the most difficult problem in the usual composite design is the
determination of the correct beam size. It is desirable to provide composite
action in a frame such that it is more usefu] to be able to obtain a trial
section based on thexlp-adipg"-conditions ;and the span length. To dec this, an
empirical relationship between the plastic moment in 2 composite beam,_ﬁh‘

the span length and the loading conditions are required. .To obtain s}mh

e = e

a relationship, the example frame of two-story and two-bay building frames

are optimized by the foregoing procedures. (See Sections 2. 5 and 4. 2).

T mmmian e L
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The- results are plotted as curves of plastic moments against
span llengths for the various loading conditions in Figs. (4-3) and (4-4). In this
case, it is assumed that the thickness of the concrete slab is 5 inches and the
compressive strt’angth of the concrete 4.0 Ksi, The plastic moments are given
in terms of w LZ,. where w is the working load {(Kip/ft) and L the span length
" (ft) The curves given in Figs (4-3) and (4-4) are the plastic moment
capacities of the roof -beams, M, and also of the floor beams, M ,
respectively. For roof beams, the values of composite moment range
from 0.0372 WL2 to 0.0432 wLZ for the range of loading of 2 to 4 Kips/£t
for L = 20 ft. For L =50 ft the range is 0, 0476 wLZto 0.0521 WLZ for the
same range of loading. Values for span lengths between 20 and 50 ft fall within’
the values given by the above bounds, For floor beams, the changes in the &
required composite moment capacities are relatively small in comparison

with those for roof bearmms. These curves may be used to estimate a trial

<
o
=
=
x

steel section for composite design of a rigid frame.

In order to make a comparison, the non-composite design for the
corresponding composite case is also carried out., The composite plastic

moment capacities of roof and floor beams are expressed as a percentage

of the non~-composite plastic moment capacities of the corresponding beams, =
and these are plottedl against the span length for the various loading conditions.
The relationship obtained are shown in~ Figs, (4-5:) and (4-6)y. The values
of the composite moment of roof beams range .from 48, 7% to 57.3% of

the corresponding non-composite plastic moment for the range of loading

>
of 2 to 4 Kips/ft for L. = 20 ft. For L = 50 ft the range is 66.9% to 72.3%

for the same range of loading. It can be seen ,th.a./t\lapproximately 30% to
50% reduction for both roof and floor beams 1§1 plastic moment capacity ‘

or plastic section modulus is possible - larger reduction for the shorter

span length of 20 ft and the smaller for the 50 ft spanlength.

AR TR G L e S L ITTNT

The above investigations have been done for the constant compressive

strength of concrete (£c' = 4.0 Ksi), Further the effect due to the change in

.
S P Sy

/ —



_54._

A
compressive strength of concrete under the constant loading condition

{(w= 3.0 Kips/f_t) is investigated. The compressive strength-of concrete
is varied to.3.0, 3.5 and 4.0 Ksi. The results shown in Table (4-5)

indicate that when a higher strength of concrete is used, a preater saving

in a steel beam is obtained and greater savings for the shorter spans.

It is also studied the effects of the change inthe concrete slab
thickness upon the required composite plastic moment capacities, The
thickness of the concrete slab is varied from 3-in. to 6-in. in increments of
l-in. The results are shown in Figs, (4-75 and (4-8). In each case,
the same compressive strength c;f concrete (J‘{:'=4.0 Ksi) is assumed
and the total live load of 2.0 Kip:.;/.ft is assumed. The total dead load for

various slab thicknesses are festimated by the following equations.,

— =
-

DL={t/5) x 0.9 + 0.1 (K/ft

-

?'.Jv
LL: 2.0 (K/ft) R ol
(4-7)
w = DL + LL 4
Where t is the thickness of the concrete slab (inch)./-Eq. (4-7)

is derived to assume that the dead load of the concrete slabof thickness t

s proportional to that of a 5-in. concrete slab.

The results show that the greater the thickness of the concrete
slab is, the larger the possible reduction in the steel beam is, and also

the shorter the span-length, the greater the saving.

From the above it can be seen that there is a decided advantage .

In using the composite construction from the standpoint of savings in steel.

{1
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CHAPTER 5
DESIGN EXAMPLES USING LINEAR PROGRAMMING
TECHNIQUES
5.1 Symmetrical Two-Story, Three-Bay Steel Frame with Composite Beams
As a first design example a two-story three-bay frame is
considered. The overall dimensions, working loads and member codes are
shown fn Fig. (5-1). Theassumed critical sections are shown in Fig, (5-2), J

The A36 steel wide flanges and the concrete slab of 5-in. thickness with

¥
compressive strength of 4, 0 Ksi are to be used.

For design purpéses, it is assumed that a 1 KIf uniformly
distributed dead load and a 2 KIf uniformly distributed live load act on

all the beams, and that wind forces of 4. 5 Kip and 9.0 Kip act at the roof

and floor levels, respectively, The ultimate loads are assumed to be the =
working loads multiplied by the safety factor of 1. 7. ;(
. =

It is also assumed that the final design will be symmetrical .r*

since the wind may act from either direction. In this example frame, E

four plastic moment capacities of M bP M are assigned to the members

el

of the beams and columns as shown 1r]i Fig. (45 Z). Further the effects of

the composite action is taken into account for the elementary beam
mechanisms according to the procedures described in Sec. 4.2 in which

the location of positive plastic hinges is assumed at mid span for all

.the beams. Based on the elementary mechanisms of ! @ bearn mechanisms, 3
sway mechanisms and 12 joint mechanisms, the computer program generated
125 equ111br1um equations of feasible mechamsms In addition, the

moment capacity of each column member is constrained by the 1ombound
as shown in Fig, (5-2). Such a plastic moment capacity as a lower bound

is approximately set forfh under the following assumption. Each column . l .
has the sectional capacity to be able to resist such an axial load as calculated

by distributing the ultimate gravity loads proportionally over the .



corresponding column as for a simple {raming building. Thus the column
~
can also accomodate with a certain amount of moment resistant capacity

which is assumed as a lower bound,

The result based on the foregoing procedure will be more
practical and economical in comparison with those calculated without
constraining the column members since smaller capacity for the beams
is required for the former case, and even though larger capacity
for the columns is obtained, the final refinement on the column"ﬁﬁerﬁﬁers
for the axial forces resulting from the critical \collapse mechanism usually
counteracts such a disadvantage, The linear pﬁogramming solutions

obtained are shown by

‘M = 205. 31 K-ft (334, 69 K-1t)
pl .
M = 184. 42 K-ft {286. 88 K-ft)
P2
M = 92.2]1 K-ft {143. 44 K-ft) T
P3 S
=
M =119. 70 K-ft (119. 70 K ) r‘
P4 . R w ]:
<
o
Where () shows the linear programming solution for the i

corresponding non-composite steel frame, and these solutions are shown

in Fig. (5-31./ :

From the results shown above,. it'is seen that smaller steel beam
capacities for the composite frame in comparison with the correé’ponding
non-composite frame are required. It is also compared in terms“‘pf the .
ratio of the steel beam moment\ capacity for the composite frame to that

for the corresponding non-composite frame, The ratios for the roof and.

floor beams are given lby 6l. 3% and 64. 3%, respectively.

After the simple inspection of the final tableau of the linear
programming'{olution, the critical mechanism is found to be of the beam

mechanisms only as shown in Fig. {5-4). For this critical collapse



¢

mechanism with no sway load acting, the motment d‘lstributions are checked

by the plastic moment distribution method, . The results of moment °

distributions which are shown in Fig. (5-5) prove that the moment

nowhere exceeds its moment capacity. Based on these moments and

the corresponding shears, member designs are started. Only the

exterior columns are adjusted for the axial forces according to the method

presented in, CSA Specification, Though the interior columns are .

designed for the axial loads only, the selected column sections have

enough moment capacity to'Mesist the possible moments, i, e., moments

due to erection or side effects beyond the axial loads acting on. The final
design sections are shown below.

16WF40 for roof beams B1 {Z1WF55)

16WF36 for floor bearhs B, (18WF50)

-

-

X

12ZWF40 for exterior columns C1 (14WF48) N
12ZWF40 for inferior columns C, (12WF40) <
) e

Where ( ) shows the final design section for the corresponding g
non-composite steel frame, and member+layout is shown in Fig. (5-6). .
. I

b

The above sections are found to satisfy the requirements ;‘:
X

for the local buckling. The deflections at working loads are also found to

be within the allowable ranges which az;‘e proposed in CSA Specification.

For the calculation of these deﬂéctions, the displacement method is used.
The final design for the composite frame leads to a total weight of 10, 680

Ib., compared to 13,674 1b. for the non-composite frame, Fron} an
economic standpoint, the composite design is more economical tﬁan that

for the corresponding non-composite design. Based on the we’ight of the steel
beams alone, the savings in steel is 27. 7%, and if the éa;ring is“ba_sed on

the total weight of the whole frame, then the saving is reduced to 21. 9% .

The computer time required for the linear proglramming solutions

for the composite frame including the corresponding non-composite one is
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approximately 15 minutes 53. 3 seconds on ‘the IBM 360/ Model 65 computer,

Con
5.2 Symmetrical Th‘ree -Story Two-Bay Steel Frame with Composﬂ:e Beams

’

The second 111ustrat1ve design is shown in Fig. (5-7). It is a three-
story tv.:ro bay frame having the overall dimensions, working loads aﬁd
member codés shown in Fig. (5-7). The.assumed critical sections are
shown in Fig. (5-8). The A36 steel wide flanges and concrete slab of
five inch thicl_m)a{;vith compressive strength of 4, 0 Ksi are used,

It is assumed that a |/KIf uniformiy distributed-dbdd.l;bad ahd" i
a 2 KIf live load act on all the beams, and that wind forces of 4.5, 9.0 a.nd‘
9.0 Kip act at the roof, top floor and middle floor levels, respectively.
The ultimate loads are assumed to be the working loads multiplied by the
safety factor of 1. 7. It is also assumed that the final design will be
symmetrical since the wind may act from either direction. In this
problem, five plastic moment capaci,ties of M toM are assigned to

the members of the beams and columns as sho&rn in F?g. {(5-8).

Further the effects of the composite action is taken into account
for the elementamy beam mechanisms according to the procedures
described in Sec. 4,2 in which the location of positive plastic hinges is

assumed at mid span for all the beams.

Based on the elementary mechanisms of b2 beammmechaniams, 4 sway
mechanisms and 14 joint mechanisms, the total 405 -equilibrium equations of
feasible mechanisms are generated by the computer. As in the first
example of Sec. 5.1, the moment capacity of each column is constrained
by the lower bound which are shown in Fig. (5-8). Linear programming

;
solutions calculated are presented by
4

M = 202,64 K-ft (331.16 K-ft)

Flivdey o AAY
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M = 200.97.K-ft (308.03 K-#)
P, S
Mp = 208.20 K-ft (308.03 K-ft)
3 ,
M = 104.10 K-ft (154.01 K-ft) /.
Py {
M = 179.70 K-ft (179.70 K-ft)
Pg

Where ( ) shows the linear programming solution for the
corresponc!ing non-composite frame,and these solutions are shown in

Fig. (5-9).

It is seen that smaller steel beam capacities for the composite
frame in comparison with the corresponding non-composite frame are
required. The results are also compared in térms of the ratio of the
steel beam moment capacity for the composite frame to that for the
corresponding non-composite frame, The ratios for the roof, top and

middle beams are given by 61. 2%, 65.3% and 67, 6%, respectively.

The critical mechanism found is composed of the beam and
sway mechanisms as shown in Fig. (5-10). The moment distributions for
thiscritical collapse mechanism are checked by the plastic moment

distribution method« The results of moment distributions shown in

Fig. (5-11) indicate that the moment nowhere exceeds its moment capacity.

Based on these moments and the corresponding shears, member designs

are started, Alirntvhe columii-g are adjusted for the axial forces.
The final design segtions are shown below.

L6WF40 for roof beams B, (21WF55)
16WF40 -for top-'/ﬁ:or beams I?_.’.2 (2IWF55)
16WF40 for middle-floor beams B3 (2IWF55)
14WF53 for exterioX columns C1 .(16WF58)

16WF88 for interior ¢ (1L6WFB88)
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Where ( ) shows the sections selected for the corresponding non-

. compoéite steel frame, and the member layout is shown in Fig. (5-12).
‘ ; 0! ‘

These sections are found to sa;isfy the reciuirexﬁents for the local
'buckling. The deflections at working loads arealso found to be within

the allowable ranges proposed in CSA Specification . The deflections are
calculated by the ‘splacement method., The final design for the composite
frame leads to a.hz}tal welght of 14,184 1b., compared to 17, 244 1b. for the

non-composite frame. Thus based on the weight of the steel,beams alone,

the savings in steel is 27.3%, and also the saving based on the tétal weight .

of the whole frame is 17.9%.

Tlie computer time required for the linear prdgramming solutions
for the example composite frames including non- composxte one is approximately

52 minutes 53 3 seconds on the IBM 360/Model 65 computer.
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CHAPTER 6
s REFINEMENTS OF OPTIMUM DESIGN SOLUTION
-t

USING NONLINEAR PROGRAMMING TECHNIQUES

6.1 QGeneral Remarks .

\
w» ' g .
) In this chapter, it is investigated the applicability of nonlinear

programming techniques to the optimurm pléstic design of steel frames
with composite beams since more general optimization problems can
be solved by using nonlinear programming techniques. From among the several

+ available nonlinear programming methéds, the gradient projection method- 7
is used, (See_Sec. 3.2). First the nonlinearity of the constraints and /"

objective function in the optir;mm design problem will be investigated. Then .

the geheral optimization procedures will be shown before entering the

example problems. g

«
t
4

6.2 Nonlinearity in Plastic Optimum Design 'P:\oblems

t
Y

1) Nonlinearity of Plastic Moment Capacitf*«U_n_iLWeight Relations
)

For minimum weight design, the objective function is the

HiI i AIF.

total weight of a structure, W, and can be formulated as a
function of the weight of each member per foot of length, w.. as

- givenby Eq. (1-13).
n

W = w . L. (1-13)
=1 11 -

g For solving the minimum weight design problem of steel
frames, it is necessary to determine the approximate relationships
between the unit weight,wi, and the plastic moment capacity,

Mp yas written by Eq., (1-14),
i

w. = £(M ) (1-14)
vty i
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From the view point of programmi;:g problem, the above

function can be expressed in any form., For, s1mphc1ty, however,

the unit weight w, will be taken to be dlrectly proportlonal to \
the plastlc moment capacity of the member, M , as given by
b i
w, =a Mp. . . (6-1)

i
Where a and b are coelfficients and us.ing the least square
method, the approximate curve representmg the above relationship
has been constructed for‘the sc~called economy sections which

provides given plastic moment capacity for the least weight.
These wide flange sectiops are listed in Table (4-1) of which
plastic moment capacities correspond to A36 steel. The values

of coefficients a and b are given by

1. 3912
0.6446 ' - (_6'2’

a

b

It is noted thé.t Eqs. (6;1) and (6-2) are only the crude
approximations of the actual variations of the section properties
of selected wide flange members. However, it will be seen that
any such approximation is sufficient for the purpose of finaing
the least weight desigﬁ from amon-g commercially available
Isectmns The objective functlon can also t?\ke the form of nonlinear
cost relat10nsh1p for the structure. Forconcrete structures

and for steel structures where both rolled and ‘welded sections

are used, a cost relationship is more apprdpriate.

b ~

2) Nonlinearity of Equilibrium %at{oné due to Distributed Loading
o _
In the linear programming solution, it is simply assumed that

the plastic hinge forms at mid-span of a beam under the uniformly

distributed load. Thus the beam and the sway mechanisms were

&
2
=

(AHT

i
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&pressed as the linear function of pla% moment capacities.

However where the combined beam and sway mechanism forms,
the hinge pos:.tlons are not pre‘dete\rﬁnned. For the case of a
point load on the beam, the sha;p change of slope in the bending
moment diagram under such a load would restrict possible
hinge positions to directly under the 1éad and to the ends of

the beam such that the renulta i the equilibrium equation take
linear function of plastic moment capacities. In the case of

a distributed load, it is necessary to treat the problem as that
qxf maximizing fully plastic moment. Hence the resultmg
eq).uhbnum equation includes the partial derivative of unknown
plastic moment capacity, or defmed by a nonlinear function of

plastic moment capacities,.

Equilibrium method by Douglas (18_) is used to genernte the
nonlinear constraints for the beam and sway mechanisms under
the distributed loads. The application of the equilibrium method
is discussed on the example problems in Secs. 6. 4.through 6. 7:
Nonlinearity of Ultimate Moment Capacity of Composite Section-

Plastic Moment Capacit-{( of Wide Flange Séction Relation

-y

As was noted in Sec. 4. 2, the ultimate moment capacity of

a composite beam in the pOBItIVE moment region, M o’ shall be

approximated as a function of the plastic moment capacity of

a rolled wide flange, Mp' assuming that all other factors related

to the ultimate moment capacity of the composite beam are known.

M =f(M) (4. 1)
u p .

Since nonlinear programming techniques are used as an-

alr

3

[

IR RTY]

e , P

optimum tool, the ultimate moment capacity of a composite beam -

section, Mu’ can be formulated as a nonlinear function of the pla

stic r
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moment capacity of a rolled wide flange, M .
. P

Using the least square methoél. the vé,lue of Mu is approximated
as a function of Mp as shown in Tables {6-1) through (6-83). The
rolled wide flanges used for these c:uxlculations, are identical to
so-called economy sections listed in Table {4-1). The thickness
of the concrete slab is varied from 3-in. to 6-in. in increments of l-in.
It is assumed the constant yield strength of stiel (F =36 Ksi)
while various compressive strengths of concrete (fj =3, 3.5 : ‘\
and 4. 5 Ksi) are assumed., The effective width of the concrete
flange is assumed as the flange width of the steel beam plus

sixteen times the slab thickness,:

It is noted that the relationship between Mu and M can be

approximated with the various functions. Among the functions,

the following function seems to.present;sufficient approxdmations
for the actual discrete relationships.

C 2
M =a+bM +cM +dM3 _ - (6-3)
u P P 1%

t

Where the value of coefficients a, b, c and d are listed in

1

Tab];es {6- 1) through (6-3). Thus the above relationships are

(RN N FaTT)

agsumed to represent the continuous variation of the ultimate
moment capacity of composite beams with plastu& moment

capacity of steel wide flanges. Y

6.3 Nonlinear Optimization Procedures

The formulation of nonlinear minimum weight design problem consists of

- the following -steps, 4
1) Set the p;loblem such that feasible constraints and objective

function can be gene"rated_ T e

2) Apply nonlinear programming techniques to obtain the  _ ... —

optimum solution,



4 e
. I B
: The nonlinear optimization procedures are carried out by using .

Aon_}puter.p'r,ograms which employ  nonlinear programming techniques.

| rI:i order t;o ;btain a computer program which would, be applicable to any
'general type of structure the computation is divided among a main -
program ancL several aux:.hary subroutines. The function of the main -
program is to carry out the steps of the gradient projection algorithm
as set forth in Sec. 3.2, and also to read in the input data and print out

-the solution. The functions of the'ad‘xiliary subroutines are designed to calculate

“the values of the cqnstraint functions, to'calculate the values of the
objelctive funétions and gradient vect'or; and to calculate the inverse

" matrix. The main progra.m is applicable to any design problem which has
been formulated in terms which correspond to the requirement of the

gradient projection method. The auxiliary subroutines may need to be

revised for each individual problem, depending on the proposed structure,

the constraints and the objective function. A general flow diagram for the
main program, and short description of input data aré pr‘esented in

Appendix 4. ' :

6.4 Symmetrical Two-Story Single-Bay Steel Frame |

As a first examplé the structure shown in Fig. (6-1) is considered.
It is a two-~story single-bay frame having the overall dimensions shown in

‘Flg (6-1). I. All the structural members are assumed to be steﬂel alone,

.

It is assumed that 2 2 Kif #iniformly distributed load acts on the
roof beam and a 3 KIif un1forg'nly dl_gtnbuted load acts on the floor beam,
and that w1nd forces of 4.5 Kip anrd 10 ‘1 Kip act at the roof and the floor
levels, respectwely The ultimate loads are assumed to be the working

loads mu1t1phed by the safety factor of 1. 7. Since the wmd may act from

©

_ either dlre!ctlon it is a.,zsm'ned that the flna‘i design will be symrnetncal

This exarf‘lple involves four plastic moment capacities p;’_ Mp to Mp
: : R 1, 4

-

P
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4
The idealized structure for optimiza&i}m 1s shown in Fig. {6-2). From the
27 feasible collapse mechanisms which are shown in Fig, (6-3), the

necessary nonlinear and linear constraints are formulated, In generating

such nonlinear constraint$ the method shown in Sec. 6,2 (2) is employed.

For the combined swa@rand beam mechanisms, the plastic hinges in the

roof and flopor beams with span length L (30 ft), 8ccur at distance U. and

1
Uz,from the right-hand-side origin of the corresponding beam. ' The

following equilibrium equations aire generated.

-_.___“‘4.

: 2 . ’ .
a(l) =4M_ - 0.85L" . 0
Py =
2 s
a{2)=2M +2M -0.85L°. ¢
P P3 -
' 2
Cal3)=4M .- 1.275L° = 0
P, - .
2
a{4) =2M_ +2M  +2M -1.275L°% o
P2 P3 Py -
a(5) = 4M -91.8-0 ' , )
Py
a(6) =2M +2M -91.8 » 0
a(7) = 4M_ -372.94 > 0 /
P
4 _ //\_a' ,
a(8) =2LM +2LM +2(U_+L)M -(372.94 + 2,55 L) U_ > 0
p P pA P 2 A
2 3 Py :
ey ' .
: - =
. where U, =/(M_ +M_ +M /255
& 2 P3 - Py -
: 2
a(9) =2M_ +4M  +2M - (9L.8+1275L% > 0
P2~ P3 Py

. : 2 '
afl0) =2LM +2 (U +L)M ~(9L8+LTL) U >0
RS ! P3

;

where U, =/(M +M )/1.7
1'/ p p3/

1‘

[

-
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!
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a(ll) = 4LM  + .?:'U1 M- (918417 L4 U >0

Pl 3 -
. where U, =/2M /1.7
- - 1 p
1
a(l2) = 2L M + 2 (U2 +- L) M +2 (U, + L) M - {464, 74 + 2, 55 LZ)
U2_> D .
whereU'=/(M +M_ +M ) /2,55 '
. 2 .
all3) =2 U, M, +2LM +2LM +2 (U, +1)M

_ 2
- (464.74 4 2.55 L) U > 0

—
where U z/(M + M
p

> +M ) /2,55

_ P3Py
a(l4)=(4L -U )M +U M +3U. M - (37294 + 2.55 LZ) .
2 P 2 p 2 p =1
2 3 4 . 2%,
U >0 oo : ok
where U, =/2M . /2.55 o ' ' :L'lig
a(ls5) =2 LM +2U M +2(U +L)M +2U M -(91.8+2.975L2) "
‘ P 1 p 1 p 1 p W
_ 1 P2 3 4 . b
U, >0 ‘ 7 I
1— .
|

- where U =/(M +M )/1.7
1 fpl- p3/

a(l6) =4 LM +2U M +2U1M +2U M —(91.8+2,975L‘_2)

P 1p, P3 1 py : 3
0 ) ) , b
Ul Z, .
where U =/2M /L7
! P
‘ A 5
a(l’l) =3 M  +3M +M ~-91.8+1,275L)> 0 )
Py P3 Py o |

| 2
a(lg) = 2M_+3M_ +M_ +M_  -(91.8+1,275 L) >.0
P P, Py Py =

/
]
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x
219)=2LU, M +2LU M +2L(U +U)M
| ,//‘2_?1 Lp, I
: - ,
F2U U, + UM - (464.74+4.25 L5 U U > o
172 1 Py 1 2~
where U .=/IM "+ M /L7 )
U M "+ M +M )z, 55
. 2 7 b, gp/ b,
a20) =4 LU, M_ +2LUM +2L0U M 2
( 2 p, *° ) P, 3 p3+ ([.J1U2+LU1)MP4

- (464,74 + 4.25 1L U U,> 0

' where U1 =/2 Mp /1.7 . "1

1 =
U, 5/AM +M +M )/2.55 :
7—/ P, P p,”

3 4

al2l) =2 U, M +4LM +2U M - (464.74-2.55 L5 U. > 0
2 p P 2 p 2=
1 2 4
where U, :/2 Mpz/a. 55
a(22) =4 L M t4U, M -(372.94+2.55 LZ)U >0 i
Pa - Py I
where U2 =/2 Mp /2.55
. 2 .
a(23) =2 L M *IUM  +(U +2L) M +U M
Py P, Py Py .
> .
-(9L.8+2.975 L) U > 0.
where U ={M_ + M /17
1Y P P
. H
- “ 2 .
a24) =4 LM 42U M +2U M - (464.74+2.55 L) U_ >0
2 2 p 2=
P2 P3 4 |

K

where U, 5/2 Mp2 /2.55 L

e T W T E T RCTT S U E
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W

a{25) =4 LM +3U M +U1M' +_U1 M -091.8+ 2.915 LZ)

Py Q_i P, . P, Py
Yp=20
where U, =/2 M /1.7
1 - p
. 1 .
a(26) =2 LU M +4LUM +2LU M +2 '
A 2 Py -1 bZ 2 p3 Ul {JZ"Mp4

- (464.74 +. 4,25 L% U U, >0

-where I, =ﬂMp + Mp )/1.7
1 3

u, =/2 Mpz /2.55

327 =4 LU, M +4LUM +2U U M - (464.74 + 4.25 L)
2 7p, 17, 1 "2 Up,

) where U1 =#Z2M /1.7
P

1
U, #2M /2,55
2 7°My /2
According to the procedure presented in Sec. 6.2 (1} the nonlinear

objective function ils defined by F =-W » in which W.is the total weight.

' Starting the algorithm at the point M_ ' (400. 0, 600.0, 400, 0, 300.0),
the gradient projection procedure leads to thepx?n1n1rnum welght solution -
M . (214. 89, 325, 87, 214 89, 110.98) for this problem. The active constraints
_at fan point Mp are a.(B); a(i4), a(l9), a (20) a(26) and a(27).  The

solutions are a.guf%llows !.

M = 214, 89 K-ft (191. 25)
P, -
M =325 87 K-ft (332. 46) .
pz -t : ' - I !
M = 214. 89 K-ft (191.25) - o /
It P3 ! /

» ’\ { | .
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M =110,.98 K-ft (141. 21) /
Py : B

Where ( ) shows the cprresponding linear programming solution
in which all the constraints apd the objective function are approximated as

the linear function of variables, M
i, :
The-computer time required for this solution was 14. 3 seconds

on IBM System 360/Model 65 computer.

6:5 Unsymmetrical One-Story Two:Bay Steel Frame

The second example considéred is an unsymmetrical one-story two-bay
steel frame having the overall dimensions shown in Fig. (6-4). The

solutions are sought for the steel frame alone in which the effects of the

composite action ar&ne glected,

It is assumed that a 2 KIf uniformly distributed load acts on the
beamn, and that wind force of 5. 63 Kip acts at the roof lev‘el, The ultimate i )
loads are assumed as the working loads multiplied by the safety factor |
of 1. 7. In this example the wind forces from both directions are
considered since the structure is not symmetrical. The plastic moment N
capacity of each member is n'\\lmbered as sh‘own in Fig. (6-5). Thus
this example involves three plastic moment capaci.‘jéie/s of Mpl to M
Corresponding to the 12 ft;\fs;.ble collapse mechanisms which are sh(}wn
in Fig, (6- 6) the nonlinear and linear: constraints are formulated
For the combined sway and beam mechanisms, agsuming the plastic

hmgea in the left-hand-side lg;am with span length L (35 ft) and the ‘
right-hand-side beam with span length L, (25 ft), to occur at distance ;
!

U1 and UZ' from the right-hand-side origin of the corresponding beam

respectively, the following equilibrium equations are generated.
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where U, ' =/M +M +M )/1.7
! /-91 P2 Ps/

' v ) 2 !
a(l) = 4M -0,81 . @
Py - 1 =
2
a(2) =3M +M -0.8L°>g0
Py Pj 1=
. . ,
a(3) =4M -0.85L." -0
Py . e =
2
a(d) =3 M + M -0.85 L., >0
P, Py _ :
’ ) | B
a(5) = 6 M_ {143,442 > 0 . \ : J
P3 N ./ . '
a(6) = (4L, -U)M +5UM;‘_(143.44*'41.7L2)U >0
17 717 Tp 177p? 1’ T1-
| 1 3 :
. where U1 =/2 MPI/'L 7 .
a(M=ML “UIM +U M +4U M -(143.'44+1.7le) U >0 g
,pl pZ p3 & '
where U1 =eM /1.7 .
' P &
a(8) = (4L, -U)M_ +5U M -(143.44+1.7L.5)U_ >0
_ 2- 2 Py 2 Py 2 2 — 4
' X
. where U2 =/2 Mpz /L7 | _ 4
) . i
a(9) =2M_ +M +2M -0.85L">0 '
P P P3 : +
a(lo) =2 LM (2L -U)M +{(4U +2L}M -(143.44+1.7L2)
1 p 1 ' "p. 1 ' 'p 1 X
| 1 2 . 3
. F if
U, >0 | : ) . . }
- where U, =AM +M_ +M_)/L7 ‘ ‘ 1
1 ) . i
Py Py P3 , h
- : . _ 2 v
a(l) =2 L. M +2L M ¢(3U +2L)M - (143.44 +1.7 L g
1 p 1 P 1 ' p.. 17 it
y 1 2 N 3 . qi
0 i
bz i
i
|
{

-
s -
Lo )
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i

al2) =2 L U M +4L U M | '
' My , Uy p2+(3U1U2+2_L}U2)Mp3

2 2
-[143.44 + L7 (L7 + L,)1U U, >0

2

where U_=/(M + M 1,7
1 / Py P3)/

U, 5/2 MPZ/I. 7

S The nonlinear objective function, which is defined as the total

weight of the structure,is used as in the first example problem,

-~ £

Beginning the gradient brojection algoﬂthm at the point M =
(800.0, 500.0, 200, 0), the solution M (428. 22, 189. 44, 25, 28) P:S !
obtained, The active constfaints at thengaic.%nt K/I are a{8), a(l0)
and a(lZ2). Since three constraints are active, anlaﬁsnince the problem
is three-dimensioml, the point I\_/I Eorresponds to a unique point

which is a vertex of the feasible reg{‘g}l. " The solution is shown by -

M = 428.22 K-ft (390. 25) ”
Pl : | \
M = 189. 44 K-ft (189, 04)
.M =25.28 K-ft (35.86) .

Where ( ) shows the corresponding linear proéramfning solution. .

The computer time required for this solution wasgapproximadtely

11.3 seconds on IBM System 360/ Model 65 computer,

~es

6.6 Symmftrical Two-Story Two-Bay Steel Frame with Composite Beams

-~

The third example is a two-story two-bay composite 'steel frame
having the overall dimensions shown in Fig. (6-7). In this example, the
\effécta of l:‘ornposite‘actiop are considered according to the Erocedufe

shown in Sec. 6.2 (3).

R R
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. - N
It is a.ssurned that a 2 K1f and a 3 Kfl\xmformly‘ distribdted loads act
on the roof and theiﬂoor beams, ' respe ctively, andlthat Wwind. foréed of 4. 5 Kip a.nd
.10, 1 Kip act at the rooi and the floor levels; respelctlve{y The: ult:1mate Ioa.ds af-?’
assumed to be the working: loads multiplied by: thesafety Yactor’ of l. 7. Since the

wind may act from either direction, it*is assumed that the final demgn

will be symmetrical. The des1gn\Yar1ables of M toM are assumed.

. P P : ) .

The idealized structure for optimization is shown lm Fig.4(6-8'). From J i
ﬁ32 likely colla.pse mechanisms, 'the necessary nonlinear and linear

constraints are formulated,
' v
Beginning the gradient projection algorlthm at the point

M = (300, 500 200 200) the solutlonM = (142,13, 259. 42, 15,30,

P,
62, 16‘]" is obtained. The active constraints ar?lt?xe Pomt M .are a(3), -
p

a{8), a(ll) and a(17). These constraints are expressed by min

a(3) =2LU M +(R2LU_-U U. )M +2LU M
3 ‘Ll1 3 173 Py lu2

- U )M +4U U M +5U U M
*2 L0 -0 Ty p, T 115 P, 173 p,

. . 2
- {464.74 + 4. 25 L. )Ul U3_> 0

where U, =/(Mu + Mpl)/l. 7

1
U. /IM +M )/2. 55 .
| > 7 Y2 'Pz/ '
a(8) = 6 M -91.8>0
P3
all) =6M  -372.945 0
P4 ' '
[(17) = 2LU.U M +2LU.U.M
a(17) 2L(U1U3+UZU3)Mu1+ LU, U, p1+ 102 My
U 2 U. U +LU UM
o reLu b, -u Y, U3)Mp2+ (U, 0, Y, 173 Ve,
) ;
.- . (464.74 +5.95 LY U. U. U_ >0
35U U, Ug M, - (464.74+5.95L) U, U, Uy 2

4
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. . -where U1 =/(Mu + Mp )/1_ 7 - ‘ ’ - E
1 1
U, /M + M )/L7
1 3
. Uy #/(M +M_)/2755 _ _
W ’ 2 Py s
' and L =30 ft '

The ultimate moment capacity of com'posite. section, )
is given by Eq. (6-3), and the critical mechanisms corresponding1 to
the active constraints are shown in Fig. (6-9). The solution is shown

a'_s follows, . '

M = 142,13 K-ft (130. 69)

2 »
M = 259,42 K-ft (226, 28) i
P, ' -
M =15 30 K-ft (45.90) b
. P .o
M = 62,16 K-ft (65. 4]) \ . !
i

oy e

Where { ) shows the corresponding linear programming solution.

[y

From this example it is noted that the nonlinear programming technique

of the gradient method is specially powerful when it is applied to the

=y - optlmum plastic design of composite frames since the problem is confined

o — e

to the mathematical programmm/g,/techmque and it-will be well compa.red o

to the linear progra.mmlng method shown in, Chapters 4 and 5 in which

. : 1
PR

the convergence checks beyond the rnathematical solution are required.

e e -

The computer time required for this solutlon was approx1mate1y
e
18. 2 seconde?/on the IBM System 360/ Model 65 computer ; _
: ¢
\ . o _

=

6.7 Unsymmetrical Steel Frame with Composite Beams

The fourth and last example.isxan unsymmetrical composite steel
frame which is shown in Fig. (6-10). In this example, the effects.of composite’ .

5 .-
TSI v L
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- - k\_,r—
", action are considered as in Sec. 6-6.

The "working loads are assumed as shown in Fig. (6-10),

The ultimate loads are assumed to be the.working loads multiplied by

the safety factor of 1.7, The design variables of M to M

. : p
assumed. The idealized structure for optimization is

are
P

show% in Flg (6-11).
From the 26 likely collapse mechanisms, the necessary nonlinear and

. lmear constraints are formulated.

i
Beginning the gradient projection algorithm at the pomt E

ﬁ = (300, 500 300, 200), the solution M (114 59, 243,97, 114, 59,

P
62, cié is obtaimed. The active constraints ainflhe point @

are a(l),
a(2), a ( ) and a(4). These constraints are expressed by Pmin
L2
a{l) =2M 4+2 M -,8L .0
" ul i pl 1 = .
al2)=2M_+2M -0.85L°% g
. u Y 1 =
1 [ 'P
T3
a(3) =6 M_ ~372.94 . 0
. P, .
. i |
4) = M +2L U _ i
a (4) ZLl UZ‘ u + ) lMu +(2 Ll U1 Ul 'UZ ) Mp ;
1 2 , 2 g
Iy
i
FU U, + 20 U )M 450 U, M - (464,74 + 4,25 L %) )i
Py I _ 1 sl
. Ml
<K
v 4
]UZ > 0 ”
where U, =/(M +M /1.7 ‘ .
P i
i
0] = (M + M ‘I,'(
2 w, " Vo )/2. 85 i
and L1 30 ft :
= 25 f
LZ' 5 ft

The ultimate moment capacity of composite section, M ,is given

by Eq.. (6-3), and the critical meéhanisms corresg;onding to the above

constraints are shown in Fig. (6-12). The splution is shown by




7T g ,
M_ = 114.59 K-ft (115. 65)
pl , ' N '_]
{.
M = 243.97 K ft (235, 08)

P, | o 3 )
Mp3 = 114. 59 K-ft (115. 65) ;‘
M = 62.16 K-t (62,16) |

Py .

Where ( )

shows the corresponding linear pProgramming solution.
In this example, relatively gmall mod1f1cat10n in the solution is performed
by employing the nonlineatr Programming technique since both the linear
and nonlinear solutions are controled by the similar pattern of failure

mechanisms. ‘However the refinement by using the nonlinear programming

techniques in the minimum weight plastic de-c#s:gn appears to be great

in such cases as found in the Previous examples in which the nonlinear solutions

are controled by the different failure mechanisms from those in the linear

programming ones. And also it can be said that the critical failure-

mechanism found by the application of lifiear programming technique is not

alway s the same for the nonlinear solution, thus more critical failure

mechanism and solution can be realized by employing the nonlinear

programming techniques,

The computer t1me requifed for th1s solution was approximately

12. 7 seconds on the IBM System 360/ Model 65 computer, *
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CHAPTER 7 - : >

CONCLUSION

As a result of the application of the programming techniques to the

minimum weight design of composite steel frames, the following conclusions

can be presented. "

1. Problems of the minimum weight plastic dés{gn of a steel frame
with composite beams can be formulated as both linear and
nonlinear programming problems. The simplex method is
used from among the available linear programming methods‘ |
for the linear optimization, because of its simplicity and

flexibility. On the other haﬁd, it is noted that the gradient
projection’ rx*{ethod la;rovides én efficient numerical techﬁique

-

for solving nonlinear programming problems in connection

with minimum weight plastic design problems.

v, 2. Inorder to formulate the minimum weight plastic design of the

‘)
1 ]
1
t
|
t

composite steel frames as a programming problems, it is

. necessary tq obtain the approximate relationship between the’

.

ultimate moment capacity of a composite beam and the plastic

———

e e -

moment capacity of the corresponding steel beam. It is poSsibl)e:

to do this for the available wide flange sectipns,

.

3., The mini"l"num weight plastic design of the steel frames with

composite beams can be carried out by the successive

applications of the conventional minimum weight plastic design i
s :
— -
method for rigid frames.’ Thé developed computer program
can generate, automatically, the linear constraints of the

feasible collapse modes for the p_'roposed structure and the

linear objective function, then produces the linear optimum

!
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solution . ) .
2

The application of the nonlinear pProgramming techniques to

the minimum weight plastic design of rigid steel frames,

including the composite steel frames, ,made it possible to

eliminate some of clifficulties and arbitrary restrictions which

are found in the” prevmus minimum weight plastic design method

A

which employs linear programming techmques

From the results of the plastic design of the composite steel frames,

¥
. R h
the following conclusion can be drawn. £

Ty
[

l. Comparisons of the changes in required plastic moment capacities

and relative ‘cost on a weight s\av1ng basis of a composite steel
frame to that of the corresponng non-composite steel frarne,
made with several model frames, mdlcate that there is a definite
advantage in using composite constructlon from elther economny

or structural overload capacity.

2.. Two design examples of the composite frames show that the

saving in steel, based on the total weight of the structure, is

éppro‘ximately 20%. Thus,  from the economic point of view,

less steel is required for the same loads and spans when composite

o .
construction is adopted. ' ’

H

[

3. In addition, these exaple designs show that smaller beam-depths )

for the composite frame, in comparison with the corresponding
f 5

. non- composite’ frarne are reqmred It is r}oted that a further.
advantage of the com_pos}te constructlon, of the reduction in

. * l‘ ) ,
overall floor-depths, is possible. This aspect is of particular

importance in tall buildings,

Fdam

——




4. From the investigation ca'rried out on the effécts of changing the
thickness of the concrete slab, in the typical two-story two-bay
composite frames, upo;1 the re;quired plastic moment capacities of
the steel beams, it can be seen that the greater the thickness of
the concrete slab is, the larger the possible reduction in the

steel beams, and also the shorter the span-lengths, the greater
the savings in steel.

¢
/

5. Similarly, the investigation on the effects of chang{ing the

compressive strength of the compressive strength l':)f the

concrete, under the constant loading conrdition, shows that the
1~

higher the strength o the concrete is, the smaller the required

steel beam 1is, and also the shorter the span-lengths, the

greater the savings in steel,

v

\

/
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Fig.2-1 Operations in Optimization of

Cor’npbsite Steel Frames
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s
Z TABLE 4-1

Available Economical Rolled Wide Flanges and Ultimate 3

Moment Capacities for A36 Steel

/

No Shapes Mu (K -ft) No Shapes M‘{\(K-ft)\f

1 BWEF20 57.3 26 2TWF94 834. 0

2 SWE24 69.3 27 27TWF102 912. 0

3 SWF28 81.3 28 30WF99 , 9360 -

4 10WF25 88. 5 29 21WF127 954, 0

5 12WF27 114.0 30 21WF142 .  1071.0

6 8W F 40 119.7 31 30WFLEL6 1134.0

7 12WF31 132.0 32 33WF118 1242, 0

8 12WF36 154.2 33 24WF145 1248. 0

9 14WF34 163.5 34 2TWF145 1356. 0 3
10 12WF45 194, 7 35 33WF130 1398.0 ;"
11 16WF40 218. 1 36 33WF141 1539.0 3
12 10WF60 . 225.3 37 33WF152 1674. 0 %'
13 16WF50 . 278.1 38 36WF150 1740. 0 g
14 16WF58 318.0 39 36WF160 1869. 0

15 18WF55 336.0 40 36WF170 2001.0 °

16 21WF55 375.0 4] 36WF194 2301.0 ’:
17 18WF64 396. 0 42 33WF220 2508. 0 i
18 12WF99 a5 0 43 36WF230 - 2829.0 B
19 2 IWF68 480, 0 44 36WEF245 3024. 0
20 24WF 68 595, 0 45 36WF260 3228. 0 e
21 24WF76 600. 0 46 36WF280 3501,0 1
22 12WF133 630. 0 47 36WF300 3765.0 |
23 24WF84 672. 0 {
24 . 27WF84 729. 0 o
25 12WF161 770. 0

;
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A. 4-1 Flow Chart of Main Program for Linear Optimization of

Composite Steel Frames

( Sté,rt )

[ Read input data.] N

) .
Set the elementary mechanisms ifi matrix form by

neglecting the effects of composite action in beams.

*

Generate all the equilibriurmn equations of feasible

collapse mechanisms thx:ough the elimination of unlikely

mechanisms,

&

Add the special constraints, i,e., boundary limits,

1

Set the final constraints and weight objective function, l

! o

Seek for linear programrming solution.J

if required,

L]
.
t
.

N Is convergence criterion satisfied ‘L)
o l S

Yes ‘I
Erint solution. l o

‘

-
N !

(End ) |

@ y

Modify the elementary beam mechanisms at composite

sections based on the newly obtained solution,

.
@ b
, .
.

4
i
L
£y g



(%)

- S
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Detailed Block Chart for Part A to B

T ‘

!

' Can any more combined mechanism be genera{tpd from the
No given elerrientary mechanisms ? / '

Yes

Are the external work and total internal work of the
No . newly combined mechanism nonzero ?

) Yes

Yes

Does the newly combined mechanism include a left-to-right >

sway mechanism and a right-to-left one, simultaneously ?

} Mo

Yes:

Is there any idﬂnti«ta.-tr.menhaniemwmrmng;rprg.wioda»h,s]v)

generated ones, to the newly combined mechanism ?

No

K

Has the newly combined mechanism statically unstable >

joints ?

No

Generate the constraint in terms of plastic moment

capacities of steel sections, - ¢

B ,_

Ye
No :

Is the newly generated constraifit feasible ? - to be checked
from comparision with the similar modes of collapse constraints

which are previously obtained.

panil-

Yes

Store the newly combined mechanism as a feasible one.
L

¥y
LEliminate the new constra.inﬂ

| .

,

—
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A. 4-2 Descriptions of Input Data for Linear Optimization of

Composite Steel Frames

1) First Set of Data |
(NTELM, NOMP, NTHL, NBELM]

Where NTELM, NOMP, NTHL and NBELM denote the number
of all the e}ementary mechanisms, numbér of all the |
plastic moments defined as design variables, number of all
the as sumed"critical sections, and number of the beam

elementary mechanisms, respectively,

2) Second Groups of Data ‘ o
(NOH, WEXTN, WEXTD, MECO (1)

fori =1, NTELM
Where NOH is the nux:nbér -of plastic hinges which occurs at

the i-th elementary mechanism. WEXTN and WEXTD are the

humerater and denominator of the coefficient of the
corresponding external work WEXTO (i), respectively. o
MECO (i) is the i-th elementary mechanism's code number
which is used in classifying the mechanism according to its

way of collapse, and—also to be used for eliminating the

unlikely combined mechanisms composed of the right4to-left
and left-to-right elementary sway mechanisms simultaneously,
Assign integer number of -1, 0 and +1 to MECO {i) corresponding
to right-to-left, non-lateral and left-to-right mechanisms if

all of three types of me;:haniams have to be considered, i.e.,

in the case of the unsymmetrical structures or loadings,
otherwise leave blank. These input datas for elerﬁentary

mechanisms have to be read in the order of beam and sway or

joint or other mechanisms in order to identify beam mechanisms

.-—ta-

from another types of elementary mechanisms,

&




Y
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3) Third Groups of Data
(3, MP, THTAN, THTAD)|
for i =1, NTELM and k = 1, NOH

e Sanbid

Where J means the J-th section at which the plastic hinge is

assumed for the i -th elementary mechanism, and it must be

given in tive integer if the corresponding hinge is assumed

at composite section, othe;wise given in poaitiv‘e integer,

MP means the MP-th plastic moment which corresponds,to

the J-th section, THTAN and THTAD are the numerater and -
denominator for the value of the hinge rotation at the J-th

section, These data represent the i-th elementary

mechanism at J-th section.

4) Fourth Set of Data
((INT (j), j =1, NTHL|

Where JNT (j) is assigned to the s::%allest. integer number
among those assigned to the critical sections around a joint
of near the j -th section, including the number j. In addition, !
JNT (j) is the j-th section's code number to be used for |
eliminating the unlikely combined mechanisms with the -
elementary joint mechanism separately near the j-th
section, If the numbér of the assumed critic#]l sections near
the j-section is only one, i.e,, at aupports or mid-span,

A
(j) must be identical to a negative integer -j for a Vot

conyveniénce in the elimination procedures.
5) Fifth Se\'o,f Data » . .

[ MINHL, ﬁh)\CNHL, MINCM, IPRT, NP

Where MINHL, MXNHL and MINCM denote the minimum numbe';

e
of the required hinges for-all through the feasible mechanisms, .f

o

maximum number of the required hinges for and the minimum’

[

number of the combined feasible mechanisms to be generated,
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-

. o
‘respectively. MINHL, MXNHL and MINCM, however, may be
assuznied only for. obtai-ning an approximafe solution, otherwise
» for the generation of all feasible mechanisms must be left
blank, | |
If the detailed process during optimization by computer is
to be known, IPRT must be given‘i.lé* any positive integer,
otherwise left blank, NP is the totiLnumber of the linear
programming solutions of the original one and additional
par,ticulaf ones in which some of the original variables are
considered to depend. on the rest ones, and it: results in
-+ the certain number of the different combinations of the
particular variables. If such a particular solution is not

needed as usual, NP is equal to 1, ‘ \

6) Six Set of Data
(FLENG, WL, WD, T|
Where FLENG, WL and WD denote the standard span length

(ft) for the proposed frame, the standard working live load
and dead load acting on the typical beam including its own
weight (K/ft), respectively, T denotes the thickness of the -f\‘

concrete slab {(inch).

7 Seventh Set of Data

-

- { PMMIN (MP}, MP =1, NOMP| v
Where PMMIN/(MP) denotes the value of lower limit {K-ff)
401- t}\xe

-th variable,

8) Ejighth(Givopps of Data

rqo X, k), A= 1,..'.,i|

\
/ ... fork=1,2 . ,
Where CO{2,1) and CO (3,2), 2= 1,..., 4 denote the coefficients
. . %, -
of a, b, c and d for the type A and the type B functions representing

) .

b

Y o4y
.'. .

Tl - gt

Tt oy W eepirm 1L

i
3
i
|
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|

]

the continuous variations of Mu/M R ref.;pectively.
1%

~ (See Tables, 4-2 through 4-4)
IR .
" 9) Ninth and Last Groups of Data

(NMP (j), j =1, NOMP|
. for k=1, NP

Where NMP (j) denotes the new variable number corresponding
to the j-th original variable to be used for obtaining the

k-th particular solution. If NP is equalto }l, these data are

not required, (\

)

L
]
|
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A.4-4 Output Example for the Linear Optimization of
the Composite Frame in Sec, 5-2
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A, 4-5 Flow Chart of Main Program for Nonln'rlear Optlmlzatmn - {

of Steel Frames 1nc1ud1ng Composite’ Ones
(start ) . o : ' :

(Read general in'put dataj

(Read initial design values. |
(Is initial design feasible ? D on
N
|
(.Stop )

AN
IMove alongLra(hent until first constraint is encountered—l

Yes )

2
-

l )}> | - 0

IDetermme which constraints are active, '

' + |
LCalculate gradients of active constraints.J

i . |

@id weight increase during previous step1>_—_—'© ‘

Yes
l No _
< Ig con¥ergence criterion satisfied ?} : ¥es =® o '
. No .
{Should any a{ctive constraint be dropped ? ) Yes :® ’
No . . f‘\
P

Take-a small step along prbjected gradient and correct

-~

back to feasible region, !

‘-——-Qs' any new constraint violated? >
No Yes ° _
Interpolate to find intersectidn of active*.c‘:pnstraints and

new constraint,

L. ; i ) » .




c B C . v

Drop appropriate constraint from intersection of active

constraints, . ,

(@)
/'t

~/

-©

Interpolate to find optimum solution,

(0=

Ifrint nonlinear programming solution. |

Q{ead section properties of available sﬁapes.‘]

4

Select economical sections among available ones based on
i

the nonlinear progra'mming solution.

1 . ,

Erint economical sections selected, ]

End !
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/_ A 4-6 ‘Descriptio'ns of Auxiliary Subroutines for Nonlinear -

, Optimization of Steel Frames including Composite Ones

—

INVERT - A.subroutine which c::;lcu‘lates the inversion of a
symmetric matrix [UqT {X) Uq(}{)] which are
composed of the gradient 9[ the constraint function ‘
aj, y=1l..., mat the current design ‘variables. )

CONST: A subroutine which calculates the value of the
constraint functions on the basis of the current

: o design variables. ‘
r T

OBJECT: A subroutine which computes the values af the

objewtive function and tt’)'é",ig‘rradier’x’t vector on
AN _ the basis, of the current: deérign variables,

AN 4-T })esc riptions of Input Data for Nonlinear Optimization of Steel

/  Frames including Composite Ones '

1} First Set of Data i . _ | =
. (I). )
[M, N, NOAV]

Where, M, N and NOAYV denote the number of constraints,
number CL( variables and number of available rolled sections,
*if economical selection of sect‘ions on the basis of the ,

nonlinear optimum solution, is required, otherwise leave '

blank,
’ \\‘
2) Second Set of Data AN |
\ ! -
(EPS, DELTA, XOO, WOO| | Y ,
Where EPS and DELTA denote the tolerance g and § . XOO -

and WOO are the reference values to be used for defining, |
. the non-dimensional design variables and objective function, &

respectively. £
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3) Third Groups of Data
(BU (i), i =1, N|
(BL (D, 1i-1, N] .
Where BU (i) 'and BL (i) denote the upper and lower bounds

for the 1-th variable, respectively.

4} Fourth Set of Data
(FL (i), i=1, N]

Where FL (i) denotes the i-th member's length. If an
economical seléction of me'mbers from available rolled '/ .
.sections is required, a member length for each column_

must be given in negatlve value for a convemence in 1dent‘1kymg

a colulmn member from beam men(bers

5) Fifth Set -of Data

(X (), i=1, N

In wh\ich the initial value of the i-th design variable X (i)

must be assurned,

6) Sixth and\ Last Groups of Data

(IAVDP 3)) AVWT (i), AVPM (i)]
\7 Y. fori=1, NOAV

Where JAVDP (), AV'WT (i) and AVPM (i) denote the norrunal
depth, weight and plastlc moment capacity of the i-th
: avaxla.ble shape of a rolled wide flange section or a 11ght beam %
or a standard beam. If IAVDP (i) corresponds to a rolled w1de
‘flange, it must be given in positive integer, otherwise must
be in negative integer in order to idéntify wide flanges from
other shapes sihée‘for‘colurnn members only wide flanges are

to be used.

L
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A_ 4-8 List of Programs for Nonlinear Optimization of

- Steel Frames including Composite Ones

e
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A. 4-9 Output Example for the Nonlinear Optimization of the

r

Composite Frame in Sec. 6-6
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