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SUMMARY

This thesis describes the application of computer aided

optimum design techniques to the design of braced multi-storey steel

frameworks.

Optimization methods which have been used successfully in
structural engineering are described and classified. Applications
of the methods to structural design are reviewed and conclusions are

drawn concerning the current state of the structural optimization art,

The development of a model which assigns a cost to a typical
multi-storey framework is described. A computer programme which
‘comprises this model and-structural design routines, allowing the

interactive cost comparison of alternative designs is also described.,

The thesils goes on to describe the development of suiltable
Problem orientated optimization algerithms which can be combined with
the cost model and structural design routines. A design strategy is

then developed which, if followed will produce economic designs.

The results of using the design system are presented and conclusions
are drawn concerning optimum structural design. Finally avenues of

possible further research, which this research indicates will prové
profitable are indicated.



CHAPTER 1

INTRODUCT ION

l.1 SUMMARY

This chapter describes the structure of multi-storey buildings
and frameworks. It tells why braced multi-storey rigid steel frames were
chosen for investigation. Current commercial design and execution
practice 1s examined, and ways in which computer aided design techniques

can improve on current methods are discussed.

1.2 STRUCTURE SELECTION

Multi-storey structures were chosen for investigation because
they represent a substantial proportion of commercial building development

and in their simplest form they are relatively simple to design.

The structure chosen comprises a three-dimensional rectangular
steel framework, cladding, flooring, stabilizing elements and foundations.
The steel framework comprises the main vertical-load carrying components
of the structure, the framework selected is described in the next section.
The cladding forms a weatherproof skin around the sides of the structure,

1t may consist of facing elements which are either supported on the



framework or self-supporting on.mullions. The horizontal wind loads
which act on the cladding are transferred to the floors which act as
rigid diaphragms transferring these loads to the stabilising elements.
The floors may span in one or two directions. The stabilising elements
comprise either 1ift cores, shear walls or diagonally braced steel
frames. The whole structure is supported on a foundation which varies

in its construction to suit the ground and site conditions.

1.3 FRAMEWORK SELECTION

The possible types of frameworks which can be used in a
multi-storey building are many and varied. The three-dimensional braced
rigid frame that has been selected was chosen because of three reasons.
Firstly this form of construction is often used in multi-storey
construction. Secondly three-dimensional frames involve considerable
problems with the fitting together of steel sections with suitable
connections., This results in the selection of sections because of
geometric and stress considerations. Thirdly the absence of wind loading
on the framework renders optimization of the framework possible. If sway
frames had been used the elastic response of the structure to sway

loading would be complex, resulting in an optimization proﬁlem.that would

be lmpractical using present day computers.

The steel framework is that part of the structure which carries
vertical loading from the floors, roof and possibly the cladding. This
framework consists of major axis beams, minor axis beams and stanchions.
The stanchions are placed vertically on a rectangular grid. At each
floor level, the major axis beams span between the stanchion flanges and
the minor axis beams span between the stanchion webs. Connections occur
at each node point of the framework. Stanchion splices may be used just
above any floor level. The types of connections are all based on shop
'welding and site bolting which is current practice in Great Britain. A
typical framework is shown in figure 1.1, in which each element is shown.
A design can be considered complete when available steel sections can be

assigned to each member and bolts, welds and plates can be assigned to
each connection. |



MINOR AXIS BEAM

FIGURE 1.1 SKELETAL ARRANGEMENT




1.4 EXAMINATION OF CURRENT PRACTICE

When a multi-storey structure is to be constructed, the
developer approaches an architect. The architect, acting as the developer's
agent, will decide on the form of the structure., A Consulting Engineer
wlll then either design the structural elements, complying with the
constraints set by the architect or he will allow the fabricator to

perform the design.

The fabricator will be given sufficient information for him to
tender a price for designing, supplying and erecting the framework. The
fabricator having decided to tender a price, hands the information to
his designer, who determines the structural sections required. The
designer's results are passed to be fabricator's estimator who calculates
2 tender price. The tender is returned to the Consulting Engineer who

compares it with those submitted by other fabricators and so selects one

Lo undertake the work.

o

The decisions that are taken during this process affect the
final cost, these decisions will now be considered. Once it has been
decided to develop a site, the general shape of the structure is
determined by the architect, taking into account the shape of the site,
Planning considerations and the use of the structure. Within the shell
of the structure the lift shafts, stairs, walls and stanchions have to
be located. The architect ideally requires large unobstructed areas

with shallow beams and small stanchions. In practice this is not

: ot : .
generally possible and a comprise solution has to be developed with the LY

Consulting Engineer. The decisions taken at this stage have the greatest
effect on the cost of the final structure. The structural arrangement

is constrained by aesthetic, habitability, heating, ventilating and
structural criteria. An arrangement which satisfies all the criteria

1s unlikely to be found and therefore compromises have to be evolved.
This decision process cannot be readily defined in a mathematical

sense and therefore mathematical optimization techniques cannot be used
for its solution. The next decision that has to be taken is the

selection of available sections for the beams and stanchions. These

decisions are taken by the designer who uses his intuition and his



previous experience of estimating. The designer is expected to produce
details in the minimum time possible, this effectively prohibits the

costing of alternative solutions. The estimator may tale decisions on

how a component is to be manufactured, however he is bound by the details

provided by the designer.

Thus an examination of current bractice shows that there are
two declsion processes which permit reductions in cost. Firstly the
structural arrangement is devised, any reductions in cost are in this
case passed directly to the developer. Secondly, avalilable sections are
allocated to the members of the framework, any reductions in cost may be
passed to the developer, via lower tender prices or alternatively they -
may be absorbed by the fabricator as additional profit. It is therefore
apparent that rapid estimation of costs of various structural arrange-
ments may aid the first decision process and that the selection of

optimum steel sections may aid the second decision process.

. 1.5 IMPROVEMENT OF CURRENT PRACTICE USING COMPUTER TECHNIQUES

This thesis explains the development of a computer aided
design method, which selects a set of economic steel sections for a

framework and then systematically improves this set of sections.

B;fore this design method could be developed, research was

- necessary into several topics. Firstly a design method which had been
"codified" had to be selected, therefore a survey of design methods was
undertaken. Secondly an optimisation algorithm had to be selected, a

survey of the algorithms used by previous investigators was therefore

undertaken. These two surveys form a two part literature review which
follows this chapter.

The optimization techniques were found to require a means by

wh%ch a chosen set of sections could be tested for satisfaction of the
" structural constraints. The description of this process is the sub ject
of Chapter 4. The optimisation algorithms also require the evaluation
of the objective function which, in this case, is the cost. The cost

model that has been developed is described in Chapter 5. This model was



developed in cooperation with members of the structural steelwork industry

and it includes all the major factors that influence the cost of the

framework.

Once a means of checking the validity and determining the

cost of a set of steel sections was available, it then became possible
to develop suitable optimisation algorithms. These algorithms take
advantage of the particular properties of the problem to facilitate a

solution. These algorithms and their development are described in
Chapter 6.

A design strategy was then developed which could be applied

to various frameworks. This strategy was then used on a number of
frameworks to test its efficiency. This strategy, together with the
results of using the design programmes for various investigations, are
given in Chapter 7. In the final chapter, conclusions are drawn
concerning the structure, the optimisation algorithms developed and the

applicability of computer aided design to a structure of this type.



CHAPTER 2

Braced Rigid Frame Design Methods

2.1 INTRODUCTION

The scope of this review is confined to the consideration of
rigidly jointed, rectangular space frames, braced against sidesway by
a system of bracing. The design of the bracing system, which may be
steel bracing, 1lift and service cores or shear walls, will not be
considered further,

The design of steel frames in the U.K, and elsewhere 1s
currently regulated by the provisions of 384494; The design philosophy

of the standard is based on eitherg-

(a) A semi-empirical design method, based on assuming
pin-jointed connections when finding moments, but rigid
joints when assessing the stability of the columns.

or |

(b) Using the same allowable stresses as the simple elastig

design method (a) and performing a complete elastic

analysis.

These methods do not take account of the magnification of

minor axis moments due to the effect of axial load. Therefore the load



factors which occur in practice when these methods are used can be very

variablélo. The second method was devised for use with any type of

structural frame and therefore cannot exploit the particular characteristics
Jravey Heeega railley

of the braced rigidly jointed frame. For these reasons the provision

of BS449 will not be considered further for the design of members. S

The different types of braced frames which have been considered

in the literature have been classified by HORNElz} The classification

is based on the type of restraint afforded by the beams to the columns.

The types of restraint which can occur are:-

(a) Elastic (E): the beam concerned remains fully elastic
up to the point of failure of the column.
(b) Plastic (P): the beam concerned always develops a

plastic hinge at the beam/column connection before the

point of failure of the column.

(c) Pinned (0): the joints between the beam and column can
rotate without providing restraint to the column,
(d) Elastic-Plastic (E-P): the beam concerned may or may

not have developed a plastic hinge at the beam/column

connection at the point of failure of the column. The

moment/rotation characteristics of the beam are perfectly

elasto-plastic.

The last type of restraint has been included in order to

help in,the description of some of the design methods to be reviewed.
The type of restraint is also classified by HORNE12 on the basis of
the axis of the stanchion about which it OCCUrs, €.8. Px denotes plastic

restraint about the x axis. The design methods to be presented are

classified according to Hornes classification in Table 2.l.



(6) (2), (6)
(7) (D
n-

(2), (6) (2), (6)
(7) (7)

= Steel Structures Research
Committee 1936

(2) = Horne 1955

(3) = Lehigh Unv,., 1965

(4) = Joint Committee report 1971
(5) = Wood's Method (BRS) 1974
(6) = Youngs Method 1973

(7) = American Inst. Steel Construction
and CRC guide 1977 |

NP denotes this case is not practical

Table 2.1 - Classification of Design Methods

No significant gaps appear in the range of practical cases which

could occur. The design methods included above are described within

this chapter, The design methods to be reviewed have common

assumptions which are now describeds-

2.,1,1 Limited Frames

All the design methods are based on the concept of a

limited frame or subassemblage, For instance, when
considering the design of a beam, only those members which

are in the plane of the beam and are directly joined to it
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are considered. For example, .see figure 2.1l. Depending on

the design method the remote ends i.e. the perimeter nodes
of the subassemblage, of the numbers may be assumed to

deform in various ways. The validity of the limited frame
concept can be verified theoretically, by showing that the
loads on other parts of the frame have little effect on the

moments within the limited frame. This is also true for
columns for which a more complex limited frame is used,

see figure 2,2, This approach allows the consideration of

S 2
‘\\\\\\\~ <§§§§§§<§l!g”””’i
Figure 2.1 ’ / \‘
- Limited Frame for Beam A.B \ //4

Limited Frame for Column A.B

all the load cases which affect a particular member
without a full scale frame analysis. Because of the degree
of repetition implicit in the use of limited frames, the

limited frame concept is eminently suitable for computer
alded des ign .
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In all the design methods, limitations are put on the ratios
of breadtﬁ of section divided by flange thickness and depth
of section divided by web thickness. This 1s the case both
for beams and columns. These are invariably found from an
elastic buckling analysis, the differences reflecting the

safety factors in use by the design methods.

2.1.3 Plastically Designed Beams

For the design methods which use plastically designed beams,
the procedure is to find a three hinged mechanism for the
beam being designed. The resulting moments are then
compared with the full plastic moment of the section. The
plastic moment of the section may be modified to include
the effects of shear, if this is significant. Deflection
under working load is also checked.

-

2.1.4 Elastically Designed Beams

In the design methods which use elastically designed beams,
the procedure is to analyse the limited frame for 3 load
cases which gilve the maximum moments at the two supports
and at midspan respectively. The maximum of these

moments is compared with the full elastic moment of the

section. The deflections under working load are also
checked,

2.1.5 Colum Behaviour

» e |

With these points in mind it can.be seeﬁ that tﬁé problem
becomes one of the design of a single column. Numerous
investigations of column strength have been undertaken and
many computer models of columns have been proposed. An
excellent review of this work is provided by the C.R.C.
guides. The behaviour of columns can be predicted
accurately, but all of the models are far too complex for

design office use. Therefore design methods which consider



- 12 =

the behaviour of a column in a simplified way have to be
used. There are many variables which affect the strength
of columns in braced frames. The effects of some of the

main variables wlll now be consideredi-

2.,1.6 Initial Imperfections

The main imperfections in columns are due to initial
curvature, initial twist and residual stresses. American
practice tends to favour the use of residual stresses to
define the strength of columns. British practice tends

to use initial curvature. Residual stresses decrease the
stiffness of the column under load which magnifies
deflections and causes failure by Euler buckling or
excessive bending. Initial curvature causes an increase in
the central bending moment in the column causing. the

development of plastic zones. The mode of failure is

similar to that caused by residual stress.

2.1.7 Restraint

By rotationally restraining a stanchion at its ends about
its minor axis the failure load can be increased., This is
due to the fact that the stiffness of the beams contributes
"to the stiffness of the column by reducing rotation of the
ends. This is related to the commonly used "effective
length" concept. If a stanchion is unrestrained it can
never carry a load greater than the Euler load for its
length. However restraint allows the use of loads greater
than the Euler load. The restraint provided by beams which
frame into the minor axis and have a plastic hinge within
the beam is negligible. Some design methods are based on
directional restraint provided about the minor axis of the
stanchion within the height of the stanchion. This
constrains buckling to occur within the plane of the major

axis beams, resulting in higher collapse loads, but

requiring inconvenient bracing.
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The design methods previously listed represent all of the
main design methods proposed for the design of braced rigid jointed

steel frames. These design methods will now be described in dgtail.

2.2 THE STEEL STRUCTURES RESEARCH COMMITTEE 193624

The steel structures research committee was set up in 1929,
to investigate the application of modern theory to the design of all .
forms of steel structures. The first seven years were spent in an
investigation of multi-storey steel building frames. The results of
this work were published as a final report24 in 1936, Since that time

interest in the design method has been revived by the inclusion in

584495 of the recommendations for design of the final report.

The design method was an attempt to provide a rational basis
for the design of braced multi-storey frames in which the major and
minor axis beams were designed elastically, The development of the i

design method is described by BAKER, HORNE and HEYMAN2

The design method for beams 1s based on elastic design taking
into account the effect on the restraining moments of flexible
connections., An effort was made to make the design of beams independant R
of the stanchions by making conservative assumptions, as to the stiffness
of the stanchions, and the second moment of area of the beams. The
method consists of choosing a type of connection from a set of
standard bolted connection types. A trial beam section is chosen and

by the use of a chart which is dependant on the type of connection, the 7%

end restraining moments are found., These charts are based on the moment

rotation characteristics found from tests. The section is then checked

to ensure that the elastic stress produced is not greater than
9tons/in2 (l&SN/mmz).

The design method for stanchions again makes a number of
simplifxing conservative assumptions. The allowable bending stresses
are based on a pinned ended stanchion bent about the y-axis in eilther .

S/C or partial D/C curvature, taking into account stresses due to

initial curvature. The allowable bending stress is read from a chart

which depends on the slenderness ratio and axial stress in the stanchion.

The bending moments at the ends of the stanchion are devised for the
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worst cases that may occur and are read from a table.

The design method gained little favour from its inception
because the large number of simplifying assumptions produced an
expensive frame. The method was recently revived in B84495 as a
semi-rigid elastic design method. As far as the author knows the
design method has not been used for any actual building design. The
committee foﬁnd that it was difficult to produce a rational totally
elastic desigﬁ method for this type of frame and in order to solve the
problem made a large number of conservative simplifying assumptions.

2.3 HORNE'S DESIGN METHOD 195512

This design method is applicable to frames in which the
beams are assumed to be failing plastically at the point of failure of
the column. The minor axis beams may be pin jointed to the columns as
an extreme case. The definition of failure used is the attainment of
first yield in any fibre of the column,

The theory behind the design method was developed by Hornme

3, 11, 12 ,

and his co-workers in the early 1950's at Cambridge University.

The method has gained widespread acceptance within the British Steelwork
industry because of the prominence given to it by the British Construct-
ional Steelwork.AssociationG’Ilq. A summary of the development 1is

glven in a report of the investigations at CambridgeB. The design

method was chosen at that time becausej-

(a) The inelastic failure of restrained stanchions was too
difficult to predict by means of simple formulae.
and (b) The choice of a pinned ended elastic stanchion was not

thought to have a large reserve of strength, especially
as redistribution does not in this case occur

theoretically.,

The design method for minor and major axis beams is based on

Plastic analysis., The effect of shear on the plastic moment of
resistance is taken into account.

The design method for columns is based on satisfying the
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following interaction equations:-

P +anxCﬁXH4‘NfMYCmy-+ fi < £y
A Z
A le v . ‘

for the column as a whole,

and
P*+‘Mx-+jMy;g £y
A Zx; Zy

at each end of the column.

where
P = direct load
A = sectional area
Mx = maximum moment about the X axis
My = maximum moment about the y axis
Nx: = magnification factor about the x axis
Ny, = magnification factor about the y axis
C_, = equivalent moment factor for x axis moments
Cmy”= equivalent moment factor for y axis moments
zx = major axis section modulus

fi = stress due to initial curvature
jfy- = yleld stress

This is checked for each of eight possible S/C and D/C load cases.

The analysis of the stanchion is based on elastic analysis
allowing for initial curvature and torsional buckling. The analysis 1s

done for single curvature bending and the result is modified using the
equivalent moment factors me;and C

ﬁy,so that it can be used for any
type of bending.

4

The magnification factorsNxandNy express the effect of
axial load and twisting on the bending moments within the stanchion.
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As the axial load approaches the Euler load of the stanchion.Ny,approaches

infinity.

The equivalent moment factors qu and Cmy,are based on the
elastic theory, for bending about one axis combined with direct load,

for a pinned end stanchion}l.

The stress due to initial curvature is also based on a
non linear analysis-assuming the column is pinned ended. The stress is
derived from the bending moment produced by the axial load not acting
at the centroid of the section. This bending moment is modified to
include the effect of twisting. The initial curvature of the stanchion
1s given in terms of the minor axis radius of gyration and the distance
from the centroid of the section to the extreme fibre in the y direction.

This approximation allows the minor axis section modulus to be removed

from the formulas.

The method has been extended by HORNE13 to take in the case
where a plastic hinge may occur at one end of the stanchion before
failure. However minor axis moments must not occur. This method is

primarily suited to the checking of stanchions in single storey
structures.,

The design method was first applied to two structuresls’ 16

both at Cambridge University. Design examples are given in both these
Papers. The design method is also allowed by the Joint Committee

Report Design Method (see section 2.6) as an alternative design method.

This design method provides a simple conservative technique

for the design of unrestrained stanchions. Despite the very 2'7
conservative nature of the design method it is perhaps the most

accepted design method in British Industry for 3-dimensional braced
frames with plastically designed beams.

2,4 LEHIGH UNIVERSITY DESIGN METHOD 1965%°

In 1965 Lehigh University attempted to collect all of the

results of experimental and theoretical investigations done by them
into a coherent plastic design method for multi-storey frames. The

design method is described in a set of lecture notes:19 provided at the



resulting conference. Design methods were presented for braced and
unbraced frames. The design method was the first method proposed which

dealt with elasto-plastic design.

The design method is applicable to the design of beams and
columns in braced frames which are rigidly connected to the major axis

beams, and pin connected to the minor axis beams. The design method

takes account of residual stress.

The design of beams is done by plastic theory assuming a
three hinged mechanism. The effect of local buckling, bracing spacing

and shear are also considered.

The design of the columns 1s done by the consideration of the
moment-rotation characteristics of the column as it is loaded up. The
column in question is isolated into a limited frame or subassemblage as
shown in figure 2.3. Assumptions are made as to the ‘rotation of the
remote ends of the beams, in accordance with the load condition being
considered. The relationship between the applied moment and the
rotation of the members in the subframe are then found from curves.

If the moment rotation chafacteristics of the beam and column are added,
the resulting moment rotation characteristic is that of the subassemblage.
The maximum moment from this curve must be greater than the unbalanced
joint moment for the frame to be stable. In order to render the

problem suitable for hand computation, it is usual to assume that the
bending -of the column corresponds to one of three cases. The design
method 1is strictly only applicable to columns braced in the y-direction.
However a modification is given which, by ensuring that the column

moment is never greater than the elastic critical moment, will be

applicable to members which are unbraced in the y-direction.

1, 38. The

first set of tests was done on a 3-storey, 2-bay plane frame with

The design method has been verified by tests

welded connections. The general observations were thatg-

(a) The design method was satisfactory in that all the
columns failed at loads greater than the theoretical

maximum load.

(b) Beams and columns not directly connected to a member had

little effect on that member.

o I " O T S S S ST R v e el b Tk .7 AT -
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(c) The bracing used took almost all the lateral load and
the lateral load had little effect on the behaviour of

the columns.

The second set of tests were performed on subassemblages which
tested the validity of adding moment rotation curves. It was also
found that stanchions bent in D/C had a large reserve of strength

because they strain harden.,

The design method has been used in at least three tall framed
structuresl’ 9. These are all in Maryland, U,S.A. However the method
is difficult to apply manually, and recourse was taken to using a large

number of computer produced tables in order to simplify the design

calculationsl.

This design method represents an attempt to apply elasto-plastic

design principles to braced frames. The method has two main failingss.

(1) Minor axis restraint is not allowed for.

(2) The data required for design is only available for

American sections.

2.5 COLUMN RESEARCH COUNCIL8

The column research council was founded in 1944 in order to
foster research on the behaviour of compressive components of metal
structures. The finding of the council are periodically published in
the form of a guide, the most recent of which was published in 1976.
The gulde provides a review of research and design methods which have

been proposed. Those design methods which show good correlation with

experiment are described in detail. These design methods represent
current American practice.

The guide concentrates on biaxially loaded columns, without
restraint at the ends. The design methods reviewed are based on

interaction formulae. Two sets of interaction equations are proposed

fo;_the case where the column is inelastic,

The first set of interaction equations were proposed a

number of years ago7 and are of the form:-
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C M C M
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for the column as a whole and

“P 0185 Mx 0.6 My
—+  — o+ —< 1
M M

PY pPX PY

‘Mx: My
—_—t — <]
M M

PX Py

for each end of the column.

where
P = applied axial load
Pu. = ultimate load for the centrally loaded column
Mx = maximum applied moment about x axis neglecting the
effect of axial load
me:= moment reduction factor dependant on the shape of the

bending moment diagram

Mux:= ultimate bending moment in the absence of axial load

taking account of out of plane bending

Péxf= elastic critical load for buckling about the x axis
Py' = yleld load of the column
Mpx = plastic moment of column about the X axis.

These equations are similar to those derived fx:om.HORNE:{2 but
they are applied empirically to inelastic failure. The method applies
to an isolated column which forms a plastic hinge at one or both ends.
Such a formulation has some of the disadvantages of the elastic limiting

stress approach in that in certain cases it can still be very
‘conservative,

The second set of interaction equations is of the forms-

y £ " £
X Y
+ < 1.0
M M
pex pcy

at the column ends.




- 21 -

meMx \ CmyMy (
+ £ 1.0
M M
ucx - ucy

for the column as a whole.

where
Mpcx'= Plastic moment about axils x taking into account the
reduction due to axial load
Mucx:= the maximum uniform single curvature moment, which can

be resisted by the member about the x axis in the

presence of axial load and no other moment.

Hy

variables depending on the shape of the section and

the axial load.

These equations were proposed by TEBEDGE and CHEN25 in 1974

and are less conservative than the previous equations. The guide

concludes that these formulae should prove useful in the future for

inclusion in design codes.,
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