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ABSTRACT

This project report describes the devolopment of a computer tochnique for

the alastic-plastle analysis of malii~atoroy sway frames.

The prograc uses the Schelz Intersction cothod appiied to the structure
en g storey-by-slorey hasis The ripsd plestss collapse load and olastie
buskling ioad of cach ssorey sub-atyucture are caliulated and applied in
thy iptorscsden methad to obtasn the ot.roy fosdure Juad.  The lowess

srorny faiture losd s then taron an the feilure lcas of the struiturs.

The sustabiiity of this Xe hnigee for the analssis ang desigm of
mplti-ntorey sway fromes Ss tnveatupated  Thuw g0 done Ly desigaing
frome using the projosesd earhiad and then analvssng 48 wIh rIgbecw
unthods €0 swaluote thoe denspn  The progean tu alss oard 10 noalyse pro-
vieusly thvestigated fraros anld sragaze renalls wesh pigireus analyess

renufn.

It hae boen conciuded that bhe sieplificoattons intredo.ed by the prepesed

pothod wake 12 sxtrensly well suibed to the design of zulti-ntorey wway

frames.
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1.0 INTRODUCTICN

It has long been realised in the design of multi-storey sway fremes that
aconomic advantages can be gained by taking full plasticity into account.
This neoessitates o second-order, slastic-plastic analysis of such frames
which should take possible secondary effects intu account. The most im-
portant secondary effect is the so-called P-Delta moment, i.e. the addi-
tional mements which arise when the axiul forces on the columns interact

with the storey sway,

As a result of the secondary effects failure of the structure thromgh
instability may oceur before & plastic collupse wechanism can form. It
is therefors imperstive to take secondary effects into considezation in
the analysis of multi-storey sway fremes. The analysis of such frames can

be approached in & number of different ways:

1., Elastic-plastie analysis of the entire structure.

2, Elastic-plastic analysis of single column sub-assemblages or storays.

»

Interaction method using the Merchant-Rankine rule.

»

Interactlon method by Scholz applied to the whole structure or on &

storey-by-starey basis.

The 4nalysis approaches mentioned above will be examined in wore detail

in the literature survey of this report.

Introduction 1
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1.1 RESEARCH OBJECTIVE

The objective of this report is to develop a computerised version of the
Scholz Interaction method applied to steel sway frames on &
storey-by-storey basis. Using this program, the Scholz method will be
applied to & number of different frames. The rnsults of these analyses
will be compared with results cobtained by other researchers on the same
frames. The suitability of this method will also be investigated in regard

to the design of lurge multi-storay steel sway frames.

The interaction methed by Scholz (1983a) is & recent development which
attempts to overcome the r.itrictions and shortcomings of the
Merchant-Rankine method without sdding to the complexity of the analysis.
So far the method has only been applied to & few discrete frameworks on
a storey-by-storey basis. The suitability of this method when applisd

to large multi-storey frameworks in gemeral still needs to be evaluated.

Like the Merchant-Rankine method, the Scholz method makes use of the
structure elastic buckling load and rigid-plastic collapse load to eval~
uate the failure load. The advantage of the Scholz method is that, if

applied on & y-by besis, the are 1y

simplified.

In the examples done to date, the elastic buckling load of the stovey
sub-structure has been calculated using the storey stiffness method of
Cheong Siat-Moy (1976a). This method is simple to apply and hes given good
results. It would thus appear to be the most suitable way of calculating

the elastic buckling losd for the storey.

4 possible disadvantage of the Scholz method and other interaction methods

is the caleulation of the rigid-plastlc collspse load. On a large struce

Introduction 2
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ture, even if only & storey sub is being dered, many pos-
sible collapse mechanisms have to be investigated. If the Scholz method
1s to be computerised, a suitable rigid-plastic analysis will have to be
developed which could be applied to tha storey model. A method recently
published by Liang and Yuan (1984) appears to offer the best solution to

this step.

1.2 OUTLINE OF REPORT

1. A litersture survey of the various existing methods of

ealastic-plastic analysis of multi-storey sway frames.

2. Development of the Computer Program: 4 method for calenlating the

rigid-plastic collapse load of the storey model is developed. Cheong

Siat-Moy's storey stifiness method is then utilised to compute elas-

tic buckling load for sach storey. The program then uses both the

'[ rigid-plastic collapse load and the elastic buckling load to evaluate

|
|

the storey failure load on the basis of the interaction technique by
Scholz, 'The smallest storey failure lcad is taken as the s

elastie-plastic failure load of the structure.

3. Paremetric comparisons: The Scholu method is first applied to a ten
storey frame designed by Cheong Siat-Moy to imvestigate the suit-
ability of the method for design. Comparisons are then made with am-

alyses by other and where di es arise they exe

discussed.

4. Conclusions are presented on the application of the Scholz method in

a ed form on a y-by y basis to laxge sway frames.

Introduction 3
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2.0 LITERATURE SURVEY

2.1 BACKGROUND

The accepted way of designing multi-storey sway frames subjected to

gravity end wind loading is to modify the forces obtained by a first-order

analysis. Tha fi forces under the actual forces which

would develop in the frame members. The di in the fi; ds

forces and the actual forces would be due to the so-called 'seccndary

effects’.

The most significant secondary offect arises when the gravity loads on
the floors and columns imteract with the lateral displacements caused by
wind loads. If the frame were atted upon by the wind loads onmly,
first-order displacements Af would result. If the gravity loads were now
applied to the structure in its deformed pos.tion these loads would

with the displ

4; to produce secondary moments, ca'led
the P-Delta moments. These moments in turn cause the structure to d.

further into & new aequilibrium position A!‘ ‘The first-order deflection
has thus been magnified to As’ the new second-order deflection. It is
obvious that these second-order moments and deflections should be taken

into account in the design of muiti-storey structures.

Several other sources which could increase the first-order deflations
end thus moments have been identified (Cheong Siat-Moy, 1977). Semi-rigid
connections between beams and columns would cause an ineresse in the
lateral defozmation of the structure. Panel-zone effacts, column shoxt-
ening and initial storey eccentricities would have a similar effect. The

reduction in stiffness of members due to axial forces and residual

Literature sufvey 4
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stresses in the members should also be taken into account. In large frames

with columns under heavy axial loads these second-order effects can result

in instability of at loads ally less than those given

by a first-order analysis. Thus

of the dsry effects

is essential in determining the overall stability of the frame.

The gemeral approach in building codes has been the introduction of the
'effective length' concept to take secondary effects into consideration.
It is believed that the frame will posses adequate strength if it designed
using the forces obtained from a first-order elastic analysis, provided
that effective column lengths are used in the design. In this way the

designex is spared all the complications of & second-order analysis.

However it has besn demomstrated by Cheong Siat-Moy (1978) and Scholz
(1982) that design using the 'effective longt! st does not always
ensure frame stebility. In the light of thesc - it would appear
that the secondary effects should explicitly be %i..s into account in the
analysis and the design should be based on the resulting second-order

forces.

It is normally accurate enough for engineering purposes to take only the
P-Delta effects into account and ignore the othars. There has been a great
deal of research done in trying to develop suitable methods of teking
second-order effects into account in the analysis and design of struc-
tures. A brief review of the work done on this topic is presented here.

Three basic methods of approaching the problem can be identdified:

1. Rigorous elastic-plastic analysis of the entire framework

2. Approximate second-order analysis applied to suitable sub-assemblages

or to the structure ag e whole.

Literature survey 5
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3. Application of intevaction formulae,

2.2 RIGOROUS ELASTIC-PLASTIC ANALYSIS OF THE ENTIRE
FRAMEWORK

It was pointed out by Scholz (1981} that . .ll-frame analyses, using the

exact moment-curvature relationship of all the members, are rare and have

only been p on limited . Investigations on simple
portal frames with pianed bases have been carried out by Chu and Pabacius
(1964), Moses (1964), Yura and Galambos (1964 and Adams (1964). These
analyses are very time consuming and place great demands on the computer.

They are therefore not very useful to the design engineer.

It is more common to analyse the entire frame using a second-order
elastic-plastic method of analysis. This is mormally done by utilising
the slope-deflection equations fox each membexr and combining them to form
the structure stiffness matrix. The load-displacement relationship is
used to calculate the member forces and moments. By formulating the
analysis on the deformed shape, both strength and stability effects are
taken into account. This method assumes that when the fully plastic moment
is reached at a certain point in a member (normslly an end or midspan
point), a plastic hinge formy st this discrete poimt while the rest of
the member remains elastic. The loading s applied incrementally and a
second order elastic analysis is performed at loads between the formation
of consecutive hinges. With the formation of each additlonal hinge the
stiffness of the structurs is yeduced and the stiffness matrix has to be
adjusted accurdingly. The £inal collapse load of the structure is attalned

when the determinant of the structure stifiness matrix changes sign or

Literature survey 6
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becomes zerc. A detailed survey on computer based methods for plastic

analysis and design was published by Grierson (1964).

Jennings and Majid (1965) used the matrix method outlined above to develop
& computer program which performs a second-oxder, elastic-plastic on
ganaral frames. This pepev was expanded upon by Majid and Anderson (1968)
where some of the difficulties of analysing large frameworks using this
method are discussed. Comparison is also made in this papar between their

program results and the results of other researchers,

The analysis method presented in these papers is based on monotonically
increasing load paths and the formation of plastic hinges is predicted
by iteration. Between the formation of plastic hinges the structure is
treated in a piece-wise elastic manmer. When a plastic hinge develops it
is registered in the analysis by a new term in the structure stiffness
matrix. Thus with the formation of each new hinge the size of the
stiffness matrix is incressed from an (n)x(n) matrix to an (n+1)x(a+l)
matrix. Provision was not made in this method for the unloading of plastic

hinges.

The matrix method program was further developed by Horne and Majid (1966)
to incorporate both analysis and design features. Their program is capable
of considering reductions in the moment eapacities of the members due to
axial loads. More secondary effects were taken into account by Parikh
{1966) who incorporated the effect of both residual stresses and axial
shortening of column members. Davies (1966) further extended this work
by developing a program capable of analysis under varisble loading pat~
terns., Kis program also took inte account the effect of strain hardening

and hinge reversals on the second-order bending analysis.

Korn and Galambos (1968) utilised these developments in a matrix method

to make a study of the effect of axial deformations on second-order

Literature survey 7
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analysis results. They did not make provision for handling hinge reversals
although their method did detect and report the occurrence of reversal
of hinge angles, This report concluded that axial deformations have neg-
ligible effects on fallure loads but that hinge reversals should be con~
sidered.

Vijakkhana, Nishino and Lee (1974) developed a method of second-oxder
elastic-plastic analysis in which the stiffness matrix is so derived that
it can be applied to any piece-wise elastic regime in the elastic-plastic

deformation of & member. They mske use of stability

to take the effect of axial forces into account and make comparisons with
results obtained using the exact stability functioms. The application of

their analysis to the design of frames is also demonstrated in this paper.

Davison and Adams (1974) developed a sacond-order, elastic-plastic anal-
ysis program based on the matrix method in which provision for hinge ze-

versals in the beams was made. In the columns the effect of axial

shortening was taken into but no p was made for

hinge reversals. Using their program they the effect of y

P-Delta moments on braced and vnbraced frames, They concluded that the
P-Delta effects are as important for braced as for unbraced frames dus
to the fact that brecing is not infinitely stiff. The authors go on to
suggest that current design practices, which imply that the P-Delta ef«

fects in braced frames are insignificant, should ba discarded. A design

using a analysis, with no distinction between

braced and unbraced frames, should be introduced.

A further development to the matrix method was made by Liang and Yuan
(1984) in their proposed method of second-order, elastic-plastic analy=
ais, Instead of increasing the size of the stiffness matrix by adding a
new column and row to accomodate an extra unknown rotetion when & hinge

forms, the stiffness matrix for the member with the hinge is modified.

Literature survey 8
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The new member stiffness matrix 1s then inserted in the structuze
stiffness matrix. This modified structure stiffness matrix remains the
same size ax before, which, they claim, greatly reduces the computer time

when analysing large structures,

When copsidering the suitability of these analysis methods for design
application, one must bear in mind that all of them require the structure
to be analysed as & whols. This would have important implications for the
design of large structures as the data processing and program running time

could prove unaceptable.

2.3 APPROXIMATE SECOND-ORDER METHODS

Sub-assemblage techniques have been developed in an effort to approximate
second-order slastic-plastic analyses of structures without the use of
computers. However, as noted by Scholz (1981) and Cheong Siat~Moy (1976a),
these sub-cssemblage methods seem to be limited for application only to

single storey frames.

A serles of lecture notes published by Lehigh University (1965) titled
"Plastic Design of Multi-Story Frames", sets out an approximite
second-order, elastic-plastic design method. They suggest that this
method could be applied by hand but for large Frameworks this would entail
numerous yepetitive casleulations. In this method the members are ini-~
tially sized using an approximate plastic analysis for the structure under
factored gravity loads only. For the combined loading case a lateral de-
flection s assumed for each storey and a preliminary design is carried
out, This is done by calculating the storey sway and then revising the

members until the caloulated lateral doflection and the assuwed de~

Literature survey 9
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£lections approach . other to within tolerable limits. The adequacy

of the member sizes tins selected must then be checked by calculating each
storey's  shear resistanco. This 1s dome by plotting the
shear-displacement curve for each beam-column sub-assemblage in the
storey and then superimposing these curves to obtain the storey
shear-displacement curve. The selected member sizes are adequate if the
total storey resistance is greater than the applied storey shear. Other-

wise ths members must be adjusted and the checking procedure repeated.

This method is very laborious and time conrsuming and not suitable for the

design of large . results by Davison and
Adams {1974) and this report, indicate that this method is conservative.
It appears that the procedure becomes more inaccurate the more columns
there are in & storey. This conld be attributed to the fact that each
column in a storey is treated individuslly and then summed to cbtais the
total storey resistance. The more columns there are therefore, the greater

the accumulation of errors.

As an alternstive approximate method Cheong Siat-Moy (19762,1936b) has
developed & method to approximate a second-order elastle-plastic analysis
for general frames under horizontal amd vertical loading. This method
relates the failure load of the frame to the storey-stiffness; instability
£ailure being reached wien the storey stiffness becomes zerc or negative.
The frame can thus be sub-divided into storeys snd each storey can be
andlysed independently of the rast of the frame. This method thus has

great potential for simplifying the analysis of large Frameworks.

With fremes sibjected to pure gravity loads prediction of the crivical
load is greatly simplified by concidering instability as a function of
storey stiffness. By tvacing the changes in storey stiffness as loading
is increased, the load at the onset of instability is identified as the

Literature survey 10
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load at whic.. the story stiffness becomes zezo. The buckling load of the

structure is then the critical load of the weakest storey.

Inelastic sway buckling can be treated in a similar manner; allowance
being made for plastic hinges. The drawback of this method is that five
possible types of failure must be investigated for each column-beam
sub-assemblage. This could prove to bs a lengthy process when a large

grame is being anslysad.

The storey stiffness method can aise be applied to the desipgn of
multi-storey frames. The load at which & hinge foums is determined by
caleulating the load at which & hings would form in each beam of the
storey model. The stiffness of the critical beam is then adjusted, which
alters the storey stiffness, and the resulting moment changss are re-
corded. The process is then repeated to find tha next hinge and & load
vs. deteriorating storey stiffnass curve is plotted. The beam membexs are
sizad so that the computed failure load factor is greater than the re-

quired design load factor.

Column sizes are then selected so that plastic hinges will form in them
under the loading factored by the design load factor. The presence of
these column hinges causes the storey stiffness to become zero. This
method could be applied using hand computetions but the plotting of the
load vs. storey stiffness curve for each storey would require a great deal

of work for a large framework.

In a later paper Cheong Siat-Hoy (1977) shows how secondary effects other
than P-Delta effects can be taken into account using his proposed method.
It is shown that by magnifying the first-order defisctions AF, the effects
of semi-rigid connections, initial stovey eccentricities, column axial
shortening, panel-zone deformations and column yielding can be teken into

account. He proposes too (1978) that all these second-order effects be

Literature survey 1
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taken iato sccount when designing multi-storey frames instead of camou-
flaging the secondary effects br the use of the 'effective length' concept

in the design process.

Cheong Siat-Moy (1978) points out the inconsistencies of the 'effective
length' approach and advises that in design oveszall frawe stebility should
be considered separately from member stability. By applying the storey
stiffness method the designer could calculate the approximate

second-order forces and thus eliminate the 'effective length' concept.

Another method ted by

and Hage (1977) is the
Moment Magnifier solution for second-order effects. This method uses an
approximation of the 'storey critical losd’ developed by Rosenbleuth
(1967), Goldberg (1973) and Stevens (1967). The storey critical load is
used to caleulste a moment magnification factor which is applied to the
ficst-order moments to take the P-Delta effects into account. This method

is not very accurate and is used mainly for preliminary design.

The P-Delta Method of analysis is an approximste technique which will give

an ptable design i of the nd-order forces and moments in
an elastic structure. This analysis takes into account the 'sway forces'
induced by the P-Delta moments. In this method the lateral and wertical
loads are applied to the structure and the relative first-order lateral
displacements are found for each storsy using an elastic analysis on the

whola Thesa displ

are used with the storey vertical
loads to compute an additional sway force for each storey. The sway forces
are then added to the original lateral loads. The total second-order
forces and moments can now be computed using a first-order analysis. The
final additional sway forces can either be calculated directly or by using

an {terative procedure.
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Wood, Beaulieu and Adams (1976) have shown that this method can be used
for sway frames designed by the sllowable stress technique suggested by
the American (1978) and Canadian (1969) structural steel codes. In this
method the second-order effects are usually compensated for ln an empis-
ical manner by the use of effective length and Cm factors in the design
of the wembers. If second~order moments are directly calculated the mem-
bors can be designed on the basis of a sway prevented model, resulting
in & more accurate analysis. The authors also point out in this paper that
only the column moments will be adjusted when second-ordex effects are
taken into account when using the effective length method. Using the
results of a second-order elastic analysis will result in both the column

and heam moments being adjusted fox the P-Delta effects.

In their design optimisation progrem, Emkin and Litle (1970) use an it-
erative process, combined with the results of a second-order elastic

analysis, to take P-Delta effects into account. In their method the

s s analysed y-by y from the top storey down. The
member sizes for each storey are obtained by iterstion and adjusting
member sizes until convergence of lateral deflections is obtained. When
all the storoys have been treated in this menner the overall structuze
lsteral deflections sre celculated. If these deflectioms are within 5%
of the deflections used to calculate each total storey shear the design
is complete. If not, the calculated deflections become those of the
P-Delta effect in the noxt cycle of the design. The iterative procedure
then begins once again at the top storey and repeats until the convergence

condition is met.

Thus, even though the design is carried out with a storey-by-storey pro-
cedure, the entire structure must be analysed to confirm the design of
one storey, The romputations involved would not be suitable for hand

calculation. It is therefore not comparable with ths storey-by«storay
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approach advocated by Cheong Siat-Moy (1976b) with which one could isolate

one storey and analyse it by hand.

The paper discussed earlier by MacGregor and Hage (1977) also makes men-
tion of the Negative Member Bracing Method. Nixon, Beaulieu and Adems

(1976) have shown that a direct solution of second-order effects cax be

obtained by using a analysis ficti-
tious disgonal bracing members of negative stiffaess. These fictitious
bracing members make the structure moze flexible, the increased flexi-

bility compensating for P-Delta effects.

With the exception of Cheong Siat-Moy's Storey Stiffness Method, ell the
approximate methods discussed sbove require snalysis of the structure as
a whole. This has a serious disadvantage especially in the pxeliminary
design stage. Member sizes are often being changed at this stage and the
effect of each change can only be ascertained by re-analysing the entire
structure. If the Storey Stiffness Method is used a change in member size
would necessitate the re-analysis of only one storey. However, the dia~
advantage of this method, as mentioned earlier, is that a number of dif-
ferent failure mechanisms have to be investigated for each storey.
Furthermore, when using this method for plastic design the plotting of
the load vs. storey stiffness curve makes it a cumbersome technique in

the design of frames,

2.4 USE OF INTERACTION FORMULAE

The work of Rankime (1866) and Mezchant (1954) has pioneered the comcept

of using formulae in d the stability of structural
fr . In the kine method, the failure load of the
Literature survey 14




structure P, is obtained by using the value of the plastic collapse load

Pp and the elastic buckling load Py in tne following interaction rule :
e =P /(LR /R ) L..[ Eg.1}

Wood (1974) made modifications to the formula to teke imto account &
minimum emount of strain herdening and restraining action due to composite

behaviour. His revised rule takes the following format :
Pg =P (0.9 + B /P) ...[ Eq.2 ]

Schelz (1981) among others, has pointcd out the inadequacy of this method
when applied to slender and flexible frameworks. For this reason the use
of this method has been limited to frames for which Py/P, is less than
0.25. Frames not complying with this condition have to be analysed using

alternative elastic-plastic metheds.

Another second-order elastic-plistic design rule was developed by Im
(1965) from symmetrical portal frames with pinned bases subjected to
symmetrical vertical loading. Scholz {1981) has pointed out & number of
shortcomings of this method for the uwsign of general frames. The main

shorteomings are that the design rule is only applicable to vertical

leading, it was developed for pinned base conditions and would have to
be amended to take other base conditions into account and there is no

|

( allowance made for any deviation from full symmetry.

|
In an attempt to eliminate some of the shortcomings of the
Merchant-Rankine method without adding to the complexity of the computa-
tion involved, Scholz (1981) has developed an improved version of the
Morchant-Rankine approximation to evaluate the stability of sway frames.

elastic buckling load P . The application of this method to general frames

Literature survey 15
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has no equivalent limitations impused on it and gives & much better coxr- {

relation with more rigorous methods tham the Merchant-Rankine approach
1

(which has bean by the for |
Steelwork (ECCS) and is has been included in the new British Specifica- |
tions for the Structural use of Steelwork in Buildings). Scholz's method
can be applied to the framework as & whole or to suitable storey

sub-assemblages.

A brief summary of the method deseribed by Scholz (1983a) applied to a

storey-wise analysis is outlined below:

©  Sub-divide the frame into storeys assuming points of contraflexure :

| to oceur at mid-column height (except bottom storeys). ;
. l o Determine the rigid plastic collapse load of each storey sub-frame,
o Determine the clastic buckling load of each storey.

Carry out an approximate second-ordet elastic analysis on esch storey
loaded with the appropristely factored elastic buckling load (factor
= 1.0 for vertical loading only ; = 0.4 for combined case of vertical

and hozizontal loading}.

For each storey calculate the slendarness of the real frame and of
the limiting frame and identify the lowest real frame/limiting frame

slenderness ratio. The limiting frame is defined as a frame for which

S S T

failure and first yileld coincide, this eriterion being used to de-
termine its slendarness. It has been verified by Scholz (1981) that
each real frame can be grouped into & specific family of frames Te- .
presented by a curve in 4 frame interaction diagram as shown in Fig.l.
A specific curve of Fig.l is characterised by & freme not aftected
by P-Delta moments { on left vertical axis of Fig.l ) and the
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so-called "limiting frame" ( intersection point of curve on right
vertical axis ). The curved portion in between those boundaries is
empirical and the shape has been confirmed by & large number of =i~

crete experimental and rigorous analytical examples,

o Calculate the elastic buckling load/plastic eollapse load ratio for

the limiting frame.

o Read off the failure load from the relevent interaction graph, such
as shown in Fig.1. The ratio of elastic buckling load to plastic
collapse load together with the slenderness ratio for the "limiting
freame" identifies the appropriste curve from the array of possible
curves of Fig.1, whereas the same ratio for the real frame leads to
an intersection point on the selected curve indicating the failure

load.

So far this interaction technique has only been applied to a few discrete
frame Structuzes and a generalised computer version is autstanding.
Scholz (1983b) has also shown how second-order effects other than P-Delta
effacts can be accounted for using his interaction method. In this paper
he argues that the effects of non-uniform tempersture, differential
settlement, column axial shortening or initial storey eccentricities can
be accounted for in the same way as the strength loss sssociated with
applied horizontal loading. He also gous on to show how the effects of

semi-rigid and residual stre: cen be taken into account.

‘The interaction methods provide us with & powerful tool for taking
second-order effects into account and enmsuring stability in the design
of structural frameworks. However, it is a time consuming task to calcu-

late the rigid plastic collapse load of a large framewerk. The

y-by y & d by Scholz (1981) thus has the poten-

tial for substantially reducing this task. If . more efficient method can
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Figure 1. Basic interaction curves, Scholz (198!)
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be found of calculating the rigid-plastic collspse load of the storay
model we would have a very elegant technique at our disposal for the de- ] §
sign of Iiames. This report develops a suitable rigid plastic collapse i
analysis which is applied to the story model and investigates the possi- E
bility of applying this analysis on a storey by storey basis.
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3.0 COMPUTER PROGRAM

3.1 INTRODUCTION

|
i The objective throughout the development of the computer program wes to f
introduce as many simplifying assumptions as possible whilst maintaining - |

sufficient accuracy for engineering purposes. The assumptions are made

to ise on time for the analysis.

The technique of analysing the on a y-by y basis in
itself helps a great deal in simplifying the analysis and saving on com
puter time. With only one storey being analysed at a time the number of
unknowns inveived at any stege of the computation is winimised, Further-
more, with a future view to developing the analysis technique into a de-
sign packege, analysis of isolated stories has a major advantage. If the
designer wants to adjust the size of one or two membars he will not have
to re-gnalyse the entire structure but only the affected storey or
storeys. Using methods which analyse the entire structure as an entity,
adjusting only one member would requize re-analysis of the whole struc-
ture, This is a costly task for large structures and, furthermore, since
. the consequences of changing a member are not easy to foresee, may have

to be repeated & number of times before achieving the desired effect,

Listed below ars a few more commonly made simplifying assumptions which

have been adopted in the d sed analysis Iy t

o all frames are regular in geometry, planar and unbraced.

o  there are no initial storey eccentricities. »

computer program 20
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o rigid member connections are assumed and bases are either fully rigid

or pinned.

o members are compelled to bend in the plane of the frame about their
major axes. No provision is made in the presented program for minor

axis bending but could easily be incorporated if raquired.

o  thn possibility of lateral torsional and local member buckling is

ruled out.

o shesring zone deformations and panel zone deformations sre not con~

sidered.

o axisl deformations and shortening dus to bending have been igmored.

A flow chart outlining the program structure is given in Fig.2. The pro~
gram has been written in BASIC £4r a HP9816 wicro computer with & capacity
of 512 kbytes. The maximum size structure that can be analysed by the
program in its present format is twenty bays wide by fifty stories high.
The base supports must either be all fixed .r all pinned. Vertical loads
must be made up of uniformly distributed loads on the beams and concenw
trated point loads 4t the beam-column iptersection nodes.  Horizontal
loading consists of concentrated point loads applied at floor levals.
Young's moduluz,E is a comstent for all members of the structure, Pro-
vision is mads for the beam members and the column members to have dif-
ferent yleld stresses but all besms must have the same yield stress and
likewise all columns. The user is askad to specify the value for &

factor,c by which all yield stresses will be factored to give the effec-

tive yield stresses i.e, the stress to the urrence of
first yield. For each member in the structure the following section

properties are xequired : Homent of inertia I, Plastic modulus Zp, Ares
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A and Distance from the centroid to the extreme fibre, y-max, which, for

symmetrical sections, equals half the section depth.

In the program the analysis begins by first analysing the top storey.
Thereafter each romaining stovey is isolated and analysed, starting at
the top and working down to the bottom storey. The program is discussed
step by step below, outlining more simplifying assumptions applicable to

each step.

Sections 3.2 to 3.6 outline the calculation of the rigid plastic collapse
load factor for a given storey. The f£low chert shows that initially the
entered loading (normally working load) is unfactored i.e. the load pa-
vaveter ¥ = 1,0. The loeding is incremented proportionally by increasing
the load parameter ¥ and multiplying all loads by .

3.2 THE STIFFNESS MATRIX

The stiffness matrix [K] is set up using the slope-deflection equetions
without stability functions. The stiffness matrix is simplified by as-
suming points of coatraflexure to be at mid-height of the colvims (except
bottom storeys}. This means that the column member stiffness equations
can be sxpressed in terms of two unknowns, namely the rotation at the
beam-colurim connection,d8 and the column chord slope 4/h. Fig.3 shows a
typical internal storey model, in which K = stiffnoss of column i, Ky,
= stiffness of basm i, wy = udl on beam 3, P, = axial load on colum i,
Hy = proportdon of total wind load acting on storey s, %4 = length of beam
1 and h = storey height.
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Pigure 3. Typical internal storey model,

The slope of the beam members is assumed to remain constantly zero (i.e.
no relative vertical displacements). This enables us io write the beam
member equations in torms of two unknowns alse, nanely the end zotations
at each end of the beam. No axial shortening of the beams is taken into
account which implies thet the lateral sway of all the columas at any
given level is equal. Therefore the column chord slopes (A/h} for all

columns at a particular level are equal.

Thus for a storey modal of n bays we would have o+l columns end two latesal
sway deformations (4, and 4, in Fig.3), The number of unknowns to be
solved therefore is (nt+1)+2 = n+3, which 1s likewise the size of the

structure stiffness matrix.

When the plastic hinges form in the beams or columms, the technigue pre=
sented by Liang and Yuan (1984) for adjusting the mamber stiffness metrix

1s utilised and mo extra unk are i duced into the

Assuming that the member with no hinges has a stiftness of 1.0 at each
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end, then 1f 4 hinge forms at the one end the stiffness is reduced to 0.73 |
at the end remote from the hinge and G at the hinge end. If a second hinge |
forms in the member the stiffness will be O for both ends meaning that ‘i
the member provides no resistance to lateral forces, If a third hinge H 4

forws in & member, & memwber mechanism has formed and the structure has !

reached its capscity load i.e. the rigid plastic collapse load. I

A more common indication of when the rigid plastic collapse load has been
reached {s when an overall structure collapse wechanism forms. This con-

dition is identified 11y when the of the

stiffness matxix becomes zexo. A combination of hinges forming a joint

mechanism is similirly identified by the determinant of the stiffness o

watrix, If the situation arises where the yield load of 8 celumn is

- reached before formation of an overall structure mechanism or joint

machanism, the yielded column is identified and the losd ai which this

occurs is taken as the rigid-plastic collapse load.

3.3 THE FORCE VECTOR

In the present program, vertical loe ng on the structure is restricted
to uniformly distributed loads on the beams and concentrated point loads
on the columns. Horizontal loading uomprlses of concentrated point loads
applied at floor levels, representing the sum of the wind loading over
the storey height,

Fig,2 shows Hs applied at floor level and :Hs-l applied at mid-column
height. The mid-column load is the accumulative sum of all higher storey
lateral losds and is automatically computed and included in the compute-

tion for each storey. The vertical uniformly distributed load of each beam
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is proportioned equally to the two supporting columns end added to any
applied point load on the columns. The accumulative axial column load
above the storsy being considered is computed and applied to the relevant

columns at the level of the storey be'ng analysed. The loading is stetic,

prop 1 and iy iner.asing. This means that, prier to
setting up the load vector {F}, all the applied loads are factored by the

same load factor, ¥.

The applied load vector is assembled by calculating the moments &nd forces
at the ends of the members in a "fixed ended” structure due vo the applied
loads. The moments and forces required are those in directions corre-

sponding to the unknown joint displacements. The process of setting up

the force vector is well in s ral analysis k

dealing with the stiffness method and will not be discussed further here.

When & plastic hinge forms in a member the force vecior must be revised
to take into account the "fixed moments” at the hinges. In the force
vector the plastic moment capacity is taken as the moment acting at the
the point wiare the hinge formed and the stiffness of the member is ad-
justed *o incorporate a new hinge. This is also dealt with by Liang and
Yuan (1984) in their technique of adjusting the stiffness and force vee-
tors to teke plastic hinges into account without introducing any new un~
knowns. In Appendix A a detailed worked example can be found of how the
plastic collapse load is computed for a storey model. This will illustrate

the technique more clearly.
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3.4 MOMENTS

The unknawn deformations {Df) are calenlated from the stiffness matrix
and force vector using the relationship {D}= [K)™MF). These defor-

mations are then used to calenlate the moments using the sppropriate

slope-deflection equations. The moments ere first caleulated for the
forces factored by load factor ¥ and then in a second cycle for the forces
factozed by 1,21, The number 1.1 is an arbitzary number which is used

merely to locate & second point on the linear force-deformation curve.

k s 3.5 INTERPOLATION FOR NEXT HINGE

. The moments cslculated in the two cyclis are now used together with the
section moment capacities (Mp) o calculate, by interpolstion, the posi-
tion at which the next plestic hinge will form. The effects of strain

hardening and residual stresses are dignorad which dmplies an

elasti 11y plastic load of the material (Fig.4).
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Figure 4. ldealised elastic-plastic respomse.

The concept of plastic hinges formimg at discrets pciats is adopted im-

. . plying that the spread of yielding in a member is not comsidered. Fur-

thezmore, no provision is made for the unloading of plastic hinges so that

no hinge reversal occurs which could "unload" & plastic hinge to below L

the plastic moment cepacity. This means that once a hinge has formed at I

& certain point in a member the moment at this point will be taken &s the
i

plastic woment capacity of the section for the remsinder of the analysis. !

The iteration procedurs used to make a linear prediction of the load ;
factor ¥, at which the next plastic hinge forms is that outlined by !

Jennings and Majid (1965). Consider the bending moment at one end of a

corresponding load factors are ¥, and §,, we can predict the load factor
st formation of a plastic hinge at this section by using the following

relationship:

i
i
} member to be m, for the first iteration and m, for the second. If the
{
1
§

¥ima=¥ym; [ Eas ]
P SN :

my-my
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For beam wembers it is assumed that the maximum positive moments occur
at midspan and the relationship above is used to calculate the load factor
at which a hinge would form at three points in each beam, namely the left
hand end, midspan and the right hand end. The midspan hinge was assumed
to form at the beam centre to simplify the the calculation., It was felt
that sufficient accuracy was being maintained with this approximation end
thus unnecessary complexity was avoided. For column members the plastic

moment capacity ©of the section i3 not & comstant value : for steel

it with increasing axial load. The column plastic mo-
ment capacity for bending about the major axis is calculated from the
approximate relationship Mpc = 1.18Mp(i-P/Py), where Mp = plastic moment
capacity ignoring axial loads, P = axial load and Py = axial load of the
section at yield. It can be seen that the column plastic moment capacity

is related to the load ¥ and ac ly the rel to

predict the load parameter at formation of a plastic hinge in a colums

member has to be adjusted to:

1.180p(5;3-7,)By + (¥,m;~¥,m,)Py
¥ =

(mg=m )Py + 1,18Mp(¥,-¥,)P el Bak ]

This relationship is used to predict the load parameter at which hinges
form at the bottom ands of all upper columns and the top ends of all the
lower columns in the storey model. The minimum value of ¥ throughout tha
storey framework then gives the required !P at which the next hinge will

form.

The member in which this next hinge forms is identified and the member
stiffness matrix adjusted to incorporate the new hinga. The structuye
stiffness matrix is then re-assombled using the new reduced membex
stiffness matrix and its determinant, det{K] is calculated. If det{K}
remains greatsr than zero then the loop te calculate the next hinge is
re~entered with the initial ¥, equal to the ¥ caleulated at tormation of

the last plastic hinge. 4 stage will be reached where either there is a
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member collepse mechanism or where det[K} becomes equal to zero, regis-

tering & collapse The load ¥, et which this
happens is the required rigid plastic collapse load factot.

The worked example in Appendix A illustrates more clearly the procedure
used by the program to calculate 7. It must be noted however that in this
example the column plastic moment capacities have not been adjusted for

axial load, The d is loss identical to that used by the

program.

3.6 ELASTIC BUCKLING LOAD

The elastic buckling load parameter ¥, is calculated using Cheong
Siat-Moy's (1976b) starey stiffness method. The prediction of the crit~
ical load is made simple by considering buckling instability as a function
of storey stiffuess. The critical load of the storey is obteined from the
relationship (for a storey with m columns) :

3 1P = 12E/h? ‘;(IC/(HW)] [ Eq5 )
1

in which E = Young's medulus, h = storey height, Ic = moment of inertia
of the columm, U = the ratio of the sum of the axial loads in the column
above and below floor level to the load in the columu helow floor level,
and ¢ = the ratio of the column stiffness to the sum of the stiffnesses
of the adjolning besms. The tarm [1,/(14Up)} is caleulated using the bean
and colvmn member properties and lengths for each columm-restraining beam
sub-assemblage and then summed over the m columns in the storay. E is the
Young's modulus and h the storey height. The left hand sida of the

equation ¥ IP gives the total load that will be applisd to the storey when
o
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elastic buckling oecurs. The elastic buckling ioad factor ¥, is then ob-
tained by dividing ¥,EP by the total load IP acting on that storey.

3.7 ELASTIC-PLASTIC FAILURE LOAD

Having calculated ¥, and 4, for the storey the program mow Uses Scholz's
interaction method to calculate the slastic-plastic load factor for the
storey at failure. This method has been fully documented in the Literature
(Scholz i 1961,1983a) and only & brief outline of the steps followed will

be presented here.

At the beginning of the analysis for each storey we have seen that the
load factor ¥ is taken as equal to 1.0, typically representing the working
load level. Prior to calculating the moments with all loads factored by
¥ = 1.0, a loop in the program calculates the moments resulting from
horizontal loads only factored by ¥ = 1.0 (vertical loads ignored). These
moments are stored for use in tha interaction method stage of the analy-
sis. Similarly, the moments resulting from all loads, horizontal and
vertical, factored by ¥ = 1.0, are stored in the initial stages of the
analysis. Besring this in mind the steps followed in applying the Scholz

interaction method are cutlined below:

o Apply horizontal loads corresponding to 0.4 times the elastic
buckling load to the storey model. To taka the elastic P-delta effects
into acecount in this analysis factor the resulting elastic moments
by a magnification factor fm = (1/(1 - 0.4Pc/Po)) = 1.667. The program
performs this step by retrieving the stored moments resulting from

1.0 x horizontal loads only and factoring them by 0.4 x ¥ x f..
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© Use these mowents to caleulate XOAH’ defined by Scholz (1981) as the
largest slenderness ratio associated with all conditione producing
daviation from the special case of "symmetry buckling", at the crit-
ical sections. In the program A ,u is calculated st points of maximum
moment for the columns and for beams at the left band ead, at midspan {

and at the right hand end.

o Identify the largest \; . obtained for any one member in the storey
N and wse this to calculate the factor a = (0.4/(1-0.6 x (700 -
Yo, 45/ 7000%0)

o Calculate moments resulting from all loads factored by o x To, again
taking P-delts effects on an elastic basis into account. This step :
is performed by taking the stored moments resulting from all loads
factored by 1 0 and miltiplying them by @ x ¥, The P-dalta effects
are taken into sscount by adjusting the momsnts resulting from hori-
n

zontal forces using megnification factor £, = [1/(1-uPo/Po)] L.e. f,
= 1/{1-0).

o Use the resulting moments to calculate Ay, the member slenderness
ratio for the "limiting frame”, at the critical sections. In the

program Xl is calculated at the same cross sections as )‘0 W described

above. The actual slenderness ratio of the members, : = L/r is then g
caleulated at the same cross sections, where L = the length of the i

member and r = the radius of gyration of the member. |

o Determine the lowest ratio x/x‘

B s Calculate (uxo/rp) and (a¥,/7,);. To caleulate the value (1,180, .
we can either multiply (ul‘o/?p) by X/\l, as derived by Scholz (1981},
or we can use the value XE to re-proportion the frame and xepeat the

calculations for 7!p and ¥,. The first option is sn approximation and "
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is obviously much quicker. The version of the program presented in
Appendix B however adopts the second, more accurste option. The dif-
forence in using either the first or second options never resulted
in a difference in the failure load of more than 2.5% in any of the

examples analysed in this project report.

. o Enter tne Scholz interaction curves with the values (ufolip) and
i (uxo/xp)l and read off the value for !f‘ If the value of (cﬂ'oll'p] >
! 1.5 then the program uses the relationship /¥, = 1/(L+(is3 /at,))
to caloulate ¥y, where i, = 0.76[0.92 - (a!n/Tp)L]. This is &
straight line apprcsimation to the interaction curves of Fig.l and
is also prasented by Schola (1981). Where (s%,/%,) < 1.5 the program
£ makes use of & table of data to obtiin the value of ¥; by interpo-

lation, ;

o 3.8 PRINTOUT OF RESULTS

t After calculating T for & storey the program prints out the values of |
¥, ¥, snd ¥ for that storey, If there are more storeys to analyse the :
program then repests the procedure for the next otorey. When Yf for all '

storeys is known the program compares the failure load factors ¥e of all y
the storeys. Tne lowest ¥, is Adentified and printed out as the suggested .

value for the failure load factor of the entire structure, W
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3.9 GRAPHICS

Once the computations are complete the program offers a graphical repre-

sentation of the storey rigid-plastic eollapse mode. The progrem gives a

graphical printout for the selected storey or storeys, plotting the hinges
on the structure and numbering the hingss to give the sequence of hinge

formation.

|
computes program a4 [N
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4.0 INTERACTION METHOD EVALUATION

4.1 APPLICATION TO DESIGN

The work done in this research project has been aimed st developing an
snalysis technigue which can be used to facilitate and optimise the design
of multi-storey sway frames, As mentioned earlier, the design of a
miti-storey frame would be made much simpler if it could be designed on
8 storey-hy-storey basis. Each storsy nould then be isoldted and designed
independently of the rest of the structure. The design procedura envis-

aged would be as follows:
o Identify the design load factor required by the relevant design code.
o Use any simplified mothod t¢ obtain trial membar sizes for the whole

strycture. The most suitable approach would poseibly be an elastic

analysis and plastic design such as emhbodied in load and resistan

factor or nltimate limit stata design, ignoring effective length or
alternatively, & rigid-plastic analysis and design.

o Analyse the on 8 vy ~by y basis using the pro-
grammed interaction method and identify which storeys have a failure
load factor lowsr than or excessively higher than the ¢ ired design

load factor.

o fake sach storey in turh and adjust 8 membor or members until the
storey load factor Is within acceptable limits above the desigu load

factor,
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o The lowest storey failure load factor must be equal to or greater than
the design load factor as the structure failure load factor is now

taken as the lowest storey failure load factor.

This method thus provides us with an extremsly simple solution te a com~
plex problem. . whols structure can be optimised in a way which is
virtually impossible using full frame analysis techniques. In a full frame
analysis adjusting any one member in the structure might have reperc-
ussions anywhare e'~- in the structure and thus it is impossible to
identify oxactly whi. wembers to modify in order to optimise the whole
structure. Furthermore, each adjustment would require re-analysis of the
entire structure to check what the consequences are for the rast of the

structure. This is clearly impractical as a design approach.

Having optimised the structure by optimising each storey an important
question arises: Does the fact that each storey can main.ain the required
design load factor imply that the structure s & whole iz safsly designed
to this load factor? How representative is the behaviour of a structure
analysed on a storay-by-storey basis of the behaviour of the framework

as g whole?

To investigate thase questions it was decided to anilyse a trial frame
on a storey-by-storey basis and then check the design using a rigorous
second-order elastic-plastic method. The frame chosen was a three bay,
ten storey high frame (Fig,5), which was previously designed by Gheong
Siat-Noy (1976a) on a storey~by-storey basis. Cheong Siat-Hoy designed
the frame first for a load factor of 1.7 under gravity loads only and then
adjusted the members to satisfy a load factor of 1.3 under combined
gravity and wind losding. “he member sizes arising out of his design for
the loading indicated are shoun in Fig.5. The results of ¢the structure
analysed by the storay-by-storey method are shown in the lower half of
Fig.5
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Analysis using storey-by-storey Interaction method:
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Storey Collapse Load Factors :

Storey Plastle Elastic Elastic/Plastic ;
L 2.17 32.12 2,11
2 1.95 13.27, 1.81
il 3 2.03 12.93% 1.86
. | 4 1.83 9.36 1.63
| 5 1.79 9.69 1.58
! 6 1.72 7.96 1.49
. 7 1.64 7.60 1.41
8 1.56 §.58 1.32
9 1.50 6.95 1.28

10 1.44 1111 1.28 ;

H e Structure Collapse Load Factor = 1.28

factor of 1.3 under combined loading.

|
i Figure 5. Comparison with frame designed by Cheong Siat-toy { ‘oad
|
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From these results ome can see that the uppermost storeys have a load
factor against collapse grestly in excess of 1.3, This is mo doubt as &
result of the initial design under gravity loads only to a load factor

of 1.7. In the uppermost storeys, where the second order effects are

miniwa', the gravity loads only design requirements would predominate.
t i The two bottom storeys were found to be critical and failed at a load
w factor of 1.28. This meens thet our enslysis rroduces & result slightly
on the conservative side. It is clear from the storey failure loads shown
in F/4.5 that the members in the uppermost storeys could be greatly

optimited 1f we were to design only for the cembined loading casz with &

load factor of 1.3. y I
il
i ok
. L
As a test for the proposed design method, each storey was taken one at a b ;
M ! time and by adjusting the beam member sizes optimised to As near &s pos- o

. sible to a load factor of 1.3. For simplicity ail the beams in any one

storey were kept the same and the coluan members remained the same &s
those selected by Cheong Siat-Moy. The member sections used are American %
standard sections and because reil sections were used it was not possible %
to obtain & failure load factor of exactly 1.3 for each storey. The member
sizes of the optimised structure are shown in Fig.6 togsther with the
storey failure load factors. Storey No.5 Las the lowest failure load
factor and therefore this value of 1.26 is taken as the stxucture failure

load factor. i

The optimised frame of Fig.4 was subsequently analysed on the basis of a {
rigorous elastic-plastic method using the program developed by Professor

van Rensburg at the University of Pretoria. The full frame analysis from

this program suggests a failure load factor of 1.27 £or the entive frame. B
i Hence the stoxey-by-storey approael using the interaction graphs is

slightly on the conservative side with its fallure loed factor of 1.26.
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13.8kN All columns are
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— 2 Fig.5
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. Storey Beans
* 1 10B15
2 12816.5
¢ 3 824
4
v 5 10H22.9
6 12W22
4 7 W22
8 16W26
* 9 16026
10 16W50
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i L 1 iy
Roof load 20.43 KN/m 200.8 GPa
Floor load 23.94 kN/m 250.0 HPa
Wind load = 5,84 kN/u height fyc = 345.0 MPa
Exterior column
wall load 84,50 kN/storey
Storey height = 2.895 m
Bay width = 6.086 n

Analysis using storey-by-storey Interaction methad:
Storey Collapse Load Factors :

Storey Plastic Elastic
1 1.33 21.98
2 1.39 10.42
1 1,45 7
4 1.47 6.92 °
5 1.48 5.81
6 1.53 2.70
7 151 6.36
8 1.53 6.77
9 1.50 6.38

10 1.39 11.68

The Structure Collapse Load Factor = 1.26

Elastic/Plastic
1.29

Figure 6, Frame optimised for a collapse load factor = 1.26
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This exemple illustzates that it appears to be fessible to design a

wulti-storey on a 5-by y basis using the program

cutlined in this paper. In the following sections comperisons using the
developed program have been made with the results of other ena.::ical
research and where discrepsncies arise they are discussed. The points

i1 by these d.

should be teken inmto aciount in making
an sppraisal of the applicability of this method for gemeral use.

4.2 SINGLE BAY FRAMES

4.2.1 EXAMPLE 1:

Vijakkhana, MNishino and lIee (1974) applied their second-ozder,
elastic-plastic method to some single bay frames to demonstrate its ap-
plicability. Their exenple No.3 illustrates the epplication of their

method to the design of an unbraced frame,

Their design process 1s similar to that proposed using the
storey-by-storey interaction method. The members are initially sized on
the basis of & simple rigid-plastic analysis. The entire frame is then
anelysed for the collapse load factor and the sequence of hinge formation
1s plottud. In the analysis procedure the load factor Tq, at which hinge
q forms, is identified prior to adjusting the structure stiffness for this
hinge. It is noted that two possible hinge patterns exist under ¥, namely
the hinge pattern before and the hinge pattern after the hinge q has
formed. A critical load parameter Kc is evalueted for each of these pat~

terns giving the load at which the would collapse
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assuming elastic analysis with the given hinge pettern. At the formation
of each hinge the load factor Kq and load factor Kc before and after hinge

formation, sre printed out.

The values of ¥, are then used as an indication as to which members need
to bo adjusted to sttain the required load factor against collapse. If
at the formation of 4 hinge there is & signiffcant reduction in the value
of ¥, it inplies that the member in which thi. hinge forms contributes

significantly to the overall stiffness of the frame.

The next step in the design procedure is thus to identify the members in
which hinges cause a relatively large drop in the value of ¥ . These
members would then be adjusted more oxr less proportionately to the mag-
nitude of the change in ¥_ in an attempt to arrive at the required col-
lapse load factor. Once this has been done the entire structure is
re-analysed to ascertsin what results the member adjustments have brought

about.

Fig.7(a) shows the frame dimer~ions, members and loading as chosen by
Vijakkhana et al. to demonstrate their design. The member sizes were se-
lected on the basis of a prcliminary design based on & simple
rigid-plastic analysis. The frame is then anslysed using the
second-order, ‘elastic-plastic method and found to have a failure lead
factor of 1.264. The sequence of hinge formationm is shown in Fig.7(b).
Exemining the change in 10 for each of the 6 hinges it was fuund that for
hinges no.l and 4 the change in ¥ is substentislly grester then the
corresponding changes at the formation of the othor hinges. It is there=
fore deduced that either beam A3-B3 or column 43-A4 should be adjusted
in crder to bring up the fallure load factor to the required 1,30. Column
A3-A4 is increased to a 10WS4 section and likewise column B3-B4; to pre-
serve symmetry. Analysis of the revised structure shows it to have a

failure load factor of 1.33.
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A B Storey-by-storey

analysis resuits:

4.5kN _w=29.2kN/m
—

Storey Collapse
12w27 load factor
1 1.77
8W33 2 1.29
3 1.24
9RN w=58 . 4RN/m 3
Bt |, .
12W45 Storey collapse
mechanism:
8W43
9k w=58,4kN/m 1 I 13 1 T
e T3 -
1253 T 6 5
8W58 6.096m
l 2 3
L L2 - LS 2
(a) (b) (e)
6.096n
fee |
E = 206.8 GPa
Eyb = 250.0 MPa
fyc = 250.0 MPa

Figure 7. Comparison with frame design by Vijakkhana et al.(1974)

Using the presented program the frame shuwn in Fig.7(a) was re~analysed
for compacison. The results obtaimed from this snalysis are shown in
Fig.7(c) together with the sequence of hinga Formaiion fox storey no.3.
This storey, &s we can see from Fig.7({c), is the critical storey, with a
collapse load factor of 1.24. This vdlue is 2% below that obtained by
Vijakkhana et al.

It is obvious toa, from the collapss nachanism of this sturey, that beam

3 or the lower columns should be adjusted to increese the storey failure
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load factor. Following Vijakkhana et al., the lower columns are increased
to 10W54 sections and storey No.3 re-anaiysed. The failure load factor
for storey No.3 now becomes 1.30 which, assuming the failure load factor
of 1.29 for storey No.2 is adequate, gives the structure the required lead
factor against failure. The result is again within 3% on the conservative

side of the second-order, elastic-plastic analysis result.

This exemple 1l the efficd of the method applied

to the design situation. Being a single bay, three storey high fraue, 1
does not highlight the drawback of the full frame analysis, namely that
the whole n* ~~ture has tu be re-analysed once a member adjustment is
made. . becomes more sever. the larger the frame being ana~
lysed. T ny-storey approsch thus gives an acourate result wh:

at the same time cutting down on a great deal of analysis time.

4.2.2 EXAMPLE 2:

The second single bay frame on whick » comparative analysis was domc is
an elght storey, one bay frame analysed by Korn and Galambos (1968). The
frame Jimensions, members and loading are shown in Fig.8(a) &nd is law
belled Frame 8-1 by Korn and Galambos in the referenced paper. They vefor
to the arrangement of weak beams snd stromg columns in this frame as an
extremely "weak beam design", Using their rigorous second-order,
elastic-plastic analysis the frame was found te fail by instability at a

load factor of 1,41, The sequencs of hinge Formation is shown inm Fig.8(b).

Using the storey-by-stozsy interaction method a fallure load factor of
1.03 was obtained for the same structure. The storey failure load factors

are given in Fig.8(c) together with a typieal storey plastic collapse
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Storey-by-storey
analysis:

Storey Collapse

load factor
13 3.25
1.80
134
1.41
1,33
1.23
1.03
2.18

IR S I ST

Typical storey
collapse mechanism:

(c)
Roof load = 1%.6 kN/m
Floor load = 39.2 kN/m
Storey height = 3.048 m
Bay width = 3.048 o
Wind load: H = 21,92 kN

E = 200.8 GPa
£yb = 235.5 MPa
fyc = 235,5 MPa

Figure 8. Comparison with frame ans. ysed by Korn and Galambos (1968)
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mechanism, This result under-estimates the actuel capacity by 20%. The
reason for the great discrepancy in results can be found by examining the
structure collapse mechenism of Fig.8(b) and the storey collapse mech-
anism of Fig.8(c). If a storey is being analysed in isolation with hinges
at mid-storey height, then & hinge in the windward and leeward ends of
the beam creates a storey collepse mechanism. From Fig.8(b) it can be seen
that almost all the beams had windward and leeward hinges before a col-
lapse mechanism formed. Using the storey-by-storey approach, collapse is

prematursely registered when the first beam acquires its windward hinge.

This is a problem in the y-by y which is bound
to arise when a frame proportioned on a "weak bean” or "weak column” basis
is avalysed. With a windward and leeward beam hings forming in & storey
with "weak beams", a check would have to be made with other storeys to
see if one of them could combine with the storey under consideration to
form a structure collapse mechanism. An under-estimation of the capacity
would also result if hinges formed in two columns at the same level in a
single bay frame. The columns atf other levels and at the bases would have
to be examined to see if they could combine and form the structure col-
lapse mechanism, Having to do these checks would to a vertain extent begin

to nullify the d of the y-by y

‘These problems however should not hinder us in using the storey-by-storey
interaction method for the design of a structure unless we are explicitly
aiming for an extremely "weak bean" or "weak column" design. 1f we were
designing the structure just analysed to & load factor of say 1.41, then
the storey collapse load factor of 1.03 in storey No.7 and its associated
collapse mechanism would prompt us to increase the size of this beam, The
storey would then be re-dnalysed and further adjustments made if necessary
to the beam and column members to bring the storey collapse load factor
as close to 1.41 as possible. In our exemple the columns could very likely

be reduced in the process. The same procedurs wonld them be repeated for

Interaction method evalustion 45




each storey of the frame. When the design adjustments have been completed,
all the members in the structure would be close to failure at & load
factor of 1.41 and no single storey would have a collapse load less than
1.4,

Thus in conclusion we can see that when used to compare analyses, the
storey-by-storey method could give excassively conservative results.
However 1if the storey-by-starey approach is used to design the structure,
an analysis on the optimally designed freme would compare well with a
sacond-ordar, elastic-plastic analysis, The initial consexvative results
are inconsequentisl when it 1s realised that the closer one gets to the
optimum design, the more accurate the snalysis results are. Frames 8-3,
8-4 and 15-1 analysed by Korn and Galambos (1968) were all sized using
approximate design methods. The storey-by-sterey method should thus give
reasonable results for these frames when compared to the riporous ar. lysis
results. This was borne out by the analysis of these three frames, where
the capacities of the frames when anslysed using the proposed method vere

all within 5% of the results obtained by Korn and Galambos.

4.3 5TOREY SUB-ASSEMBLAGES

4.3.1 EXAMPLE 1:

The £irst comparison with a storey sub-sssemblage model is taken from &
series of Lehigh University lecture notes (1965) titled "Plastic Lesign
of Multi-Story Frames". The storey sub-assemblage under consideration is

shown in Fig.9, which gives the dimensions, loading and member sizes of
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the This blage the tieth storey of

a twency-four storey frame, labelled Prame C in the lecture notes. The
beem and column elements for the entire Frame C have been sized using an

approximate design method presented in the lecture notes.

In Lecture No.19 the storey sub-assemblage shown in Fig.9 is used to
demonstrate an approximate analysis technigque outlined in Lecture No.18.
The members have been designed for a load factor of L1.70 under grevity
loads only and 1.30 for combined gravity end wind loads, All gravity loads
are now held constant at 4 load factor of 1.30 and the horizontal load
is increased step-wise up till storey collaps¢. It would be expected that
failure would occur at a load fector for horizontal loading of approxi-

mately 1.90.

Using their approximate analysis method the Lehigh authors found that the
storey sub-assemblage failed at a load factor of 1.79. Thus at failure
the applied loads were 1.30 times the gravity loading plus 1.79 times the
wind load. This result suggests that che initiel design erred on the

conservative side.

4 comparison betwsen the Lehigh blage analysis tech and the

rey-by 3 method was then wade. The computer
program presented in this report incresses the horizontal and vertical
loads proportionally and this required some adjustment to be made to the
loading to make & valid comparison. The gravity loads were spplied un-
factored i.e. wovking gravity loads were used. The horizontal load was
applied with a factor of 1,79/1.3 = 1.38 times working load. This ensured
that at a factor of 1.30 times the applied loads, the same loading would
act on the sub-assemblage as those whicl: caused failure in the Lehigh

analysis.
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Storey sub-assembiage:

4175 KN 4815 kN 10150 kN 9115 kN
482.5 kN
—_ —
140246 144287
25.6 kN =59, 3kN/m
— i 3.658m
24478 24476 24976
144246 140264 140342 14W287
8.534m

6.096m .. 3.8560

Grevity loads unfactored ; Horizental loads factored by 1.3 times service.

Summary of analysis resuits:

Analysis method  Constant loads

Lehigh mathod 1.3 gravity load

Tnveraction method —

Davison & Adams 1.3 gravity load

Interaction method b
Interaction method —_

on frame revised
by Emkin & Litle

Loads incremanted Fa:
by load factor loa
1.0 wind load

1.79/1.3 wind load
1.3 gravity load

1.0 wind load

2.02/1.3 wind load
1.0 gravity load

1.0 wind load
1.0 gravity load

ilure
d factor

1.79

1.45
2.02

1.35

1.34

Figure 9. Comparisons with Lehigh stoyey sub-assemblage analysis,
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The resnlt arising from the analysis of the storey sub-assemblage by the
interaction method was failure st & load factor of 1.45. This is 12% over
the expected result of 1,30, This implies that ei*her the Iehigh analysis
is conservative or that the proposed interaction method ezrs on the

un-conservative side.

Davison and Adams (1974) analysed this same storey sub-assemblage using
a second-order, elastic~plastic method. In their analysis the same load-
ing was adopted as was used in the Lehigh analysis, namely constant ver-
tical loads factored by 1.30 end horizontal loads incremented up to
failure. This analysis confirmed that the Lehigh analysis is consexva-
tive. The storey sub-structure failed vnder a horizontal lead of 2.02

times working load (compered to 1.79 in the Lehigh analysis).

The proposed intersction method was again employed to analyse the
sub-structure, this vais with 1.¢ times the verticel loads and 2.02/1.3
= 1.55 times the horizontal working load. The result of this analysis was
a failure load factor of 1.35 - only 4% above the expected value of 1.30.
This slight over-estimation of the failure load could be sttributed to

the simplifications into the ised version of the pro-

posed method. A further source of error could arise &s a result of the

different types of loading adopted in the different analysis methods. &

more study is to the di in failure

loads when using proportional and non-proportional loading on ex identi-
cal structure. From the results obtalned in this study it would appear
that the different applications of load could result in a small discrep-

ancy.

It was meationed earlier that the storey sub-assemblage under consider-~
ation was taken from a tweaty-four storey frame, designed using an ap-
proximate wethod. Emkin and Litle (1970) re-designed this frame and

changed the member sizes considersbly. Their design was based on a rig-
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orous second-order analysis with vertical and horizontal loads veing ap~
plied simultaneously factored by the appropriate verticel and horizontal
load factors of 1.3. The s.ozey sub-assemblage was again analysed using 1
the interaction method with the revised member sizes. Yhe applied loading P
in this case was 1.0 times vertical and horizontal loads. The storey

collapse load resulting from this snalysis was 1.34 i.e. 3% over the de-

sign load factor of 1,30. The results of this analysis are presented in

C as an 1.1 af the

P program output.

In this case the slight discrepancy could partly ba attributed tw the fact :
that real members were used in the design which would make Lt v.ev:iaily
impossible to choose members which would cause a failuxe load factor of o
exactly 1,30, This zesult thus affirms the accuracy of the proposed
] interaction method, A summary of the results of all the snalyses dons on
. ! the stoxey sub-assemblage is given in Fig.9 along with the structure di-

mensions, loading and section types.

[ 4.3.2 EXAMPLE 2:

Scholz (1983a) used a two bay, storey sub-assemblage example £rom the same

. Lehigh Lecture Not- -765) to domonstrate his interaction method applied

to a sub-structure. The method was appliei by hand and the
stary failure load was found to be the same as that obtained by the Lehigh

authors.
This example is discussed here because when analysed by the program pre-

sented in this paper a diffevent result was obtained. Instead of a failure

. load of 1.30 for the structure the programmed version gave a storey
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failure load of 1.25. The same intoraction method was used in both ana-

lyses and hence should have yielded identical results.

On further investigation it was found that the collapse mechanism iden-
tified by the computer program was different to the hand calculated
exitical sway mechanism. The rigid-plestic collapse mechanism obtained
by Scholz is shown in Fig.10(a) while Fig.10(b) shows the rigid-plastic
mode of failure identified by the computer program. The mechanism in
Fig.10(a) is an overall storey sway mechanism while Fig,l0(b) shows a

joint mechanism causing failure.

The joint mechanism causes failure only because hinge reversal is not
taken into gccount by the computer program. With hinge No.2 in the leeward
end of the beam (Fig.10(b)) and hinge No’s.5 and 3 in the npper and lower
columns respectively it becomes impossible for the sub-assemblage to
carry any more load. The reason for this is that if the column axial load
wexe to increase, the upper and lower columns' plastic moment capacities
would be reduced and would no longer be capable of balancing the beam end

moment, as required for joint equilibrium.

If the beam hinge were able to reverse direction at this stage the beam
end moment would “unload" to below its plastic moment capacity, trans-
ferring some of the end moment into the span and the other end. The col-
umns would then be able %o resist a greater axlal load while still
balancing the beam end moment. The storvey sub-structure could then be

loaded further until a full sway machanism forms.

Feilure to take hings reversals into account thus resulted in a slightly
conservative result (4% on the conservative side). A similar result was
obtained by Vijskkhana, Nishino and Lee (1974) when comparing the ultimate

loads of a one bay, three storey frame analysed with and without comsid-
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(a) Sway mechanism ;
used by Scholz in
hand computation. #

1 2 5 (b) Failure mechanism
identified by

4 ]3 computes :

Figure 10. Different failure mechanisms for 2 bay, storey
sub-assemblage.

eration of hinge reversals. The analysis Jone without taking L .ge re-
versals into account produced a slightly lower ultimate oad frctcr (1%

less) than when hinge reversals were taken into account.

Although the discrapancy 1 ultimate loads is small, Vijakkhana et al.
note that the deformed shaps, the plastic hinge pattern and the mode of
sway mechanism can be quite different if hinge reversals ure neglacted. :
The proposed program using the interaction method therefore could be ime
proved by teking into consideration the effects of hinge reversals.
However, the question of whether the added complaxity would justify the ‘

improvement, is o subject which should be more fully investigated.
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5.0 CONCLUSIONS

5.1 COMPUTER PROGRAM

B Scholz's Interaction method can easily be computerised for any modern i
degk-top micro computes, The problem of finding an analysis which could
calculate the rigid-plastic collapse load has been overcome. The matrix
‘ method used to make this calculation is greatly simplified by adopting
: the development proposed by Liang and Yuen (1984) and by applying it to

the storey model with hinges at mid-calumn height. ;

F & iderable saving in time is achieved over

rigorous elastic-plastic methods due to the fact that no axial forces in
i the form of stability functions appear in the stiffness matrix. Because

of this, rigorous elastic-plastic analysis requires spproximately five

to seven iterations within each load jncrement compared to a single matrix

evaluation for each load level in the Thus,

for instance, that ten load increments are investigated between the com-
mencing load level and failure, forty to sixty matrix evaluations are
avoided i.e. & saving of at least 80%. In addition, since the presented
method is performed on one storey at & time, a much smaller matrix is

involved compared with the complex matrix of the emtive structure.
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5.2 APPLICATION TO DESIGN

The design example done on the ten storey frame presented in Section 4.1

shows clearly that Scholz's method is extremely suited for the design of

large multi-storey sway frames.

! The Interaction method was applied here on a storey-by-storey basis. The
failure load of each storey indicated in which storey meabevs had to be
adjusted to satisfy the required design load factor. In this example only
the beam members were adjusted for simplicity. If optimisation of each
individual member was required, & figure showing the plastic collapse

] hanism and of hinge

could be displayed to assist
N g in identifying the members which needed changing. The stovey failure load
3 could be adjusted in this way without affecting the rest of the structure.

This provides us with a very efficient design method.

The simplifications introduced in the computerised version of the inter-
. action method greatly reduce the complexity of the preblem. The results
of this report suggest that these simplifications in no case caused &
i discrepancy of greater than 5% in the predicted failure loads when com-

pared with the zesults of other more complex analysis methods.

The program was applied in the design of only ona full frame in this '
study. To substantiaste these results, additional similar exercises should
be performed on other frames. A good starting point on amy future work H
in this direction would be to take the frame designed by Emkin and Litle
(1970) and see if this program could be used to further optimise the de~
sign. A rigorous, second-order analysis would then have to be parformed

on the frame to assess the validity of the design.
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5.3 ANALYSIS

It was shown in Section 4.2.2 that this method can not be applied uncon-

ditionally on a storey~by-storey basis for an accurate anulysis. If the
i structure is so proportioned that it contains a number of "weak" beams

or columns, applying the method on a storey-by-storey basis can give an

of the capacity. However, wher the structure

: 1s optimally d, the method can 1y predict

the failure load wh. spplied storey-by-storey.

5.4 RECOMMENDED IMPROVEMENTS

Hinge reversals: By not providing for hinge reversals the program
identified the incorrect rigid plastic failure mechanism for the storey i
sub-structure analysed In Section 4.3.2. This errox resulted in only &
\ small under-estimation of the failure load. Although the discrepancy was

! small and on the conservative side, an effort should be made to teke hinge §

reversals into To avoid y complication, the }

method of Davison and Adams (1974) should be followed here, where pro- i
. vision is made for hinge reversals in beam members only. A more thorcugh }

study could be made into the effects of hinge reverse’: to see 1f the

benefits geined from the provision for hinge reversals yustify the addi-

! tional complexity into the ' |
,\ - 1
Other sacond-order effects: The 1 indicates that
effects other than the P-Delta effects need not be considered in tha de«
sign of multi-storey frames. If evid to the y is d
the program could be easily modified to take these effects into account. .
B
}
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Scholz (1983b) hes qutlimed how these second-oxdey effects can be accom-

modated in the proposed interaction methed,

Non-proportional loading: The program in this di 14

factors botk horizontal and vertical loads proportionally by the same load
factor. It would be a simple matter to medify the progrem to accommodate

different vertical and horizontal load factors. The interaction method

however has initially been derived using proportional leading, and its
; validity under nan-proportional loading should be thoroughly exemined,
! The result of this investigstion could have importent consequences for

the suitability of the method for design applications which require

non-proportional losding e.g. earthquake design.

K ;, Application to 3-D frameworks: The presented program could be extended

to cover the analysis of three 1 made

up of frames on an intersecting rectangular grid and subjected to torsien.
! Such an analysis is vezy complex if full scale rigorous methods ave ems
ployed. Scholz (1983b) has shown that in principle the interaction method

i can be applied to such problems.

Conclusions 56




6.0 REFERENCES

1. Adams, P,F. (1964) Load Deformation Ralationships for Single Frames,
Fritz Engincering Laboratory Report, No.273.21,Lehigh University,
Bathlehem, Pa.

2. 4meut of Steel (1978)  Specificetion of
Design, Pabrication and Erection of Structural Steel Buildings, New
York : American Insti.ute of Steel Construction (1978)(AISC),

3. Canadi A dati {1969) Steel Structures for
Budldings, Rexdale, Ontaric : Canadian Standards Association (1969),
Standard 516-1969, CSA.

4, Cheong Sist-Moy, F. (1976a) Inelastic Sway Buckling of Multi-Storey
Frames, Journal of the Structural Division, ASCE, Vol.102, No.ST1,
1976, pp65-75.

5, Cheong Sist-Moy, F. (1976b) '®lti-Storey Frame Design using Storey
Stiffness Concept, Journel of ti. Structural Division, ASCE, Vol,103,
No.8Té, 1976, ppll97-1212,

6. Cheong Siat-Moy, F. (1977) Cans laration of Secondary Effects in
Frame Design, Journal of the Structura! Divisfon, ASCE, No.ST10, Oc~
tober 1977, pp2005-2019,

7. Cheong Siat-Moy, F. (1978) Frame Design without using Effactive
Column Length, Journal of the Structural Divislon, ASGE, No.STil,
January 1978, pp23-33.

References 57

- a - . PP UV P | TORE". TR T SR



o

Chu, K.H. and Pabacius, A. (1964) Elastic and Inelastic Buckling of
Portal Framss, Journal of the Engineering Mechanies Division, ASCE,
V01,90, No.EM5, 1964, pp221-249.

w

Davies, J.M. (1966) Response of Plane Frameworks to Static and Var-
iable repeated loading in the Elastic-Plastic range, The Structursl
Engineer, Vol.4h, August 1966, pp277-283.

1

B

. Davison, .M. and Adams, P.F, (1974) Stebility of Braced and Unbraced
Frames, Journal of the Structural Division, ASCE, No.ST2, February
1874, pp319-334.

11. Emkin, L.Z. and Litle W.A. (1970) Plestic Design of Multi-Story i
Steel Fremes by Computer, Journal of the Structural Divisiom,

No.STI1, Novemher 1370, pp2373-2388.

"
19

Goldberg, J.E. (1973) Approximate Methods for Stability and Fre-

iy
quency Analysis of Tall Buildings, Proceediags, Conferencis Regional )
Sobre Edificios de Alturs, Madrid, September 17-19, 1973, ppl23-146.

13, 6rd T (1964) Based Methods for the Plastic Design

of MWulti-Storey Building Frames, Frits Evgineering Laboratory
Report, No.273.18, Lehigh University, Behlehem, Pa., 1964,

14. Horne, M.R. and Majid, K.I. (1966) Elr..1:-Plastic Design of Rigid
Jointed Sway Frames by Computer, Pirst ieport, Study of Analytical
and Design Proceedures for Elastie an: 'astic-Plastic Structures,

University of Manchester, England, Mz -, 7.8,
15. Jennings, A. and Majid, K.I. (1965) .u %iastic-Plastic Analysis by
Computer for Framed Structures Loaded up 1o Collapse, The Structural

Enginear, No.12, Vol.43, December 1965,

References 58




16. Xorn, A. and Galambos, T.V. (1968) Behaviour of Elastic~Plastic
Frames, Journal of the Structural Division, ASCE, Vol.%4, No.ST5,
1968, pplii9-1141,

-
S

Lehigh University ILecturs Notes (1965)  Plastic Design of
Multi-Stocey Frames, Fritz Engineering Laboratory Report, No.273.20,
Lehigh University, Bethlehem, Pa., Summer 1965.

-
13

Liang, Q. end Yuan, £, (1984) A now mwethod of Second-Order
; Elsstic-Plastic Analysis of Steel Rigid Fremes in Tall Buildings,
i Third Intornational Conference on Tall Buildings, Hong Kong and
Guangzhou, 10-15 Decewber 1984.

-
1

Lu, L.W. (1965) Inelastic Buckling of Steel Frames, Journal of the
Structural Division, ASCE, Vol.91, No.ST6, 1965, ppl85-214.

i 20.

53

MacGregor, J.6. and Hage, S.E, (1977) Stability Analysis and Design
i of Comcrete Frames, Journal of the Structural Division, ASCE,

Vol.103, No.ST10, 1877, pp1953-1970.

i 2

=

Majid, K.I. and Anderson, D. (1968) The Computer Analysis of Large
Multi-Storey Fremed , The ! . Ne.ll,

Vol.46, November 1968.

- 22 Merchant, W, (1954) The Failure Load of Rigid Jointed Frameworks as
influenced by Stability, The Structural Enginser, Vol.32, 1954,

|
| ppl85-190,
A
N
1 23, Moses, F. (1964) Inelastic Frame Buckling, Journel of che Structural
1 Divisdon, ASGE, Vol,90, No.ST6, 1504, pp105-121.
i

|
|
I References 59
|
i
|




24, Nixon, D., Beaulien, D. and Adams, P.F. (1976)  Simplified
Second-Urder Frame Analysis, Canadien Journal of Givil Enginesring,
Vol.2, No.4, December 1976, pp602-605.

25, Parikh (1966) Elastic-Plastic Analysis and Design of Unbraced ﬂ
Multi-Storey Steel Frames, Fritz Bugineering Laboratory Report, 1
No.273.44, Lehigh University, Bethlehem, Pa., 1966,

!
E
i . 26, Rankine, W. .M. (1865) In : Usasull Rules and Tables, London, 1866,
. 27. Rosenblueth, £, (1967) Slenderness Effects in Buildings, Journal of
, the Strustural Division, ASCE, Vol.91, No.ST1, Proc.Paper 4235, Jan- i
e uary 1967,pp229-252.
28, Scholz, K.E, (1981) 4 new Mult{-Gurve Interaction Wethod for the

Plastic Analysis and Design of Urbraced and Partially-Braced Frames,

t PhD Thesis, University of the
1981,

29. Scholz, H.E, (1982) Calculation of Effective Length of Columns in

Unbraced Frames using the Storey Stiffness, The Civil Engineer In
Soutl: Africa, Vol.24, No.b, April 1982, ppl37-142. i

3

-4

Scholz, H.E. (19831) A new Multi-Gurwe Interaction Method for the
Plastic Analysis and Design of Sway Frames, Third Internationsl
Colloguim ~ Stability of Hetsl Structures, Torontn, 1983.

3

=4

Scholz, H.&. (1983b) A new Multi-Curve Interaction Version of the
Merchant-Rankine Approach, The Michael R. Horne Conference - Insta-
bility end Plastic Collapse of Steel Structures, University of

Manchester, 20-22 December 1983,

References 60

-~ - - . i st das wghs B sk L



32, Stevens, L.K. (1967) Elastic Stubility of Practical Multi-Storey
Frames, Proceedings - The Institute of Civil Engineers, Vol.36, 1967,
PPI9-117.

3.

&

. Vijakkhans, C., Nishino, F. and Lee, S. (1974) Inelastic Stability o
of Jnbraced Building Frawes, Jourmsl of the Structural Division, oo

ASCE, No.ST3, March 1974, ppé45-667.

34. Wood, R.H. (1974) Effective Lengths of Columns in Multi-Storey
Buildings, Building Research Estsblishment (BRE) - Curremt Peper, CP
85|74, 1974,

35, Weod, B.R., Beaulieu, D, and Adems, P.F. (1976) Column Design by ;
P-Delta Method, Journal of the Structursl Divisiom, ASCE, Vol.l02, ‘

No.ST2, 1976, pp4ll-427.

36, Yura and Galambos (1964) The Ultimate Stromgth of Single Storey
Frames, Fritz knginsering Léboratory Report, No.273.18, Lehigh Uni-

versity, Bethlehem, Pa., 1964,

References 61

T T MO PR

X




APPENDIX A

o
s

Appendix A

-




APPENDIX A. WORKED EXAMPLE

H = 15KkN
[y s Ljp—
h=
K K 2.5m
i
L2 1T I {* —
h=
X K K 2.5m
& (% 7 —
f, =7.50 2 = 5.00 .
| | ;
X = member stiffness (EI/2) i
Mpb = plastic moment capacity of beams = 312kNm.
plastic mom. capacity upper cols = 104kNm.
plastic mon. capacity lower cols = 100KNm.
Member stiffness matrices:
Heubex 1-2 (sim. members 4-5, 7-8):
0 0 0 o U, !
° P 0 0 8, :
{K]{D£} = K
) 0 ° 3/t -2/ U, .
L L] 0 ~3/k 3 [
Member 2-3 (sim. members 5-6 & 8-9) :
3/b* 3/h -3/ o U,
3/h 3 -3/h 0 [
[X){0£) = k{*
~3/ht  «3/h 3/h? 0 Uy
0 0 0 [ 0,
.
Appendix A. worked example 2] :
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Member 2-5 :
0
0
[R]{D£} =
o
0
Member 5-8 :
0
0
{K]{D£} =
i
0

Structure stiffness

Fii | »1.46  -1.20
Mgt 2

1.0

KU, = 22,74

RE, = 1.58

0 [} 0 V2
4 0 2 0,
K
0 ¢ o Vs
2 0 4 8
0 0 [ Ve
6 ) 3 [
K
0 0 ¢ Ve
3 0 6 0,
matrix (No hinges):
stiffness defl. forces
“1.44 v H [
-1.20 2 [ 4.688u
1.44  -1.20 -1.20 [ K4 U, H
-1.20 16 3 [ ~2.605w
~1.20 3 12 8, 2,083
¥=1.1
KU, = 25.01
XU, = 50.00
X0, = 16.76
KB = -2.24
K8y = 1.76

The first plastic hinge was found to form

computations for this beam are presented her

Moz = 2K, + 4K, +
= 116,08 kim

1.1-1.0

we?/12

1.0 % 127.7 =
¥ 312 4

in beem 2-5 at end 5. Only the
ore:

%=
127.7 - 116.08

Appendix A, worked example

M4z = 127.70 Km
1.1 % 116.08
127.7 - 116.08 '
o4
el o
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With a hinge at end 5 the member stiffness matrix for beam 2-5 becomes:

[ [ 0 [ V2
o 3 0 0 8,
K}{p£} = X
0 a ¢ 0 Vs
0 0 o [ 85
Revised structure stiffness matrix (1 hinga) :
Fy: 2.88 -1.44 ! U, 0
Mgt 9 «1.20 0, 7.031w-Npb/2
Fyt -1.44 -~1.20 1,44 ~1.20 -1.20 | K{ U, ;s
My ~1.20 12 3 8 2.083u-Hpb
My -1.20 3 i2 By ~2.083w
det |K{ = 1288
Hinge no.2 forms in column 5-4 at 5.
With ¥ = 2,69 :
¥ =1.1%2.69 :
2,96 - 2.69 2.69 % -95,0 4 2.96 * 89.8
¥ = * =100 + = 3,22
~85.0 + 89.8 =95.0 + 89.8

Revised member stiffness matrix for column member 5-4 ¢

[Klas = (0]

Revised structure stiffness matrix (2 hinges):

Fai | 2,40 -l44 1,20 U, 0-pl/h

Yyt 9 -1.20 8, 7.031w-156
Fyt | 144 -1.20 144 1,20 =1.20 | K{ Uy } = H

Mt | 1.20 -1,200 9 3 8 Mpl-312+2.083y|
Mo: -1.20 3 12 8, -2.08%

det [K} = 599.5
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Diagrammatic represantation

= 20%

£ O S A A S O

The third hinge forms in column member 5-6 at §
Load at formation of third hinge

Structure stiffness matrix revised for 3rd hinge:

~0.96
-1.20
0.96

-1.20

Diagrammatic representation

4th hinge forms in member 7-8 at 8
5th hinge forms in member B-9 at &
6th hinge forms in member 2-5 at midspan

Appendix A, worked example

7.031w~156

Mpu~212+2.083w)
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Structure stiffness matrix revised for 6 plastic hinges:

0.96 “0.48
6 -1,20
[K] = | «0.48 -1.20  0.48

det |K} = 0 = structure collapse mechanism has formed and ¥ = I’p

1.8, Xp = 3.77

Sequence of plastic hinge formation:

a

Appendix A, worked example
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APPENDIX B, CON:. ("R PROGRAM PRINTOUT

This example is presented here to illustrate the capabilities of the ﬁ

program. The geometry, member sizes and loading are

shown in the disgrem belaw. The frame is analysed by the progrem and the
& printout is given on the following pages.

| 980N 500kN 770KN BE0KN
by 482.5kNy __ 63.63kN/p 69.03kN/m 59, 25kN/m
: RN e i A S i N T o
. 18W45 30493 24468 i
142,3KN 335N 33, 4KN 142.3KN !
14W184 1 144237] i 144287 ‘ 14W228 J ; |
H i
P 25.620|y _63. 6%/ 69. 03K/ 59.25kN/m |
B do. do. do. {
162.3kN 33,400 EERATH 142,38 |
i do 1 do. do. do, l |
: 25,6208y 63.6210/m 69 . 03KN/m 59.25KN/m |
——t ST 1T £ VS A MY N 2 VY S SOV S s wed o [ H
H do. do. do. T }
i do do. do. do. 3J.'ssam i
1 L L 4- i
|e——6.09 |+—3.656: | 53 | i
i
Young's Modulus: E = 199.8 GPa ; i
i Yield stress, beams:  fyb = 248.2 UPa |
! Yisld stress, columns: €yc = 344.5 MPe ‘ |
: :
| |
! r
! I
)
i
t
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RUN DESCRIPTION; FRANE C ¢ LITLE & EMKIN

Yaung’s Hodulus ;198000000 kN/a2

tProgran CU

LLAPSER)

Haterial Yield Stress
Bean Properties

Storey  Bean  Lengthew  1nd) W) Areatn2)  y.naxtm)
1 603 - 0062 .M0jies  00@Sal 227
2 30658 .001660 005113 .018779 378
3 /534 (060755  .002676 02302 302
2 1 £.095  .000293  .DO1AEE 008541 227
H 3'658  [D0iG60  (00S1i3 018779 576
3 B.584  .000755  .002876 012502 1302
2 1 6.095 000283 001463 000541 227 :
2 9,650 -+ .0DISE0 00113 .DI8775 78
3 8504 000755 (002876 012302 Ja02 '
Coluan Propertles
Shtey  Coby Arial loadtk®) LAy pad)  Areats?)  y_maxim)
! 3930100 .0009a7 “0a4g8) 1198 ,
2z 500,00 DD1282 L 1044357 \208 !
3 8770.00 [0036ze [Us4a3z Kt j
1 8850.00 \001225 007000  .043260 ‘208 :
Storey helght = 3.638n ;
2 1 142,30 .000947 Q05531 D349 .398 i
2 33La0 ‘001282 007235 .044957 1208 IR
3 33,20 (601628 008039 054432 213 ;
3 182130 001225 007000  .045260 (203 :
i
Storey height = 3,658 i
3 1 142,30 .000947 005531 - 03489t .198 i
2 33. hiz  geres onsy 208 i
3 b (001628 (009938 . 05Au: 213
] 142,30 W18 (00%en  lowsses 1205

Storey height = 3.658n

Structure Laadlv\q

St;;;v Hnr. leldler)

482,56 !

2

3

2 25,62 1
2

3

[ 25,62 )
2

3

Llastic/Plastic Collapse Load Factors

Staray i, Plastis
v T Ted

2 : 1,57

3 1.50

STRUCTURE COLL“PSE LDRD FﬂCfﬂR =1 14

" STOREY NO. 2 _1fiolispoe moshanism

Elartie/Plactic

1.47
1,34
1.3

e 1 ¥ B $n
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APPENDIX C. PROGRAM DESCRIPTION ¢

C.1 PROGRAM OUTLINE

Lines 5

1005
2000
3000
4000
5000
6600
7000
8000

9000

1000

2000
2275
3620
4580
5880
6440
7160
8665

10205

Declaration and description of variables.
Main body of program.

Editing, re-run and end optioms.

Input of structure dimensions and loading.
Stiffness Matrix {K)

Yorce Vector (F}

Galculaticn of beam and column moments.
Identification of Next Hinge.

Printout of results.

Calculation of Elastic Buckling joad.
Applidation of Scholz Interaction method to
calculate storey Failure load.

Graphical printout of collapse mechanism.

C.2 VARIABLE DESCRIPTIONS ]

The varisbles used in the program listing are discussed here in more de-

tall. Lines 40 - 205 declare all the resl and integer variables and give

a brief explanation of their function {n the program. A few of these

varlables may require clardfication :

€. Progrs -

"
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Variable Description
X X = 0 for first iteration with ¥ = LD'{p i
X = 1 for second iteration with ¥ = l.llp
Cycle Oycle = 1 for calculations on actual structure.
Cycle = 2 for calculations on "limiting Ereme”.
Xs Ks = EI/%
FEM2h1 For beem initially with 1 hinge at RIS ;

FEMZhL = moment at LHS when midspan hinge forms. ;

Lines 220 - 270 declare all the arrays which arc used in the input stage

o and in the course of the . A brief deseription of Lhe function
] . of the array is given, The arzay is named, its meximum sfze is given im
? brackets, fcllowsd by the array description, The arrays are so dimensioned

to accommodate a structure of maximum fifty storeys by twenty hays wide.

Bays (50) Keeps record of the number of bays in esch storey

o Hingss (59) Record of the numbet of hinges in the collapse

wechanism of each storey.

Beondition (50,20) Record of the number of hinges in each beam

No hinges: Beondition = 0 )
;‘ 1 hinge (LHS): =10
' il 1 hinge (RHS): =1
. \ 2 hinges (LHS + midspan): = 20
i 2 hinges (RS + midspan): =2 ‘
\ 2 hinges (LHS + RHS): =11 . ]
f Geonditdon (2,50,21) Record of the number of hinges in each column
i No hinges: Geondition = 0
) 1 hinge (upper colum): =10
‘ 1 hinge (lower column): =1
% 2 hinges: =11

Beamprop (5,50,20) Records length, moment of inertia, plastic
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Colprop (5,50,21)
Load (50,21)

Thrust (50,21)

F (23)

DE (23)
K.inv_inv {23,23)
Differ (23,23)
Compare (23,23)
Comparel (23,23)
K (23,23)

Kt (23,23)

Kiay (23,23)
Beamon (3,51,21)

Colmom (2,51,21)
Endmom (2,20)

Bagemom (2,21)
Quey (1]
Describe {80]
Axisl (2,21)

Huomba (3,20)

modujus, area and distance from centroid to
extreme fibre for each beam section

Same as above for each column section
Records Udl for each beam and horizontal load
for each storey

Records epplied column axisl loads

The force vactor {F}

Unknown deformations {Df}

Arrays set np in the calculation to

determine if det [K| = 0

The stiffness matrix [K]

The transpose of the upper half of [K]. [K}

1is symmetric about the leading diagomal, therefore
oniy the top half is assembled and then added to
its transpose to get [K]

The inverse of [K} i.e. [K]™%
The calculated moments at the LHS, midspan and
the RHS of each beam

The upper and lowe. column moments for each storey
The fixed end moments at the end of each beam for
the loading and storey under consideration

Base moment of the bottom storey columns

Array to dccept answer "Y" or "N"

Axzay to record description of run

Records accumulative axial load on each column for
the storey undex nonsideration

Records the moments calculated at ths LHS,

midspan and the RHS of each beam in the storey
under considsration with service horizontal loads

only
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Hmomeol (2,21}

Hmombase (1)
Holdaxl (21)

Servmombm (3,20)

Servmemeal (2,21)

Servmombase {21)

Curve (10,15)

Factor (50)
Locetion (2,50,150)

Moments in upper and lewer columms with service
horizontal loads only

Base loads with service horizental loads only
Records axial loads on actual frame while loads
are adjusted for the "limiting frame" caleulations
Records the moments celculated at the LUS,
midspan <nd the RNS of each beam for the storey
uader consideration with service loads

Records columy moments with sexvice loads
Records base moments with service loads

Stores the data for Scholz Interaction curves
from which the failure load is obtained by
interpolation

Records the failure load factor for each storey
Records the colums or beam number and hinge
location at the formation of sach plastic hinge.
This is used in the GRAPHICS sub-routine to plot
the sequende of hinge formation in the plastic

collapse mechanism

C.3 PROGRAM LISTING

The full listing of the program is giver in the following pagest

d 3 4

A dix C. Program
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5 Teregran hama i3 CALLAPGE

190 it s i

FER

2 !

25, iThia program casbings tne Plostic and Elustic Callspoe lomd factors to ob
taln the Dvuran Collagss Load Factor for the structur

3 ©ad factors ere calculatwd on @ Bkaroy-by-ﬁtnruy basis and the critd
cal Iaad Tackor 13 the lomest Gearsy Load FAFthe

S

a0 DP'HDN BORE

s No. of storaysNo. of bays.

2 iveeR storay,Bean,Cot No ]Eauntﬂrl in susr. INPUT

93 INTEGER Din iRetim, of storags arrays i subr. TNUT

o INTEGER beamna,Catne {lacation of Biaviie hisgws in subr, Heky o
45 INTEGER Loc,Hingelos iLocation of plesic hinge in subr, NEX

70 INTEGER Mings IHinga no. counter In aubrouting NEXT e

75 INTE {¥srisble for noaant utorage in aubr. HOHENTS
80 INTEGER Cycie {Omates eyels |

BS  INTERER Edit,Ed {indtcates tnitist fgput or sditim

70 REAL LyIb,fe et e ik {LengthHan, inortia Plastis =.p,nnluh: n THRUT
95 REAL Kl ME Hatt hwight lower goln o upra th

100 REAL £,50C,2,0,0, 112 Py BR Hnturnudl-\t- e 1 e WATRTK k1

105 1¥oung ‘s modulis

1 Eputp py o

He WAL Ttatimest
120 REAL Lambda,lanbdap

I¥ield wtross and souesn Losd cale
iolen to cheok 1f DET K $)iomenditiones .
iiarmbaiate Tomd Fhctars in sbe NEVT PINGE

125 REAL Lantdol Lenbda2 iLoad fegtar on ist and 2nd iteratians
130 ReAl Ul [Uartical and horixonal doads io subr, INFUT
52 Ra oA IFEN’8 1uft ap

1% REAL Peadnt,Fanzhe [FENoa Latt and FIShE at form, af Znd finge
135 REAL Hor ,Herl,MarZ,Bher  IHorizontal forees for calcs in HATRIX (>
150 REAL U114012,058, Ml oghup tBaum and cal. moments in subr.

5 REaL Homd Fomk il {tonants tat and 20d iterations in NEXT siveE
180 REAL Dmplamklc,Calplastic |Indicatos hinge in beam or col. in NEXT HiNee
145 REAL Mbane,Ba: IColunn mofents at batpy BawesO fur Hined base
170 REAL SumAktabal Phi Us,8ust (ELautis coltspes load in ELAY

375 REAL Patorey,Lambdac,Hag Elastit callape s in Echars

180 REAL L.mh\inol quwm,ﬂ[phi 'xmuwma highl -lwndurnn-- uith o.4H
185 REAL S 4 T awest

155 BEAL MiahatsSlandeatint Ihipne. e tiana ratia tor sceunt frome
196 REAL lo,Fail,Intari,inter2,Inter3  |Extracting value from curvas

2 RN angie, Yoawia,dl 42, Y1, v2 { ng valuss fram curves

208 ReAL taxial doad

210

2185

220 mxsezn Baya (50} Hingas (50) Bronds £{on (50,201 \Ceondi ton (2,580,211
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