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INTRODUCT ION

The probles of an acute shortage of space due to the need
of more commerclal houses, greater influx of population into the
big cities, underirability of diverting agricultursl lands for ha=-
bitation and the need for greater open space and greenery, has
found its solution in vertical expansion of the cities by tuild-
ing up a series of multistoreyed buildings both for comercial as
vell as residential purposes. Besides, tall buildin:s have also
been advocated due to variety of ether reascns such as § difficulty
of shifting industries to nevw citici; the demand for rehabilit-a-
tin: the slum dwellers in the same area, and the revulsion of the
urban dewellers to being uprooted and transfered to rural or

nevly developed areas.

In designing tall rigid frames the pain prodlem is to find
a method which is sufficlently accurate and at the same time avoids
heavy design costs, The difficulty is increased dy the fact that
the designer must steer s coursa between speed of design on the one
"hand and loss of accuracy on the other. The best method of design
s one vhich combines in it all the three basic requirements, that
is, it should de 3

(1) & true representative of the actual behaviour of the
structure.
(11) rapid and convenient in its applicatien.
(111) most economical.
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struacturo as o ¥holo {9 pnfo.

Drondly opociypn thoro exiot tvo @iotinetly difforcat ocothedo
of dosign and analyggo of rigld frezos thoy aro
(o) Thoco boyog on muximm allovable safo otrosoos in tho
8  vorleas yeobors of tho otrueturo, such otrossos boimg
vithin tho clootie ronzo.
(b) Thooo bagcd on the ultimate -loaa carrying capncily of

tho otructure.

Tho tvo enbosorios @1€0or in thoir bosie approach to tho
problca. £ho formor L.0. Elastic nothods, i older and more €ONsOR=
vativoe IS 45 Bagod on the asgsunption that otablo oquilibples oxdotc
botveon intornol omd oxtornal foreos and within olastie linit any
chonso in locding conditions doos not produeo dioproportionato
ineronso of otroso or olastic distortion of frcmo. £ho dosinn 4o
beozd oa ths ancdyolc of strosgcs in ooobors, and providing o
ocetion of cdoguoto stronsth to rosiot tho foreos. This mothod

assunss that 1f loeal eollapso of peobors ecom bo provonted tho

zho sceo? SYpo which hao como to voguo Pocontly finds ig

prineipal appl®tion at prosont to tho dosign of otebleally
indotosoinsto © FOQundont fremod stractuscs of nild stool vhich
cappy lecd by Aoag of ¢hs resictanco of thole ncnbors to bonding
cetion. Ihooei21y 4 gumucturo cay foil in a'mbos' of uayse
It noy sooeh g Hegg of usofulnoss through instability, fatijuo,
or ozeosoivo d'ﬁoeeiom, Altornativolyy if nono of thoso rodos
of foilaro oed'? tho otructuro vill continuo to corry load boyond

tho olcstie 11‘“: Qntgy, 4% roachos ito ultincto lood thrcugh plactic
_K‘




deformations and then collapses. Most of the indetersinate struc-
tural stesl tuilding frames and similar structures fall into this
category. Plastic analysis provides a rational method for basing
the desizn on this most typicel mode of failure. In other words

it bases the design on the maximum load that the structure can
support, |

Elastic analysis of all but the simplest of structures is eom-
plicated. There are so many secondary effects that deserve attene
tion while working wvithin the elastic range. Simplifying assumptions
wust be made to the point where the relation betveen a practical
solution and a rigorous Iiutic Theery 1s quite obscure., But it
has been shown that at ultimate load ths deformations of the gtru-
cture become 30 large that the deformations due to the secondary

effects are comparatively negligible and hence simplifying assump-
tions are not necessary.

It would bo seen chaf. tho two theories look upon a structure
in a different way sven though the resultant design may be more or
less the same. Structures designed on ultimate load theory however
take the advanta:e of the duct1ility of steel so that when the
stresses ars higher than the elastic limit the structure can still

CATTY moTs load because of the two facts, that is,

1) Distribution of stresses at a section, frem the hi:hest
stressed fibres to the understressed fibres.

2) Redlsttidution of moments due to the forl.ation of plastic
hinges.




ORJECE OF fi PR3SIND 8:IDY

- Although considerable work has baeen done hoth theoretically
and experimentally on the elstic as well as plastie mathods of ana=
lysis, yat most of it i3 eithar only in elastiec ranze in cuse of
multistoreyed structures, or only for smaller structures in the
Plastic ranse of losdinz, Very little im known sbaut the actaal
bshaviour of a multistoreyed structura nasr its collapss and hardly
any exnsrimental data is avallable. It was, therzfors, proposed to
investl ;ate experimentally by conducting a loadinr test on the
modal o7 multistorsyed multibay frame to determing : <

Lo

1) vhether the frame can safely take theload as cdlculated
by simplifiad Plastic theory.

2) Howfar tho concepts of plastic hines, and the mode of
collapse (by the formation of mechanisms) arrived ab
at theoretically are oxhibitad actually in tho stracture.

3) If the required redistribdution cf moments as assumed
in ultimate load theory 1s asctually avallablo or not.

and 4) To atudy the behaviour of structurs by racordin; its

doflections durin; both elastic and plastic ran:s of
loadin; and to compare tham with those ealculated
thooratic:1ly.

With the ahora objacts in view a eritieal study of various
mothods in use at prasent for analysing a multistorayad structure
accordin: to elastic amt or plastic theories was undartskan and

a brief review of thase msthods is ziven in chapters 1 and II
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raspeetivoly. In Chaptor IIT theorotienl invostications into thn
oxtont of rotont rodistribution in a rultistoroycd steucturo hoo
boon doolt vithe This forms tho thoorotieal part of tho thosio,

Tor ozporinontal imvestigations, tvo 6 storoyod o 3 bay
£Pc208 voro soparatcd fren nild stool Platoy, and cezploto arrenoe
ron: for locdin: tho tost framo was dosi-nod and fobriested, Tho
frano was loalcd with both vortieul and hoprizontal locds sirulte-
ncously o« 1l tho dotails regardin: tho tost fredo and tho Hoeding
frono clon; wisk ¢ho londing doviecos aro deseribod in Chapior IV,
To? tho parpass of eoaparin- tho oxporinontal posults with tha
thcoroticel rygults it wag nocossary to find tho cctuul striise
otrein end bondine romont - eurvatura rolationships for tho stool
ascd in neliine ¢hy tast fremo., Zonsion ond bonding £eots woro, Mmeveind,
undoriolon cnd aro dosepibed at lonith in Chaptor V, vhieh also

inecludas ali tho othor tost rasults,

Disengofon of ths rogults, conclusion droun on tho basis of
this otudy and sugrostions for futuro study on tho gsubjoet aro

"dvon in chaptap Vi,

Dc34d00 thoso 6 Chaptors thoro aro four oppondicos attached
et tho ond in vhieh 19 prosonted tha coaputational vork for annlye
ging tho toot fermo cceonding to varicus cothedo vigy

1)  3lopo Dofloction quations |

§ (For olastic onalysis)

2)  Konitp itorction nothed I . .

3)  [Dool'o pothsd of ecoobining tho nzehaniens.) (For Flastie

4)  Porno’s plastie comort dlstritatiocn, I  anclysis)




It vas found after experiments that the actual ultimate
load carrying capacity of the frame (provided sufficient lateral
stability i{s provided) is much hi zher (may de as much as 1.25 to 1.5
times) than that perdicted by the simple plastic theory based on
idealised stress-strain curve, and hence its use for multi-storeyed
structures is over safe. It is thesrefore expectei that more econoay
in stesl can be affected Lif the working loads are specified after
actual loading tests instead of basing them on idealised plastic
theory. Ko_vovor only two frames were tested for present study, it
is therefore sug:ested that more number of frames may be tested
under different conditions of loading so as to be sure of the reser-
ved strength of steel. The testing squipment as desizned and fabrie
cated for this study proved very sastisfactory and it can be recommen-
ded that with slight parfection to test bigger size framss and in
large number , the equipment may prove very useful for finding ent
ultinated load carrying capacity of any multistoreyed structure
by testing its geometrically similar model frame of stesl.
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iteration process is replaced by an easy moment distribution
process, and the conversion of moments into deformations and
finally back is eliminated, Otherwise the basic concept is
almost similar.

KANI'S METHOD OF ITERALIONS

AN

Of all the iteration methods of frame nnalyni:-
Kani's method has proved to be extremely satisfactory
for the analysis of any type of multistoreyed building frame
under any type of loading. The method is based on southmell's
principle of relaxation amd ean be classed as absolutely correct
1f more cycles of iteration are performed. But lesser mmber
of cycles can give as good results as any other method of
iteration, with comparatively much more ease and speed,

The basic theory of Kani's method can be under-
stood by the equation:=

u“ = ll"n) + 2 Mip *llh + ll"u
Where My = Final moment at the end A of a member AB,

g’( AB) = TFixed end moment at end A eonsidering
member AB to be fixed at both ends,
Ny ® the moment correction on account of
rotation of near end A,
N'p, = the moment correction on aceount of )
rotation of the far end B,
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The method is very simple and can be preformed
vith ease with the help of s calculating machine. Beside=s

it passes following more advantgges te-

1) Brror is eliminated mtagaticully.
2) Final numereical values can dbe checked.

1u4,  APPROXINATS

In the foregoing methods it was realised that
it is the sway in the frames which makes the analysis very
lengthy and tod}.om. Fortunately it was found that the sway
due to vertical load only, on a more or less symmetrical
frame 1is only a negligibdle ameunt and the frame can be solved
neglecting the way with orrou which can de rouombly nllowod.
But the horrizontal loads (wind and hrthqluko forces) are
nevertheless more important and cause significant svaying.
80 it has been suggested to carry out the analysis in two
steps, |

a) For vertical loads only by any of usual methods,
neglecting the side sway.
b) Por horrizontal loads only.
the two effeets can be lateron superimposed,

Attempts for ;nalyung the frame for hortizontal
loads only, have made considering the problem -as a statically
determinate by making a number of assumptions. [fhe more

common methods adopted for such purpose are 1~
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1) Cantilever iothodx-
The aisunpt-lont Aro t= ,
1) Points of inflexion are at mid-height of
columns and mid-ponts of girders.
11) The unit direct stress in the column varies
a3 the distance of column from C.G. of
the bent, Columns have the same area

every vhere in the same storey.

2) Pertal Method:-
The assumptions in this method are :-
1) The points of inflexion are at mid=height
 ef celumns and mid-points of girders.
11) The shear in each column is the same and
oquals one half of the shear in an interior
columh,

3) Sutherland and Bowman Method:

Sutherland & Bowman have improved upon the
tvo methods mentioned above. Ihey have suggested 4ifferent
positions of the points of inflexion for different storeyes.
The distribution of shear in the columns of a storey consists
of two parts. One part is equal in all columns. The
remaining shear is divided among the bays inversely as the
vidth of the days.

4) Factor Method:
This method makes certain assumptions regarding




the elastic action of the structure, vhich makes it possible

to have an approximats slope deflection analysis, The previous

methods make some assumptions regarding stresses which made
a stptical solutibn of the problem possible, In its applica-
tion it is very dechanical and only gives approximate values,

§) Gottschalk Method:

Otto Gottschalk has presented a simple method
of determining the distribution of shear at the column of
the bent by tsking into account the relative sidesway of
the joint. Then assuming the points of inflexion at mid-
points or according to sutherland & Bowman determine the
moments at the joint. The method is simplified when cortain
assumptions regarding the rigidity at various Joints are

made.

Iy can be brondly stated that the first three
aporoximate methods do not require the knowledge of the
elastic properties of the frame vhereas the last two involve
use of these properties. The first three are method of
analysis befors the design is done whereas the last two
are analysimg methods after the design is done we know the |

areas of x-sections ete,

On a four storied three bay frame loaded with
unit load horrizontally at all storeys , when analysis
were carried out by the first four approximat'e methods and
the slope deflesction equations, the values calculated by
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approximate methods in terms of slope deflection results wises

Cantilever mothod 1~ warious values lies bstween

. 60§ to 1608
Portal method i1~ 70§ to 140§
Factor Method 1- 90§ to 120
Sutherland &
Bowmen method t=  90f to 1108,

In other words the last method admits of an
error of ¢ 10f each generally maximus. The location of
the point of inflaxion as given by Sutherland and Bowman
rules is almost exactly the same as given by Slope and
Deflection method. No definite conclusions can be based
only on the results from one example but this may point

a trend for the relative sccuracy of these methods,




CHAPTER
PLASTIC THODS OF ANALYSIS

2.1. Plastic methods of analysis differ from the ordinarily .
employed Elastic method of analysis in the sense that they take
into account the fact that structural materials like steel, due
to its ductility, can withstand strains much larger than those
encountered within the elastic limit. Plastic methods assume
that if a structure does not reach its limit of usefulness
through instability, fatigue, or excessive deflection, then

1t will continue to carry load beyond the elastic limit until
it reaches its ultimate load through plastic deformation and
then collapse. It is this ultimate load carrying capacity of
the structure on which we allow certain safety factor and base
our design, The theory which forms the basis for the ealculation
for the ultimate strength of a structure is called the plastic
theory,

2.2, PLASTIC THEORY.

The theory 1s nothing more than an extension of the simple
elastic theory, according to which the longitudinal stress dise=
tribution across any seetion of a beam, acted upon by a theory
holds for all bending moments less than the yield moment My
under which the yield stress of the matarialh is reached

in the extreme fibres, The beam is capabla of sustaining a
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bending moment g:eater than My but to deduce the corresponding
stress distribution it 1is necessary to consider the nature of
the stress - strain relationship of the material beyond the
‘yield point, This depends upon the composition and history

of the steel, but, for structural mild steel in general, the
curve shown in fig, 2.1.(d) is a sufficient close approximation.
After yleld at B, there is a range BC of pure plastic deformation
vith no increase of stress, until strain hardening occurs at

C at a strain of from 8 to 20 times the strain at yield., The
pure plastic range Be is usually sufficient to enable consider-
able deformations to take place before strain hardening has

any significant effect, It is therefore reasonable to assume
that, after the yield stress has been reached in any Fibre of

& beam under increasing bending moment the stress in the

Fibre will remain constant., After this process has been carried
some depth into the beam, the stress distribution will therefore
be as shown in fig. 2.1.(b), which corresponds to a moment

of a resistance somewhat greater than the yleld moment My,

The maximum moment of resistance 1s obtained when the whole
section has been strained beyond the yield point Fig 2.1(c),

1ts value then being referred to as the full plastic moment Mp,

The stress distribution in fig 2.1 (e¢) corresponds
to theoratically infinite curvature and therefore when the
full plastic moment has been reached at any section of a
simply supported beam, the deflections become indefinitely ’

large, as shown in fig, 2.1(c), and collapse 1s.sa1d to occur




though 1f the load were reduced a little, it could be supported

safely.

2.3, PLASTIC HINGE:

When at some Section of the frame bending moment attaing

the full plastic moment walue Mp, the angular deformation locally
becomes indefinitely large, and finite éhanges of slope

can occur over an infinitely small length of the member near
this cross section, Thus the behaviour at the cross section
where Mp is attained can be described by imagining a hinge to

be inserted at the section = the hinge being capable of
resisting rotation until Mp 1s attained and thén allowing rota-

tion of any magnitude while Mp remains constant.
2 DISTRIBUTION OF NIS:

This is the property of redundant structures that
enables them to carry much higher loads than those calculated
by usually adopted elastic methods. It is actually this
phenomenon that marks the real use of application of the plastic
theory by revealing an enormous reserve of strength of an inde-
terminate struecture beyond the elastic limit, The redis-
tribution takes place as a consequence of the action of plastic
hingess, As load is added to a structure eventually the plastic
moment is reached at a criti€al range. As further load is added,
this plastic moment value is maintained while the section

rotates. Other less highly stressed sections maintained,

&0
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equilibrium with the increased load by a proportionate increase
in moment. This process of moment transfer due to the

successive formation of plastic hinges continues until the ultima-
te load is reached when the structure collapses by the formation

of a mechanism.

The redistribution of moments can be best illustrated
by a fixed ended, uniformly loaded beam of fig. 2.2.(a), In
fig. 2.2.(b) are curves of deflectéd shape; in fig 2.2.(e)
are the moment diagramsy in fig. 2.2.(d) is shown the load
M = P action at the ends and 4t the centre, respectively,
The members (a), ‘(2), and (3) represent three phases of
loading:

(1) Attainment of first yield.

(2) First attainment of computed ultimate load.

(3) An arbitrary dePlection obtained by continued

straining at the ultimate load.

By an elastic analysis, the moment diagram of sketeh
(e) of fig. 2,2, can be determined when ylelding commences
2

(phase (1) ). The centre moment would be -gi-- and the

end moment would be %12 »  On the load-deflection curve

the load has reachedlgoint (1). *he moment capacity has been
used up at the ends; however since at the centre of beam M=#Mp
at phase (1), additional moment capacity 1s still available

there, l‘herei‘ore, as load inéreases beyond phase (l), "Hinge
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action" will start at the ends and the beam now behaves as if
it were simply supported, except that the end moment remains

constant at Mp,

At pkese (2) the beam reaches its maximum lead since
the moment capacity at the centre is also exhausted, Beyond
phase (2), beam will continue to deform under constant load
(phase (3)) + The shaded portion of sketech (¢) represents the
simple beam moment diagram that due to redistribution of moment,
is superimposed upon the existing moment diagram (phase (1))
and corresponds to the increase of load between phases (1) and

(2) fig 2.2, (d).

225, . MECHANISM AT COLLAPSE:

After a sufficient number of plastic hinges have
formed to accomplish all of the redistribution 6f moment that
is possible, any further displacement occurs at constant load.
The segments of the beam between plastic hingas ars able to
move without an inerease of load like linkage, and this system
of members in called a mechanism. Referring to fig., 2.2(b)
mechanism motion oecurs betwaen stages (2) and (83); and
subtracting the displacem8nts of (2) from those of (3) we
get the mechanism shown in lowar part of sketeh (b)., Thus
there 1s no further deformation within the member itself; it
all occurs at the plastic hinges. It is this mode of failure

which forms the basid for determining eollapse load in plastic
theory,




2.6.  QUHER ASSUMPTIONS IN SINPLE PLASTIC THEORY.

Besides the ldealisation of stress-strain curve amd

moment curvature relation-ship for stecl, we make following

more assumptions,

(1)

(11)

(111)

(iv)

(v)

(vi)

(vii)

(viil)

Mgterial obeys Hooks law until the stresses reach
the lower yield value while on further straining
the stress remains constant at the lower yleld
value.

The lower yield stress and modulus of elasticity
have the same values in compression, tension as
well as in bending.

Material is homogeneous and isotropic in both

the elastic and the plastiec states.

Plane transverse sections remain plane and normal
to the longitudinal axis after bending, the effect
of shear being meglected.

The cross section is symmetrical about an axis
through its centroid parallel to the plane of
bending.

Every layer of material is free to expand and
contract longitudinally and laterally under
stresses as 1f separated from the other layers,
Failure does not occur due to lateral stability
or effect of shear,

Effect of axial forces is only to cause reduction

in values of plastic moment of resistant and does




not cause any other complication, Ordinarily
this reduction in Mp is also neglected.

(1x) The deformations at collapse are sufficiently
small to enable the effect of change of geometry
on the equations of equilibrium to be neglected.

(x) Residual stresses and stress concentrations have
negligible effect on ultimate bending strength
of a member,

(x1) The connections provide full continuity so that
the plastic moment Mp can be transmitted.

(x11)The loading is propotional,
2 PRQP ONS_IN PLAS .

For calculating ecollapse load for any structure, use
is made of some fundamental propositions deseribed in follow-
ing paragraph. For the validity of these theorems reference

should be made to ( Bie Rep. we. 28y,
PROSITION 1 ;-
8 If a structure reaches such a state that, whilst

it 1s in equilibrium under an applisd system of forces, suffi=-
cient plastie hinges are formed for the structure to become

a mechanism, the structure 1s on the point of collapse.

BROSITION 2 :-

As the deflections of a structure on the point of

collapse increase, the work done by the external forces in

equal to the energy expended in the deformation of the plastic

32
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hinges,
CHARACTERISTICS OF BENDING MOMENT DISTRIBUTION AT
COLLAPSE.

In olastic theory a structure before it is rendered
unserviceable, must satisfy three conditions viz. conditions
of continuity, oquiiibrium and limiting stress, Similarly
the Bending moment distribution diagram, in the plastic theory
also has to satisfy the three conditions vizs

(1) Mechanism condition t~ Moment must be equal to

full value of Mp at sufficient number of sect-

1ohs for the structure or part of it to become
& mechanism,

(11) Equilibrium condition: Conditions of statics
must be satisfied, 1.e. the bending moment

distribution must be in equilibrium with the
applied logds.

(1i1) Yield condition 3= Bubl iplaatic moments must
how hers be exceedsd. |

Whilst it may be difficult to satisfy all three re -

quirements slmultaneously, they are much more readily satisfied
in pairs. he collapse load thus obtained will not be unique
as a result of following two propositions,

EROPOSITION 3 s~  MINIMUM PRINCIPLE STATIC THEOREM:

For a given frame and proportional loading = if

*
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there exists any distribution of bending moment throughout
the frame which is both safe and statically admissible with
& set of loads Wy the value of W must be less than or equal
to the collapse load We.

PROPOSITION 4 :- RINCIPLE OR K :

For a given frame subjected to a set of loads
W, the value of W which is found to correspond to any assumed

mechanism must be either greater than or equal to the collapse
load We.

From the above theorems it is apparent that the only

value of We can be obtained if the two theorems are combined.

PROPOSITION S:- IQU S OREM:

If for a given freme and loading at Lreast one
safe and statically admissible bending moment distribution
can be found, and in this distribution the bending moment is
equal to the fully plastie moment at enough cross-sections
to camse failure of the frame as a mechanism due to rotations
of plastic hinges at these sections, the corresponding load
will be equal to the collapse load We.

2.8, METHODS OF PLASTIC ANALYSIS,

Bven though the first systematic method can not be
dated back to more than 15 years, yet we see many attempts

and revisions to achieve singular results in a convenient
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manner. Varlous methods are there to find collapse load for
any indeterminate structure, but it is recommended that for
multistore?pframes the application of basic approach as sugg-
ested by Greenberg and Praguer that is to approach the collapse
load value by simultaneously using both the prineiples - static
and Kinematic, will be most useful, The upper bound can be
established by Neal's method of combining elementary mechanisms
while lower bound can be obtained by Horne's plastic moment
distribution. These two methods have been discussed in the
subsequent paragraphs, A brief account of other methods has
also been given, just to understand the principles involved

and their limitations for use in practice,

GIRKMANN'S METHOD

His was one of the earliest attempts to design
the large frames by plastic theory. His approach was to
construct a statically admissible bending moment distribution
rér the frame and loﬁding under eonsideration and them to
assign each member a fully-plastic moment equal to the magni-
tude of the greatest bending moment in the mamber., Girkmann
however considered only rectangular frames and was content
merelyvto adjust his distribution of bending moment until the
maximum sagging and hogging bending moment in each beam were
equal . This can be of course improved upon as was later on
done by Horne in his method of Plastic moment distribution.
In general this method implied that collapse would not occur

under the given loads, so that the designs were oversafe and




hence uneconomical. This method has been pushedout of prace
tice by Homne's plastic moment distribution which is also based
on the same principle that is Minimum Principle.

This method was first suggested by Heyman and
Nachbar and is based on minimum prineiple, It consists of
imposing arbitmary hinge rotations at each joint, under each
concentrated load and at arbitrary positions under distributed
loads. The positions and relative values of rotations are
then so adjusted that the load factor as obtained from the
corresponding virtual work equation is a minimum. This method
becomes cumbersome in complicated frame and is only of academic
interest how as the method of "Analysis by Combination of
Elementary Mechanisms" which is most widely used in practice,

has been derived from this method.

R ND _ERRO HOD,

This method which is due to Baker is based on
Uniqueness theorem. An assumed mechanism is analysed statically
to see whether a correSponding_safb and statically admissible
bending moment distribution for the whole frame can be found.
If such a distribution can be shown to exist then the collapse
mechanism assumed is the actual one, otherwise a fresh guess
to the collapse mechanism 1s made guided by the results of
Previous analysis and the process repeated. The method is

satisfactory only in case of complete and over complete collapse,




but there also it is more time consuming as a statical check
has to be made after every trial, In case of partigl collapse
which is more often the case in multistoreyed frames, its

application becomes extremely lengthy and lredd impracticable.

A direct corollarly to static theorem states

that 1f a restraint either internel or external is removed

from a structure the load factor at collapse will either
decrease or remain unchanged, Following above statement, Heyman
and Nachbar developed a method to obtain the lower bound to

collapse load, as below,

, The frame is split up into many component parts which.
are either statically determinate or redundant, The hypothe-

tical collapse loads wc* for each of the component parts are

then determined., The actual value of We for collapse of the
whole frame cannot be less than the smallest collapse load

thus obtained which will be denoted by say Wi, p 1ower bound

W1l on We may now be improved by introducing the wedundant
reactions and bending moments at the cuts, Thess redundancies
are then adjusted systematically so as to increase Wl the
lowest value of the collapse loads We” for each of the component

parts of the frame.

Simultaneously an upper bound on We is established

37
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established by the generalised hing rotation method described
already. The calculations for the improvement of the upper
and lower bounds are carried out simultaneously and the cale

’enougbt together

culations cease when these bounds are close
for the collapse load to be quoted to the desired degres of

accuracy,

4
The method does not lead to a rapid solution of the
collapse load and hence is not suitable for exact analysis.
It may however be useful to calculate the effect of extensions

to existing structures or if two structurss are joined.

oD OF U S

The method of inequalities involving an essentially
statical approach was first used for beam problems by Symonds
and Neal ( ) « Their method was based on a systematic
presentation of the elimination of variables which was first
given by Dines ( )

The problem is to find a set of moments M, sy Mo oee.s

My which satisfy (n-r) linear equations of equilibrium, »
being the number of redundancies. At least one of these latter
will always contain the load W. In general » is not gero,
hence the problem as stated so far is not unique, However the

moments must also satisfy 2n 1linear inqualities of the form

.Mp < Ml £ Mp Ctossssessenne




Now (n~r) of the bending moments can be expressed
interms of other r moments and the values of external loads,
This results in the formation of 2nd inequalities involving
only r bending moments as variables, Since the equations of
equilibrium are linear in the moments and the applied loads,
the inequalities ére all linear,

The r bending moments can be eliminated in turn from
the inequalities leaving a number of inequalities on the value
of Wy 1t being suPwosed that each load 1s expressed as a
multiple of a parameter W. Bach of these inequalities sets
an upper bound on the value of W, and the smallest of theses
upper bounds is the collapse load We.

‘ This method is too lengthy even for simr" ’frames 8o
it is seldom used for multistoreyed frames. Anotnér disadvantags
is that the conception about the physical behaviour of the
frame is not obtained until the calculations are complete,
The method is howevaer completely systematic and its only merit
13 that it might lend itself to machine computation,

METHOD QF COMBINANG MECHANISMS.

This method which is due to Neal and Symonds
1s most widely adopted for the multistoreyed frames. The method
1s based on kinematic theorem and gives an upperbound to the
collapse load. iherefbre there is always fear of over estimating
unless a statical admissible moment distribution throughout

the frame 18 shown, a step which becomes 1ittle tedlous in




case of partial collapse. Bat the plastic moment distri-
bution has been great asset to this method for this
'purposo. The method is very rapid and wvith little practi-
ce the correct collapse load can be calculated without
any 4ifficulty. | |

“the essential motion underlying the method of combi-
ning mechanism is that for a ;ivonrfmo and loading every
possible collapse mechanism can be regarded as some
combination of a certain mmber of independent mechanisms.
It is naturally very important to determine the correct
number of independent mechanisms and to identify them.

The number of such elementary mechanisss which must be conside: -

-red in any particular problem can be shown to bs equal

to the mumber of independent equations of squilibrium relevant
to the structurs in question. To decide upon the number of inw
dependent equations of equilidbrium it is noted that if
the frame has » r-dnndnncies and vhere as the comple bend=-
ing moment distridution is specified by n valuss of bending

moment at n cross sections, then ve have 3

Fumber of independent equations of squilidbrium 1.0,
independent mechanisms (V) = n-¥

In general thers are only four types of independent
mechanisms vizs

s

&(
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The computations are carried out in the following three
stages.,

(1) A set of bending moments is written down which
satisfies all the qquilibrium requirement except those at the
Joints. Now while thers are, of course many ways to do 80,
the best procedure is to use the set of moments whose
magnitudes are those obtained in analwng the independent
¢ollapse mechanisms corresponding to equilibrium equations
which can be written down very easily from considerations of
virtual work applied to the mechanismé.

(11) The bending moments are adjusted so that all
the Joints are brought into rotational equilibrium, without
violating the other requirements of equilibrium, fho balancing
here, howsver, is not automatic as in the elastic moment
distribution, The out of balance moments at a joint can be
distributed in any member, keeping in mind that the moments
carried over to the adjustant seections in order to maintain
the equilibrium equations, should be such‘as to keep all the
moments approximately equal., However in first place they may

be distributed in the ratio of their full plastiec moments,

(111) Further adjustments are made to the bending
noments in such a way that all the equilibrium requirements
are still fullfilled,

The plastic moment distribution method has been used to
verify the collapse load obtained for the frame analysed by
Neal's method, as deseribed earlier, The procedure ls explained

In Appendix IV which will also clarify the use of this method.




UPPER__AND [LOWER BOUNDS BY GREENBERG & PRAGER:

Greenberg and Prager's approach to the problem was to
use both upper and lower bounds simultaneously for the
determination of collapse loads Their method consists in
assuming a mechanism of collapse, and from the work equation
the correspondipg value of load W is found, which is an
upper bound by Kinematic theorem. Simultaneously a statical
admissible bending moment diagram is drawn such that the
condition of yleld is reached as sufficient points, If the
mechanism assumed is of complete or overcomplete type, the
bending moment distribution can be determined throughout the
structure from purely statical considerations, The load
corresponding to this safe statically admissible bending
moment distribution will be a lower bound on the collapse load.
Unless the upper andllower bounds eoincide the procedure is
repeated successively with different assumed collapse

mechanisms until coineidence is obtained.

The method had a great draw back in solving frame
vhere partial collapse occurs. But now with the help of
plastic moment distribution this difficulty is eliminated,
It 1s now only the basic approach that has been suggested by
Greenberg and Prager which is left over. The actual methods

adopted are

(1) Combination of Elementary mechanisms due to
Neal and Symmonds

(2) Plastic moment distribution by Horne.

4



The two methods are complimentary to eacﬁ othere, In
the former an unsafe estimate of Ef7is progressively reduced
where as in latter a safe estimate is progressively raised.

If both methods are used alternately for the same frame, it is
possible to obtain the collapse load correctly and rapidly.
This method is by far the most popular for the analysis of

multistorey frames,
S F R TION OQF HIN

This method developed by J, Morkey Elglish ( R-24)
is very similar to Plastic moment distribution by Horne., It
consists of arbitrary distribution of moments to the joints of
the strueture and then the adjustment of this distribution until
the highest ratio of actual moment to the limit moment at
any point in the structure reaches a minimum. The location
of yleld hinges are the polnts where these minima occure. The
advantage claimed by the author lies in the fact that this
method accounts for the order of the devélopments of hinges.
Since this order is dependent on the elastic properties of
the members, the initial moment distribution as well as the

adJustment of moments are done consistent with the stiffness

of the members,
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1Y) NTERAC iTHO

A1l the methods discussed so far can be used only when
the entire loading system can be represented by a single
parameter say W. In short these methods are valid only for
proportional loading, where all the loads beas a constant
ratio to each other at any stage of loading. In practice this
never occurs and there may be any rumber of loads varying
independently, These methods have a inherent shortcoming in
this respect.

Cases in which the entire loading system can be
represented by two independent parameters say W & P are quite
frequent in practice. A very common example is one where
W 1s due to vertical loads (dead &,ﬁive) and P is due to wind
only, Such cases can be treated only by the method known as
"Load Interaction Method"., It is in fact a graphical extension
of Neal and Symonds. Method based on "Combination of
Elementary Mechanisms"., This method can be summed up in the

following steps:~

(1)  All loads are expressed in terms of the two
parameters say W & P,

(11) A1l probable collapse mechanisms(both elementary
and combination of elementary mech.) are
investigated by virtual work = ns. Each mech.
yields an squation involving two variables W and

P and representing straight lines,
(1414) A1l these =ns of st.lines are plotted with W
and P along Y and X axis,
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(1v) The net common area bounded by two axes and these
' straight lines is the actual loading envelope.

Referring to fig. say OA BCD represent a loading
envelope and say load factor 7 1is required
for particular values of W & P e.g. W1, and Pj,
Let OE represent the value of Wy, and EF
represent P, then OF represent this loading
condition. Produce OF to meet the boundiry line
of the loading envelope at G. Then_%% =

the required collapse load factor.

In general the boundary of lcading envelope can consist
of any number of straight lines, In case the frame is
subjected to uniformly distributed loads. The =ns as obtained
from the collapse mechs. will represent curves and a portion

of the loading envelope will be replaced by an irregular curve,

Cases in which the loading system can be expressed only
in terms of three parameters say W,P and Q can be tackled in
a similar manner. The collapse mechanisms will give equations

of the form of
f1 (W) + Fo (P) + F3 (Q) +K3 =0

Where Fy, F2, and F3 are three functions and Ky, is a
constant, These are =ns of planes, Representing W, Pand Q
along X, Y and Z axis, this can best be dealt with help of a
model either of:cardboard or plastie, Similar to the loading
envelope, here we will get a certain volume of space; Let this

volume be termed as Loading Care", Any loading condition




represented by a point with co-ordinates x, y & £ equal to
W, P and Q respectively will be safe only if the point lies
vithin this leading core.

Cases in which the loading system can be expressed
only in terms of more than 3 parameters cannot be dealt in

such a general way.
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& recourse 1s taken to be numerical summation.

For various position of Bon 6 ¢ curve
(graph 3.2) ®y 1s found out & tabulated in tadle No. 3.1

B} - € RELATION FOR RECTANGILAR BiIAY

in Percentage.

0
0.11
1.0
2,0

5.0

10.0
15,0
20.0
25.0
30.0
35,0
40,0
45,0
50.0
85.0
60.0
65.0
70.0

75,0
80.0

o |

5.08
7.69
7.62

2.75
10.25
11,22
11.88
12,21
12,73
12,75
12,79
12,88
12,92

12,98

13,03

13.06
13.08
13.09
13.10

Remarks

yield Point

8train hardening
start .

Ultimate strain raach#d.
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€r

= |

B % € eantob bo

£ (< ) for thy Mll pongo

carvo for tho solution of tho oguntion (8.7)




0B oz 09 o5

Jo
or a1

"7-€ v HIYYD)

ob%ﬁmu .whgm.
w
: :
- e —— e hx-cl,.ltL_..t"
“ R
e i} s

— -

‘9

0|

14

hi

zomggmgy,@ gwwo”m:"w.

i



63

The I = socti}\on is ifdealiged as shown in fig. (3.8)
FYor the sake of comoni,gnco in the analysis cf the stresses.
It is assumed as in the })hto girder that the distributionof the
stress ©  in the nmgos\,u uniform. The error involved in this
approxizmation in the rsgidn above the elastic limit is smaller
than that involvad in the elastic r.nngo and can safely be assumed
without much loss of accuracy. Che area Af of the flange is
concentrated at the extremity of the web, which is taken as
an ares Av betveen the centres of the flanges as shown in fig.
(3.8) . The accuracy is not much affected as a result of this

assuaption.

Let .%‘é'!.. = K (which gives the properties of the

'Octlﬁn) .

for the section shown in fig (3,9) K= Af as AW/2 =1 and

the unit moment m, is thersfore related as

» = w4+ KB = e [Fe 46+ K2 (3.8)
€

1

m, 1 be de
vhere = oy j

If a bear has a maximum strain of € , the moment
M is proportional to Awd.

Av 4 Avwd
B o= 2(meze, o3-) = --5---'-.‘-“5'9-(-1 + Kb)

= ML Fede ¥R Eqn (3.9)
2 )




[ SECTION -

. \ | ‘
K:_?- \ ds / | |
B\

T / ,
IDERL)SED I SECTION STAMN DiRa.  $TREss DVA&.
{b) { &

Q)

FIG. 38

bbb o ! Tons |

) 4
m.mlﬁmfa_.' Y yarryyaxry
A I Seétion 8 g
e - . = 20’ - - . >

W

| L
—— Wel
b ———
l/ b \] -

B.M Diag of Collopse

b

fla. 3-9

()



Tho noy fenction O eca by zovoaluntod for LRy vorioud

velao of K paking wso of tho teblo Moe 3.2

Tanle po. (8.2) sives tho valuo of p for diffopont voleo:
07 € Cop four voluss of R arooly 0 o U p 3p 2080 #hC30
volees of I es7op ¢ho vomnl meno of E ooobleas. B S0
copronnondo o tho ecoo of o ooedungalor Botde SR200 O = &
Garves, nre 2oca vletted in orad B2 (3.00) Tor fabornzfiato
valuse of Ky oithor 46 con o foand by datoppoletisa fuon SIo

ahs7o poaeh o Iy Gizockly vopldng o13 £ran &t (S60)
*ohia %

AR e 0. 2

o Wi‘hm‘:&)

{ o e (TE Y i m‘iam-;
€ 1 . ipalys —
o T T ' T
1 Reo0 § B B=1 Bo 3l lg, inecsy/
- 1 i i i 12 o8
0 0 o 0 0 0

0.11 5.03 337 20,23 27050 15,286
1,00 789 15,21 22,040 0.(5 020
2,00 7.02 38,340 23,07 <0640 15,256
56,00 3706 1345 83,16 7.0 3040
10.00 10.%5 21,75 020 {270 23,00
15.09 11,22 20,33 S3.02 {3,432 22,00
20.00 1.9 %o‘?ﬁ 750 Gﬁo% P
- G000 12,72% 5 INEH) 333 B81o0) 23.10
€302 3679 ‘?35003 80013 39 ‘3 2349
83,00 1‘3 070 plesut: T06L3 £3.,C0 2380
20,00 13,70 26,00 30620 62,20 83,0
25,00 12,70 23095 S0.256 £2.45 £3640
£0.00 12,07 73617 SDe33 62,87 23.L0
Gdocﬂ lzom aaelq 3903 33333 230[:.9
GN.00 39,00 33a%E "90‘13 63,33 23640
Gso% 13003. 15 og‘ R4 aC.’ moGG 236'?_0
700D 132,00 3630 3CeCD 1600 £3eL0
T5CO 3.3500 5?607‘30 S@ocg Clo0T 03640

™80 33,10 ' 53‘3:;33 39050 8’&0?@ «Jofo

S
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~2cblo moe (3.7) givoo the Joto irercas: in volan
of 1 éuo to strain hordening oroe sicoilo nlratic thcory
%02 d17forcnt voluns of K. Tor pootemouler ooetion Joreensan?
ineeacso dn volno 00 0 45 71,0 cad for I oaca 0.0 50 LG
( thio covoss tho normol £ono of Z=cetiss) 16 10 = 3.5
Co 7273 o ivors:l valud Afor I coetfon coy B0 Sokm oo 757
Crony noe (3.4) chews o vivdd pletary of ok fogo 4r2pcrso 4n

valeo of 0 Guo to otradn hardendng vith poopoed €0 20550 e

200 e g 20T
7 i B I ¢ spose g
I by oinnlo | LUith Com: i.u i in W T | e
i ”?.L,Juzo shoofllerésninys Callonin i
1 IX7 e Tantin »nﬁmnﬁg_ . X
0 7230 1. 10 7i.8 Loetomgalor oo
O‘ﬁ 33028 :’:3‘30 ?805 =200 ia(

COVOE3 AILnl vingd
of I coctione

1.0 .76 30673 720
.0 T0.09 62470 737
Te0 7175 36420 7373
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4o on oremnlo for finding ths ontent of Camole
redistribation nossiblo, vo vill first talto for undorstrnding tin
problom, o sionlor easo of o fined bocs ao ohxm in Fige (2.100)
tho onan of tho becn 10 20 £ and soetlon used vill o on
I-goction.

Jgsuning o locd foctor of 1.75, tho coxirun £r0 bonde
ing pooon 10 ogqual o 1080 ton inmchode PelieRe o€ bacs povulie2d

= 535 ton inchog,

625 3
R P " "15.25
Asgunln o oiano foctor o 1,14 for Iegoction

¢ 245 3
/ P, - . b 9

L -

An I-ggetion 12° z & 0 20 Lbo/rft vith &, = 2540 100 vill bo

edopted.

This givos o totol weolght of GOO 1bo. ho cefunl collpaso load
givon by sinplo plastie thoory for this coetion used = 2,0 Tond/of]

[ %4

For findingll = &  rolation for 12" x 4 Ie-loetion,
ogaations (3.1) & (3.3) will Lo uscde Mforriag to £i7. (3.4)
in ppagont ecooy B2 & €y T 0,807 3 ¢, = 0.9 o

a=1F ﬂl = 10.£33° dz z 11,4937 o Asouning
ultinoto stenin = 200, %sho poamiown volus of & 10 ogual to




£ =z 253 rediends  Zho voluo of g COrECoIcRiln: to this fros
ocucticn (3.1.) 40 0.047° . Tor vola:s of q 1390 thrn Sh .0q

$ho altirato strofn of catoriol vill bo ozecsesl fn ) oxteco
fibress  Using oquoticn (3.1) cnd 3.8 tho ®lation botuoon o om
£ 10 foun? out oo givon in 2ablo Doe (3e8.) ¢hlo hao

boen nlotsed 4n prash Ho. (3.6.) “muntlon (3.3.) 1o rafucod

for thio sootich oo

:: = 3.5.25 (800003 - 000275 Qj )o

nf\‘“) 3 ﬂ‘}u ,&Aﬁ °

o T2, 1 1 oo
N
A2 !

¢ (Lnokas) C(domo) H (= 10.3 P ens)
22, 510.0 0,155
22 5000 0e220
20 | £3044 06393
© £324¢ 04232
0 £30.2 0,254
7 673.0 00353
6 £31,0 0,552
G £331 06470
4 £39,6 | 0.£77
7 £22,0 04700
2 24,1 1,375
3 B05,0 2,359
0.6 625,10 X
0.1 £03.22 29,5

0,047 G036 3D £0.0
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AC firot plastie hinges are formod ub Can cado
ond thop &€ load 49 ineroaoc@ o third hinge is ferod in "ho
contro. Lot us choek tho cveidlablo cnd required cngloy of
slaotic Totations vhon tho momonts ot onds © PollR of tin
soction ca! tho nomont ot tho coatro =11, » &ho concat
Qiogpen ot this stage is piven by Pige (8.30)% 1o load
cb thio otazo oo givom by otaties io 1.8G3 Tons/OR.
Dlestie thoory gives a momont = 743,80 Toms ireh ot <uis .
Zho omfs caot dovolopa cn aaglo of discontimaity = &
£op thR coocnb to doeronso fyon 743.2 Gon incheo to 8C3.33
ton inchos. Ualns slodo doflcetion oguation tho oanc?o of
ﬂ%seom’simﬂ.w roquirod 1o

1
= gp7~ (Glootie nomomt = Actunl Conent)
Moro 31 ©83.9 =z 10° dced  oon.

20 x 12
2 z 23,9 x 10°

@ rpogds = ( 743.2 = 523,13)

=2 0,580 ]Dos sefiond,

A70ilablo rototion Lo found out by finding 2 A4 4o
vAth tR2 Loln of renont dlohern and [l = § curvo of Cho boen,
in o tobiler forn Tableo (8.5.).




RO IR

SR T,

gﬁ.si:cma = 1 flonomt i Wasz ;ﬁy o Eg i = 1_9"3
SUIREe_4n dnehod. § 2erg Ineban.fenatron irrdtemn finedked)

0 ' GC5.,13 80 0,272 0.'73

0.1 523,272 1,397 0.221 1.170

0.2 £e2,417 0,067 0220 0.073

0.3 620,833 0,801 0.219 0.373

0.8 £39,710 0551 0,813 0,33

0.6 G=3.002 0,076 0.237 0,207

2.0 077,02 00337 0.214 00320

1.6 G307 0.8CD 0.211 0.C70

8.0 B6C2.2325 00062 0.307 0,CL3

30 800,208 0415 0.2 0.022

3.0 G41,080 0,227 0502 0,007

Se0 831,070 00502 0207 0,24

2.0 C2.01 001C5 003102 0.002

Q8 812.C3 0303 0,1C3 0.030

Uning noon o2dinato miothsd

@0 = 2,08 =207 peaieas.

Leu Cho roguiesd sobotion 40 5 (.65 = 10° padicnd Thorons
condlohlo 42 only 2,053 ¢ 1092 soficnd.  Jhic noono cvea Shio

Tl 0f oefintritebion of omiwSo 40 ot 1002idle Sheoralicolly
o (Y "unds of klorto ooz ed 4Gouliocd 0Pl o OBndnl CATT0.
sho £lnioed anslo of disesntimiity wvAll vory oenddly incpoosoo

af3op Mestie yiold has tolicn mloco in tho pooitivo Ceoont 2900

Coanh (9.8) hos boon Arowm $o oh v haw tho sogalsed ond avuilabl?
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plostic potations at suprorto varsy with rosncet o parinun

(¢) vo romont. £ho eorrcononding valu2s of lond hes also boca
nlottod. It will Do notiesd thet ultiuate otrain i roichod ot X
locd By = 1.73 Tong/oft., vhorcos sinple nlestie theory glves
eollanso locd for this bocnm © 2,0 Cono/oft. Ihis ooons

that failuro vill occur ot a load muach less thon tho codlapso
Pood givon by oinplo plastic theory 47 Bokor's otraigestrain curvg
is tra0, Also tho roquirad nomont wedisteibation 1o not possoiblg

on tha basig of thio eurvo,

Tov tho oxtont of romont radistrlimtion for tho gcmo

ozenplo vill bo povorkod by ucing cetunl stross-0train cusvos

Using oguation (3.7) ¢ (3.0)
=218 (03 +3,935) Ton inchos Jqu (3% )
H = LM (€8 ) =109 poggem Bgu (3M)

Using thoso couatiom vith tho holp of N = € warvo
vein of 0 ond @ aro eplentated for ALfforonmt valucd of € .

oMo 3.8) cnd Graph [19.(3.7).




ZADTN " 9e T8

g p z 107 llo~ont
. radions fon inchos. Demarho,

0,11 0.21 654 Clestic. 1init
comont o

1.006 1,74 605

2,00 3.48 Go3 Strain hazfoning

o otorts.

5,00 3,70 753

10.00 17:.4 323

15,00 2061 e34

20,00 - 84.8 1003

25,00 43,0 1021

30.C0 62,2 1042

20,00 G9.06 1046

59.00 37.00 1043

9,09 104.4 1050

70.00 131.8 1052

10.C0 139.2 1053 Ultincto otrodn
eoachoq in oxtroac
£1.bro,

DIITRIINARION OF LOAD AZ UAICH ULPTATT G2RALI I8
R ICHRN,

——

Lot uo choek ¢ho hinco rotetions vhca maniran
+(73) roent = 700 Son imchoo ond supaost cozoat = 10563
ton ineicd. By ototies lecd at this 08ago = .82 tons/ofl.
Tcotic conont for this lecd, ot Cho cads = 1139 Con inched.
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(%0 98 Qloeosiralby rogaieed (T s 4G N AD
08P thnt thn ond ooste (neponso fren 1137 Co 1053 tond
ineicde

20 ¢ 12

S eo 5 (1157 = 1062)
2328031

-0
= 8.70 & 10 prdionde

Beold=o thic &ho rogadosd onplo of ¢ioccontirndty
ot saprott will also Lo Snopooncd ¢ao o Dlenltic Eotnlicn
tn () vo cemoat ©onde 20000 Do (847) {867) mRves to

- plestic wotatiens dn (¢Yvn el {=dve mesonl pencle

s - - £ - -
‘\‘,.‘l I‘,“\‘_”) f 1

Diotene) dn oo H o g e P
inehcs £omn fon fmchicde © 30°0 e hz a’
3?39"’0?390 chioan AathiEeadh s TOIAT e

07 0,21 0622 0

€ 632 0.C0 060 C7

C3 G33 3.0 0,82 SeTO
03 G33 5.0 0.25 S000
09 G Col 0623 872

24 ao7 8.8 0.37 Gl
09 70 0657 SR

334 Qo7 3.0 0637 $e D
267 673 0ol 0.3 G4
57 339 800 0730 5eC0

0y A 0.0 0.7 0567

8] Tor L0 PYiD S Cek 15

78



Using noan ofdimato rothod _
§ = Zb%g o 303.01 3 1070

oo T0%0l @ vwoguired at support = (15%.0'47 5,20) x 10“3
-3
= 1592 x 10 rodions.

AT F0s 3a8
PLASRIC _DOTATROT XU

0.00 nG2 159,2 0449 153,70
0.5 1037 4.0 005D 47431
1.0 1023 4148 0459 42441
1.5 1007 8249 0.53 24442
2.0 024 £0.1 0.57 20,73
4,0 039 22,0 0488 21.G5
G.0 A31 16,0 0.33 16,67
£.0 828 12,1 0.91 11.79

10,0 772 0. 6 0020 0,91

12.0 720 7.6 0.27 7.23

14,0 658 G.0 0.25 5475

15,0 617 3.9 0423 3469

19,0 557 0.6 0.21 0439

10.0 654 0021 0,21 0

©

& 3Abgn © 900,80 xm 1070  pedion
Tlonco tho avallablo sototion 4o cuch coro thon poquired
It vill toko gozo oro load.

79
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oy 1ot us ehoel via SR nond 1 o(vo) ooons o

L) ton inels ol Cst cemont e 860 600 dnchina. By
stotico Ghn loc ab Chis ofero = 3017 Goao/of ol cements

ot tho ¢cndéo by Tirotic Choopy fop aia locd = 1539 ¢ons 4nehos,
Lusl 0f Ghoecniondly pacalesd fop L C2ercann dn roond
fren 1237 Co 1007 tom dnchns

™ a ¥ =0
(32372061) 807210 (18 -,

R S P lﬁd

Lo oo7icsnily eabie ot tiens dn o) o () vo

SCTons £oun0 woy erkeyiasn” o2l Sy e % So hos

(d

PleoGle o3esien o3 eoadzo 2 22 2 10°Y  oediced.

PLeasin oobebion o onds = 993 = 500 2ol

oty porIfoed TOBLEean b Cuamrs o (1503 ¢ 0,9} 1t 1070

& 426.0 £ 1070 padleme

$his 40 raek coro thna $BrC 80 G7ASLOLse  ineo
Ghio rueh podiotribation 45 T £aooibloe 20030 Do. {3.0)
givos o oucoary of heoy tho hinno solotions rogidiped nnd
crcilablo vapics for difforcat valnag of nondcm (¢)vo
tcoonte  IG Do 0loy Doca nlodicd An gponh ihe (3.0) I'ico

Lo npanh Cho 02100720 1024 80 LUl 628 €0 10 D050 2020/88%.

Caniocmy (¢)vo Lm.ﬂ B royatved

‘-l

©¢

, y7allabio 9
! ::':.23v Joa ineasle. 4020 loﬁ. a 39°3rr‘f‘19,r‘?*0o £ oo .

822 rogudecl oterSs £8en Lonle
Vo3 2.C73 202.2 T O
oo 217 <267 2360

62,399
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'''''''

Collapse load using actual strass-strain curve
Collapse load as given by simpla plastic thaory.

Also

3.05

] oSy i Y

2.00

= 1,525,
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2 In thy ozenplo just eomsidorod, vo havo oboorvod thiab
vhilo pogquirod rcdistribution of mosonts 48 not possiblo if
sizple plastie theory 1s takon to ba truo, but still tho wlticoto
locd eorpospondine to ultirato strain in cny soction of tho
meabor, bagsed on cetual obrcos-stroln curvo, 16 mach Lo
than that caleulatzd on tho bacig of simplo plastic thoory.
7his noons that posilta ~ivon by oinnlo plosule thoopy
aro on safor sido. o mora olcmontory cusces Suaech c8 (4)

o finsd booc of 10%. 00, o0 of raetonsilor ocehlon,
(11) Tsetanmulap born esabinuois 67O ons 0230, ond
(233) Oinnlo storoy sin-lo bay roctoagilar noptal of
I-35etion, vith eoluons hinged cb tha baso §

havo boon voritod ont, an? gemo conelusion have beon

dravne

It was proposod nou to invostipgato o mltistoroyod
mulGisbey norbol freme, for tho oxtont of redistrlbution of
cozents, boecaso tho failuro of such frome oo o mochonion
1rv70lvos o quito lapge manbor of hingss.. It L0 just possiblo
tho nltirats locd corrosponding to ultimots otrain based
o cebinl stoconestratn thoory. IS vos oloo 9#09000«:\
thes cach fpc-o choald do tostod oznoriroatally Lo vorily
tha rosults obtainod theoratienlly,

Tor tiis parposo o G otoroyed, 3 boy fremo shoun
in fin (42 ) wucs tolten. Zho various dinonslons and

loading oo shovn in tho Gimuro. For oicilieity in eolealoetiond




and ccod in fobriestion of tho fPanoy wniforn soetion uns
cloptad throagh oute. [Togloetinn Ghv offoet of axial cnd schoap
forecs, tho plestie cemont of raciotones will bo uniform for

0ll ¢hny pemhars.

Collorao leod valug of vy cceording o oimplo Jlestie

theory oo ealealetod in Apmomdiz C  for Shis oo s 195 Do
Cles)Cran® \528 X2246 2 128 tbs .

[ we- l'JZ\S 4

1o £ado of fnfiluro and tho rmmbor of Minges forned

hos ol boon @loeasscd in Anpondin ¢ o Uo will nou pocecad
on Lo fird ¢ho leod cb vhdel akticato otyain 1 monehed in
soetion A, Cha coot highly otpeoccq 29int cocording So tho

Jlostie thoory,.

Lot ©o oo ¢ volun of U 0 14N I3, AhA copIode
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for tho ontiro frero ic ochovn n fig (30 ),
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2
Dl Ld

Q <

8

o 13,1 = 0,366 x 0.3’3-33

3

o 366,113 iach iba,

Dow tho olostic ramonS of ooetion A 40 370,233
dnch 1ba. 0o onglo of diccoatimaiby cast dsvolono of this

aoction in orflor Go Ioon tho bordins comont of this goeticon
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4n opdor to hoap tho homdinnt moncat ot this ooetion cgucl to

466,116 in, 1bo. Lot thio anslo boecllod %l

Dosidos %ek , tho plastie sotationd ovailadlo
ot tha seetiom A mmot alse eator for tho plestie pobotionsd

orcorntorad in tho pooitivo coacnt £OonsSle

Pirot of oll vo wsll f£ind Tho voluo of $ele
c's ecn' not Do fomnd oo 200ily o ves dono in prcvicw.
eer 0. Fop Ghis sapposo uso vill bo uedo of Filr rcbinde
Ml pestad 4o cazo eamzonicat osaceinlly fon esumlicabed
fpcmo 140 AP0%0a8 omde ¢ hnd Boem cfopbed Rowo I o
thondo cu™ittod by Dre O Do Jain Lo Univoroity of Isnlon

3003,  (b30) o Zhio rodhed vill 30 ozploinad nove

¥ a3t o TR LT R R TRR R ARG R

Top woing thio oothod $hy fec=o 10 oodo stetically
dotossionfo by introfueing cufficiont mo. of ivaginney hingao
olen visi: tho oxtoenal peoonts opolicd ob {ho oguol Go tho
peoonto czdoting ot thagso scetions. tho poimto ot vhieh Gho
anrleo of Glocontimalty 40 soguizod ohsatd b inelzded in
5hany MAcs.  dhio medifiestlon of tho Crcio for paradsco
of ealcaiobion €oco ot Lolko cuy @iffopcneo in tha dlotpibation
of Ceomit, Ghouois ond choar foress in tho fromo o3 o gceticn
cen ha eonrorted into o hinro provided an ontornal comont
ogqanl to that cmisting ot that soetlon 1o cpdilod ob tho
hingde Tho £rcoo 40 pmov sablenlly dotoralnalo cnd tho ostornnl
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, . @o

glonof thy hinge I 4o ¥ 4K s - ¢ § U -5
This potot K ecn bo anyvhoso and c7en of tho hingo I itoolf.
This o oblain sho totcl sobotion of hingo ot I tho romonio
X sheald bo erlealabod for oll oxtornal locdo ceting on tho
£remn 1.0. VOTSiC L locis, hopricsntol loads (nd iho Cozcnis

. D € eaw e @O
ab tho noous=a@ Masss fueledien To 2o quantdsy ¢ J GE LG =o

ghoa 4 bo ovaluatsa 02 :nresoly o7 coeh of Ghy loclo «nd tuce
tho posults oddcd a9 oinoboegeally o coobing o ofeeln of
oll londs. If €h0 ¢annsity [E op 1K 40 £0zo oS ony [oinsy
ths product io goro cnd ciek nointo pay Vo LoN Tpon tho
intogretion, aho oipn of Sho intosrated oredact vlll o
positive 12 T ond UR ore both of tho ocmo oipgne L€ 207

apo of opposito oign, tho intograted prediet vill o noo084v0.
It will bo coon thot thy quamtity §UE (X -§J- usll vork

cut to poro for o himro that is not o plastie hingo or o rool
hin7o cmd 45 only on imnginapy hingo cosuacd for thooo
colealotinne 1.0. tho onglsy o2 discontimity Chon vill Bo

cord oo it ohoald bo o R0 dmlogreblon GF tho qman’cityj aL ey gim
B

for o pastiealar oenbor can bo €ono roro 02sily if of oot ono
of tha comanto I op K varlco cecosding So Gho ctralrht 18mo
Lleve Pine Moe (3712 ) chavs o redbor of ho fecmo plving

thy Qlospitation on it of memonso I o 2. 40 Ghooo
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rozonts aro drova om op1o3itc sides of tho neaboro, thoy
indiccto oppodito osipn. Lot tho comonts NI rapy accordling
to a otroight 1lino lave Lot O Do tho C.G. of IIX dianrpcn and
XY b tho ordinnoto of ths LI dicgeen ot tho selo point of
tho neodor ot viadeh tho CoGe of tho X dlapren 140s. Zhea
1% cca bo chevm Gho | UK NI mﬁ%ﬁc_ 6 o odoo x

-
FE1 .

(Apca of IIX dlegren K omdinato X¥ o &% ¥4y o } e S x
3K

(;roe 09 1531 8fe3pen © oxdtnato XY) ( =n 312)
vioro ¢ 1o thy cogaisedo of foreo on memonvd cf Ko Deuntion (312)

a5t bo ovoluatzsd sonaratoly for cach of tho locds. (oxtornnl

locio cnd nonomis o cosumcd hinscs) and thon cdded olgobraicolly

ATIET T OF DIOGRX LIk

Cening boek to cup probl~: ip owdse that &ho
ultincto otrain is not czeccfiad of hingo 4, tho follcuing

confiltiony ruast Do oclbioficd.

@1 @3 ¢ 9 AR

[¥lalne! @l o JAloctic pototion cvollablo in tho

=70 eTent coao of bocn AD.

Oy © Dlostic sotuticn poquived 4n thy ¢vo
rezont cono of bern A3,

YX  © Anglo of diocontimiity soquined of 4
o keep tho cenont of A 5 365,115 inch 1bo
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'ow lot us ¢ry to ovaluato 8; = 8§ -oanl B AR

viicn cneh vortleal lood 4o 140 1bs and corresnondingly caeh
horvicon ol lood 45 70 1h3. Zho B.ll. at A by olastie thoory

fop tho32 londs 45 370.036 inch 1bs. 7ho bomding momont
Aicterihation throaghoat tho fremo 10 shovn on nejo 85 fig. 3-u
“uab Cho ultin' .o pozent 10 = 355,116 ineh 1d3. Zo ot

tha cetaal Db dlazeon ot (iis load o hingo ves introdueted

ot A ~n1 g has inz nozont of unity wes introduecd at tho hinge
fie Corp2onoading bonding comont oro ohovn on DPogOe A2 G hig3-13

, +3- W4
Bondinr cecoonso throusghout Cho ferna for o soning roucnl

of 15,37 in Vbs. &ob tho hings € vore ohedned by ol 1o

cultinlicction and ard shovrt on tho numd %4, ky3ls Tho rotbwd

“y

8
Bolle oro tho glrshraice sum of Shn Jeile fleoopms of nuos (24

% cnd are shoum on €20 »aze 95 . LACh tho 2lln of
this dlagrcn and tha 1l « O enrve for thr poectonmiar

soction nocd for the fromo (2ablo Toe 3,10 ond Crapl: 7o J=0).
The valuss of 61 nd 92 oro coleauloted in 2ablo oeo

(3.11) and (3.12) peancetivoly.
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0052 36704 560" 376700
1.0 56,310 P6 L PR )
2069 704655 £7:32 22,622
5,00 32,607 3475 257,203
10,00 522,209 10,96 T77.00)
15.00 719439 11,22 940109
20,00 3044,323 11,00 2000
25,00 1206,493 12,21 850,69
£0400 1633.50 12,73 454073
35,00 1827.678 12,75 805,620
£0,00 2093, 773 12,79 05,713
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2303 F0s ﬁ A 2R
(8 ) X -pq MOATIR 2070
o Fomms o001, 1t
tho onds. i 71 poatam T z 10 i
el JECAOD
0.0 205,110 C177.025 3,725 418%47R
0.1 996, 7550 103,020 13,003 A370.00
0.2 316,417 ©532.25) 19,101 210,057
0.9 207,037 712,033 12,274 7000534
048 277,717 5677 LL.G77 51001
0.5 267,833 207,025 10,77 £°3. 275
0.0 230,017 272,703 0,839 233,593
0.7 219,068 171456 D.18 2, 20¢
0.8 200,318 80,5 0349 91,151
0.9 180,839 22,0 74542 14,453
1.0 161,610 12,0  G.735 5,538
3.1 342,269 6.1 5.92% 0.172
1,224 197,710 GoTh4  GaTS

5 B . ds s

64—%'342_ * \(>~$ radioms
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i)é:g:z‘mm T}Nonnt {'b _g% b B ? A
the onds. . ILbs. in.dx 103 [ x 10-3  fx 1073
i Iradianal radians 1 radlaof

0.632 137.71  5.744 8,744 0
0.6 140,47 5.95 5.87 0.12
0.6 149.12 8.0 6,23 1.77
0.4 157.77 10,7 660 4.1
0.3 166,42 14.3 6496 7,34
0.2 175,07 19.0 7.32 11.68
0.1 183,72 24.1 7468 16,42
0 192,37 31.2 8,041 23,16
0.1 187,02 27.1 7.82 10.28
0.2 181,67 22.6 7.69 15.01
0.3 176,32 19.4 7.37 12,03
0.4 170,97 18.0 7.15 8.86
0.6 165,62 13.8 6,92 6.88
0.6 160.27 11.6 8.70 4.9
0.7 154.92 9.8 6.47 3,33
0.3 149.57 8.2 6426 1,95
0.9 144,97 6.3 6,03 0.23
1.0 138.97 5.97 5.79 0418
1.022 137,71 6,744 54744 0

Zhp

ds

= 12,216
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70 €ind tho valuo of AR ¢tho pothod écseribed
just bofaro ves conloyod cnd tha valugs hog daca vorlicd cab

to Ho 160 = 10°3 PeGiond.

[ou el_ o (48,322 ¢ 10"3 redions

0, =1%.216 = 102  pediono.

$aR  © 109 1 1973 pediong.

Honeo cvailablo potation is raeh grootor toan tho
poquirc@e Tomb o highor lecd of ooy 170 1b3. ecn bo Upled
ard thy availadlo sotation voriked oute Fho enlenl:tiond
hevo rot boon Qoma bBaecaos LG has beon vorificd Chat Cao
poauirod rodictributlion for tho collapso lood valea io orly
129 1bo. 10 poscibio.

COCTIN 0 -

(1) In tho oionlo plestie thoopy ucing Bakor'o
otpcace=otroin eurvo, f£roo dovolencoont of sufflelont exbor
o¢ wicotie hingso for collanso, 1o mot posoiblo withoat
thn ote-dn oxeo.ding tho ultinaio stroin.

(21) It 4o found as o rosult of wnalyols, using
cetual stroddestroin eurvo thot Guo Lo otrain hardoning,

"85 a00  obeatn 16 rocehnd of o locd vhich 1o much highor
ghen ho collanto locd given by oinnlo nlostie Shoogy.

(314) It 10 eonoiulcdthoroforo, Shot ths use of oicalo
picotie thoopy bused on yiold stposs oaly 40 safore and thozo i

no Lilolihood of tho setunl otrain of Cho pleotic hinges
ozeoxling tho ultinato stroln of ©ild stodl.




CHAPIER IV

" INSTRUMENTATIOR "

4.1. It was proposed to investigate by actual testing

88 to hov far the collapse load calculated by the simple plastie
theory is a true representation of the actual load that is going
to cause the collapse of the structure. It will also dbe investi-
gated as to how far the concept of plastic hinges and the mode of
collapse arrived at theoratically in chapter II :c Appendix C are
exhibited actually {n a structure., TIhis chapter covers a detailed
deseription of the test portal frames, desiin of loading device
and all other equipment used for testing.

4.2, 15T FRAMEY - PORTALS.

It is obvious that testing a full sigze mltistoreyed struc-
ture 1s not possidle because it involves great labour and eost,
It vas not even possible to have a model of big size becauss of
the resources available at hand. 5o it was propesed to test a
ministure model frame, the size and other dimensions of which are
shown in fig. 4.1. The frame consists of six storeys and three
bays and represents the type of structures baing tuilt now in
India. The height of all the storeys and the span of each bay
has been kept constant throughout. Although quite often the
height of the first sory is somewhat more than that of of.lion,
and the central bday is sometizes smaller than the outer ones, the
frame adopted here is not outside the usual practice., The 'holaht
span ratio has been kept as 1 3 1.5 vhich is very ususl. The




dimensions 4" for height of each storsy and 6" for the width of each
bay have been adopted considering the ease of mounting the test
frame on the loading frame, and working on the test frame. Ihe
 section of all the beams and columns has bsen kept uniform through~
out. fhis 1s bf course not the usual practice but this and all
other deviations adopted here are only meant to simplify the
theoretical computations. FPurther the basic 1dea of testing the
frame is only to compare the theorstical results with experiment-al
ones in order to test the validity of computational methods. Once
their validity 1s established the behaviour of any other structure
ean bs perdicted very easily.

While making computations for the distriution of moments
{n the edastic range as well as in plastic range, finding the mode
of eollapse and the value of collapse load, it 1s assumed in theory
that there 1s a complete rigidity at a junction of beans amd colunl.ﬂ
To ensure this condition in the laboratery, the test frame has
been cut as one piece from the bannt mild steel plate of §* thieke
mess, The section for all the members vas chosen to bs 3/16" vide
by 3/8" deep, 80 that value of the collapse load is reduced to
facilitste the convenient, application of loads, Moreoveg the
design of all the loading eguipment and the size of the cable are

also baded on this load. An increase in this load would increase
their sizes proportionately.

The model was cut by means of an Oxy-Acetylens flame
cutter and brought to final shaps first by reughf filing and then
by smooth filinz, MNeasurements we taken at various sections
on the finished model and the average section == ==
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bo tricd latop,

Horricontal loads »oproscating tho offcet of vird cnd solsoie
forces havo boon applicd at tho floor lofvol*oaeh storoy, with
thoir airoction comeiding tith ths azis of the boan of onch £loof.

11 tho locds aro to act simltancously . torcovor in plastic
antlyoio os has boon oald in earlior chapter alse, tho loading
is talkon to bo proportional, that ig, tho rotio of the voluos of
all tho loads ot ans otazo of locding to tho correspondin:
valuoo ot eny othor stoso 48 to bo scme throu_hout op in othor
vords all tho loocds are funetlon of a 5inzlo parcootor. foro
it hao boon oehioved by koopin: all tho vertienl londs egunl
ard all tho horriceatol loado cauel , but tho lattor equol to h-olf
tho voluo of’ cach vortical loadse Iho incroaso im londs twep .

corricdout in tho o2 proportions.
)

2

Ono of ?In:\ ioportont considorations in loading tho fromo
ig that the locds applicd should bo in the planc of tho frono to
ookiofy tho 1 sunption medo in tho thoory. To onsuro this, 18
vao found nogossary to stagnor tho lord pointe o3 shown in tho
Fize 442 ¢$Ho contro of tho tuo pointo of applieation of tho
eoncontmted} locds., in difforont storoys wors stag ored by ¥
fron oach ohor, so that o soparato caoblo could bo taken o tho
locd ond 0/{’ tho corrooponding lovor for applyins {ho loade Ale
thoush tkils violates tho ~onoral proetieoy that o unifornly dige
ers.tmtea;' load should Bo ropleecd by tuo quartor poinmt locdo, bat
thio hcéf to bo cfoptod othoruvioo it uvcs not posciblo inm suech o

/
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conil fpesn S0 rooviddo ol ko londs piraitorscuoly cn? yot Beed
th 4n $o pleno of Sho fermoe  Iawcvor Chio chrn 2 A lookiny
prfsorn 440 mot conso tho £ixc? ond reeabs ¢S buo ondo of o bay
to aifrorc=d from onch othor by coro thoa 10 0 o #lco Bk oboaP
foreas SIMo ecaocd did mot affcet Gho valuo of fully slestic
cont of reoistoncs of Ghy goctlon to ray ameceladlo e
Iapeo ¢ho cpren-coc™ chom in Tize Q02 hao Boon thsurhs to bo
gebisfeetory.

Cmé.\.o. FUROTRESY R ZDIND) MU S 0¥ SRR WS 1500 | AP SLS SR ARDE S

0

Top anniyin; verddenl docds o Lhe fooncg © SUD oA ingfins

¢ 2105 on shotn 4n 2L Cele U000 BT,  £i0 cooowiet L Mo

67 Sulio dovies oro ¢

(1) Dvo Loa@s on oo o.cn ope ¢ MbAcd Oy Solin ) munetien
cohieally fron o Do Ubdch 86 cabgechsh 02 o eonseol
lecte

(ad) 2 lecds wom applisd by ooons of iAfo Cdede FODITOCR
Gin: Sho eonditions of o point loade i kndfo cireg
UaLo Cnnsehamioned oo Shot Shoy @44 ot exuch vnlop

onlication of hocviopr 1nnds.

(£:9) v Bozmo édotriintin s tho 5odnd doosis $o $20 leutw
coonoy enrced an obokructlion Go s epslielilon of lewdo
fa tho ussor olendyd. Sfhis has beca gadteDly eTereelo
by thio dcvldco by bm‘«.é&n; cezoos Shs gustbraeticny oo

co ohem In £,
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Coressbn 40 4nelndas Gho vorslcal locls, tho horigonbcl
10240 ond tho o onto annlicd ct oll tha cosusad hinfode
Lot 16 bo poewiped o enlenloto tho ropotion of hingo I duod
to o anit fares op nemont anplicf of Ko Lot o unib coaont
17 copliod at I olooe Lot thoso unit coaonts ot K and X
eanoo bonding momonts ogual to [t ond I ot ony othor polct
P, %ot thy unit mooonmt ot I bo appliod £ixst cod Ghxa oo 3o

Tty vaca tha momont at K 1o gnnlicd 4% ecczico ongilur Gr{CTe

rasians o Golto nlces Shroaghest tho straetero ond 0esd nollne

£401 cnorqy 4o oborcd in 4t. Jhic omorgy &0 to thy poncTs
anniicg o3 € uill ho tho soro vhaobhor gnrors ves o comont ob
I op ™bs IHopen tho vorlk dono by Sho uail peont ot £ oond
£33 pamonts [T Shoganshoat tho otractupo ¢uo fo $ho pototios
ccnsod by Gho ualit conomt ot K oghoatd Do g0lfe Daloeinge
£12 ;?:,v‘!‘sc'sﬁcn“ct cay point ccaned by Cho andt CoZond et B 4o
ogunl 30 2.8 o caf adoo  tho uvnel @ono by RO pRo=
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& CD .
2%0u0 cement 1T existing of Sho scoo oint &0 IIE L s i

%2 tho rotrtion ot I duo to tho unit coocat ot I Lo 4kt Chom
tho voslk fono by tho unit moncat o6 X 45 =2 dkethen tho
Taneo Sho Gotal vosk dono by tho cemonto [ and tho urdt
cocont ob X
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Tho 4ntonpal heo to bo cvoluated for Lho ontird
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(1v) The loadin: is in ths plane of the frams.
thase devicas ara shoun in ths photoyraphs on pa-e 109

4,5, SCR iWe LODING ﬁ-iiv'fCS FO: APPLYIRT TIORIZONTAL LC4D3

¥or applyin; horizontal loads, scrow type loadin; deeice as
showvn in fiz. 4.4. has been used. In this, load applied could be A
m2asured at all stases of loadin; by a proving ring interposed
betwean the screw and the knife ede rod. Jhe dimensions of various
parts are shown in the fig. 4.4. For proper loading of tha proving
rins #" dlsmeter balls have been fitiod into tho ends of the
screv and the knifs ed e rod. To allow for adjustmants, bolt
holes for the scraw arran;mmaent wer: slotted. In order to eliw
minat: any possibility of rotatisn of provin-: ring and hance
that of knife ed:‘e rod, when tho scraw is turned, as slot was
provided in the knife ed'e rod and a -uide pin fixed throurh the
top of tho supportin: block to .:::iide its movement., Tho scraw
loadinec device in nosition uhilo vorkin; has boon shown In

_ Photozraph on pae 3,

4.6, FIXID BND 3JPPORTS Tl 2 PORPAL FRaiids

In theoretical cammtations in Chapser II, for this frama,
it was assum2d that ths columns in the pground floor aro fixed in
position as well gs in direction. In order to simulate ie
simil.r conditions in tha lahoratory tha arran ment shovm in fi ‘e
4.3, was adopted. Tho bolt kept tho end in its position while
the squars seat when properly wedred did not allow any and rotation)

Photo ;raph on pa-e !04 shows the supoorts in rosition.
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It was feared that durin: ths test tha sortal may baekls in
a dirsction orapendicular to plane of ths portal dus %o the thick-
ness of plate, baing too small. In order to orevent Lhls &range
verse instability it vas necessary to supnort the frame at variocus
points in suoh a way that tronsversa movemant of tha portal frame
vas nrevonted while free movement in the horrigontal nlans was
sllowed, For this mrnose the arran ement shown in fi-. 4.6,

has been used, 44 is convanlant with the help of ths lower cast

iron pad capabla af bein: adjusted at eny suitable heingt to suplort

the nortal, level with the top of the support olny and thy uppar
one prevanted the instability. Ihe balls on ait:imr sid2 o7 thn
portal pemmitted free movamsnt in ths horrigontal nlane, [o
pravant slinain- of the balls with excessive movarent of the
portal frare, rscesses with dlametor 1/32" -reatar than :ha
dinmster of ths ball, wers mads on ika surfscas of <hs ball puds.,
with tbe movement of ths portal, ths balls will roll in ths recess
vithout slippin; down., iowever it is nacessary when using thase
pads that the balls do not et pressed into the pads, bacausg in
that case froe movement of portal will bw pravented. ihls can be
done by tightenin: the seraws only sli:htly. ihe rins in use

can b2 seen in the photosraph la the pu e .

»
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It was feared that durin; the test ths portal may buckle in
e dirsction prependicular to plane of ths portal due to the thicke
nass of plate, bein; too smill. In order to prevant" thls trang=
verse instability 1t was nacessary to supnort the framoe at various
points in sugzh 8 vay that transversa movemaent of tha portal frame
was preéented while free movement in the horrizontal plana was
sllowed. For this mrpose the arran ement shown in £1-°. 4.6.
has been usod, "'t §s econvanlant with the heln of tha lower cast
iron pad capabls of bein: adjusted at any suitable hoihgt to suprorf
tha portal, level with the top of the support nin, and tha upper

T

one pravantad the instabilitve I'he balls on oithar sidl oo &}
portal parmitted frae movamsent in ths horrizontal plane, Lo
pravant slinnin-: of the bhalls with excessive movarant of the
portal frape, rscesses with diametsr 1/32" -reatar than the
diamoter of Lhs ball, wers mads on :ie sarfacas of “he ball pads.,
with the movement of ths portal, the balls will roll in ths reces:
without slippin: down. liowever it is nscessary when using thase
Pads tnat the balls do not et pressed into the pads, bacanss in
that case froe movement of portal will by preventede 4Jhis can be
done by tightonin; the screws only 91i:htly. i he pins in use

can b2 seen in the photopraph ia the pu e .

Loads redu?ﬁ&“ “Tor eaisin coiiafiw of the frama «“ire too

ar-e¢ to ba apnlied dlractly by maans of dasd walrhts. Lavar

'-—N\
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oyotca, thoroforo, has boon cdoptad, whieh eould nogmdfy tho offoct
of Good locds. 4 lovor rotio of 30 hos boen provided. 2iw
ocrrpan’coont 1o shoun gphonetienlly, on photopnso 122 o I

dotolls of soction arc showm in 19, 4.7,

3inco ono inch dofloctlion of portal frcmo will eouso the loode
in- ond of lovor to movo by 80 inchogs, it wao mo. proeticadlo to
hevo o knifo cdio supnort for thoy falorume In that cnse tho boon
rz2ld stop rotating aftor the ve moteh (cut 4n thy boss) hes como
in conmtoet with the knifo 0d5os A ball boarin; of 1° intornal
dicootor has boon used for this purpose.

Uhils using Xovor oyoton, it 1o ossemtial that tho lcvor
rotio schould remain constant c‘xurin:: oppliection of tho leeds,
fids hes boon cnsurod by using tho dovieo ot tho load ond cad
tho locdiny ond oo shovm in £i. 4.8. Zho opocaticl footure of
thio @ovies 1o that tho honpor by poons of vhich locd 4o to ba
opplicd, and tho eablo by moans of vhich load i $o bo $ransfored
to tho frcoo vill both remain vortical for all positions of tho

lovory ond Chag lovor votlo will bo aluays ocmo 1.6, 20

Coantorbalanein; of tho lovors hos boon dono by oxtondin:
tho lovor bacas boyond the noutral point, cnd usin: hoovier coetlons
at thnt cnde Only partial eountorbalenein: hoo baon do2s 4a opdop
to tolio cdvontaono of oolf wolght of tha lovors in rofuelns tho
czeunt of dsad wolghts roquircd to load tho €oiluro ond ot tho
oczo £170 gaving an apareclcblo acsunt of otcol roquired for coune
torbalareins, £ha countorbalonzing vas howover 0o cdjustod that

tho initinl londs coused by tho lovors arc cuch loss thon tho

11
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GENERAL VIEW OF LOADING ARRANGEMENT



‘DETAILS OF LOADING CABLES




DETAILS OF CONNECTION BETWEEN CABLES AND THEZ LEVERS







Paie
b’

The testin; oro ramme was arranved in followin: order s

1, lension test on two tension specimsms of stesl, separated

3.

4.

from the same plate from which the frumes wors separated,
in order to find out the gstress strain ralationship and
the low:r yleld stress from which the plastic moment of
resistance shall be caleulated.

Flaxural test on two bsam specimens of st®ol, so arated
from the samo plate from which the framss ware separated,
in order to find out the ulisate moment of resistance

as wall as the fally olastic moment of resistunce of the
saction diractly, by establishin: bandin; moéent curvature
ralationship.

Caliberation of lavars for applyin: loads in such a manner
that the loadins on the frame is alvays proportional,
Loadin- test on the test frame.

fhis chapter covers a brief diseription of all thase tests,

5.7

and the tast rasilts recorded by observations.

o TAWGIUN I il s

lension spscimens wera saparated and finishod inm tho sane

mannor as deseribod for the portal frame in Chaptor IV. Tho
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Gironoions of tho oaceicon oro shovm in IL e Sele <ho teoat wes
norforoad on 10 Lon [aolorts Univaorsal Posting liachine. ZTho
strains voro nacsured by Lindloy®s ontonscaoctsr as woll oo olocte
tricol bondad wiro otrain aj00. Two otrain 70708 woro wocd, ono
on oithor sidc of tho onaocinon for avorging tha roadini. ihis was
doncs in ordor to olirinnto tho offoect of ony eccontrieity vhich pay
Do duc to olthor any foult in <ho o»reloen of any foult in nounting
tho spocinon on tosting machino. [fhe tost rosults arc shoun in
fableos Mo. 5V+s2 ond stross otrain rolationships aro plottcd

co shown in graph Ho. G.1.

opescIiizy ‘4

i7oranc vidth = 1,005°
srovago thicknoss = 00,1887

os Avoraro aron of erogs soction
s 1,005 z.1¢0

=2 ,2 5Q. inchas,

CGou o Len th of Lindloy'c oxtensonotor
o 2n
1
Loaot eount of Lindlyb oxtonsomoter = geggse inchos.
ggificntions of oloetrical stroin naros s-
2y30 t=  Pinsloy.

Co 2 Peetor = 2,12,
Rogistonco © 100.0 ohnoe.




s

X AT

-’i” 1[: all _h___‘*»___ 3%/, _“
TENSILE TEST SPECIMEN
Fig. 51
- 24

)

e -

R

ula

\
1t
-

FLEXURAL TEST JSPECIMEN
FJ,%. 52

w w

- 47 __4 g’ _* 4_/’ —_

4" ,L —_— . ” [ 167 —— 4‘_
h O/AL GrAGE
LOADING ARRANGEMENT OF

BENDING TEST
Fed.5:3

”
- 4" s



~Eh) -

LADLS NQ. S5.1.

Load eclrical s oy extensaé-} 1
in rain gage real mmter | IStress Nean i
‘Tons !.dlnxnl 1 & I 1n210ns/ 1 ‘%“’ of ¥ RRMARKS,
age 1fGage ZfReadingfstraly x] in y jirgin x j
i =3 | O
0 12380 253% 0 0 0 0
0.78 12630 26170 10 250 3,75 245
1.50 12900 26440 21 5285 7.58 520
2,25 13178 26718 M 800 11.25 798
3.00 13500£26980 44 1100 15.00 1080
3.5 13760 27190 $2 1300 17.%0 1280
3.75 20220 41980 694 17380 18.78 18842 Yielding of
: : specimen.
4,00 320% 792 . 19800 20.0 19870
4,25 35540 928 23200 21,26 23180
4.5 39680 out 01096 27400 22,5 273850 .
range :
4.75 out of out of1300 32500 23.75 32500
range ofrance
nsasur- of
ing bridze
measur-
ing
bridge
5.0 1560 39000 25.0 39000
5.82 29.1 265000 Ultimate strai

measured over
8" gace length
by stesl rule.

e
[ o4

Specimen 'B'

Avera’e width = 1.010"

Average thickness = 0,198"

ewd
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... Averags area of cross section = 0.2 sq. inches.
Lindley's extensometer and electrical zages saxe as for
specimen "A"
SABLE NO, $.3.
“YElectrical st
ain gage read) Lindley m'n"'l Stress lg ! Mean
Load meter. l Tons/ in® value of
in ‘ Etm.g x I ltmn x Remarks.,
TonsiCage 1 1Cage Z’jnudingl 1078
I 1 l l
0 12410 1870 0 0 0 J
0.76 12660 12120 10 2% 3.78 8%
1.25 12850 12330 18 4% 6.25 448
1.756 13080 12490 28 825 8,75 825
2,25 13225 12665 32 800 11,25 805
2.75 13830 12830 40 1000 13,78 980
3.00 13830 12980 43 1125 15.00 1120
3.85 13610 13050 48 1200 16,25 1190
3.5 13690 13140 52 1300 17.50 1280
3.78 20280 238730 690 17280 18,78 17000 u:lgns
ssarcs.,
4,00 32110 318530 790 19500 20,00 19650
4,25 38%0 3%10 920 23000 - 21.28 23140
4,5 39740 39130 1080 27000 22.8 2715
4,78 Out of range 011380 31500 23,75 31500
moasuring brid-
‘.00 fe. 1500 37500 26000 37500 J“
Ultimate st
5.80 2’00 26300 in measured
avar A" gace
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Corresponding value of Mp = 300 inch lbs.

Ultizate moment of resistance

of section = 440 in. lbs,
Mz
(from graph) = M, -
. 44
where Fu is ultimate stress and = «e 3 0x 4~
d x 2240

= 32,7 Tons per square inch.

JARLE NO, S.3..
~{Bending I Deflection at the Centre }
Rach t in inches. ||
Load t the ; Remarks
in Lbs.hntro in rst esond 1 Average
0 0 0 0 0
.3 20 0232 0238 02338
10 40 <0468 049 0475
20 80 +0970 «0950 «0960
25 100 0.121 «119 «120
30 120 « 146 « 143 » 144
35 140 +165 <184 +« 1645
40 160 .198 <194 »196
45 180 «321 «215 218 )
80 200 A48 +238 « 243 ! u.ld‘-ng starts
55 22 277 .368 273 |
é0 M0 318 «295 « 308
65 260 A3 321 332
70 280 <369 «381 «360
75 300 +425 +407 +216
80 320 «470 487 +464
85 M0 498 +496
90 380 . 818 518
95 Mo 532 «832
100 400 814 814
106 420 7MW 790
110 440 1.068 1,068 Ultimate collapse.

fhese valuss of FL and Mu are 1little toqhigh as compared
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by tensile test has however been adopted in the computations for
the frame.

The values of elastic Llimit moment and fully plastic moment
of resistance of the section calealated on the basis of ry, ang?
Fu adopted from the tensile test are 169 in lbs and 253.5 in 1lbs
respectively and are also shown on the Zraph No, 5,2,

5.4. CALIBERATION OF LEVERS

Caliberation of levers vas nscessary bdecause of variety
of reasons. Firstly different cables connecting the load end of
‘Tespective levers to the corresponding two point loading devices,
are passing round different sets as well as different rumber of
pulleys. This would vary the efficiency of different levers,
B8econdly there conld. be error in the leverage due to faulty worke
manship. Fimily tim section of all the lavers was not uniform aie

to faulty vorlmanship and also the levers were not exactly countere .

balanced in order to take the advantage of self weight of levers

in roducing the Auount. of welghts required at the loading end. For
all these reasons it vas chardfoﬁ necessary to caliberate each
lever. Yor thAs purpose a special apparatus was designed and
fabricated. The apparatus has already been described im Chapter IV.

The calidberation apparatus vas mounted on the table as
shown on photopa:e 125 . A cable vas given requisite initial
tension and one end of it connected to the caliberation Apparatus,
while the other end after passing the cable round the respective
set of pulleys vas connected one by one inturn to the load ends

136
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of the levers. The caliberation apparatus wvas shifted everytime
by an smount equal to the distance betwesn the final positions of
the cables, while caliberating the different levers. After having
connected the apparatus to the lever, the lever was released and
initial resding on the proving ring recorded. The loading end of
the lever vas loaded with weights of 1 1b. each and corresponding
readings recorded.fhe lever was unloaded and reloaded number of
times and mean readings of proving ring wvere recorded to plot the
graph. Similarly graphs between the load at the hanger and the
proving ring reading whieh is the load transfered to the loading
points, vere plotted for all the levers. As a specimen calibers-
tion curve for the lever no, 1 is shewn in the zraph no. 8.3. other

curves are similar and hence not included here.

Now since thers are mmber of loads to be apprlied,
simultaneously, and increment in each load has to be uniform, it
vas decided to so adjust the veight of different hangers thet ini-
tial load applied at the loadin: points dus to the self weight of
levers only, is uniform throughout, Mrther different sets of
loads vers cast so that by placing them on respective revers,
same load is transfered to the loading points throughout, for
example it was found out that a load of 1 1b, at the hanger in case
of first lever, caused a load of 12,6 1bs. at each loading point,
vhile it wvas only 14 ozs. at lever no., 2 which when placed at the
hange? would cause the same load e.z. 12.6 1bs, at each loading
point similarly it was calculated for all the levers. TIhis
arranzement gzreatly facilitated the difficulty of getting propore
tional loading throughout,
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TABLE No. 5.4.

Loads in 1lbs. *ﬁ_ Dcﬂ.oct&n ainches) y
rst !s“ cond !'imm!?o“urtnlﬁ‘rch Sixth |

each horrizon!ﬂoor floor Ifloorifloo® Ifloor Iflicor J§ Remarks

Vorti.calltul loadflevel Ilevel Jlevelllevel Ilevel Jlevel
0 o] 0 0 0 0 0 0

54,3 27.15 012 080 046 055 ,083 079

60.8 30.3 04 038 .054 L0682 ,072 086

668.9 33.48 015 039 082 .072 082 <097
73.2 3.6 017 043 068 .083 .0 ,110

88.8 42.9 ©l9 049 074 ,096 109 126

93.4 49,2 022 055 .085 ,112 ,16 .41

111.0 55.8 025 L,062 L1101 .123 +« 148 <163 YIELDING

SLARTS,

123.6 81.5 112 ,)44 .167 3189

1368,2 6%.1 141 ,162 ,198 .221

148.8 74 .4 «214 .256 299 319

161.4 80.7 «285 ,310 38 371

174.0 87.0 «388 402 418 452

186,.6 93.8 A7T8 544 « 584 «651

190.2 99.6 491 M1 ,812 .89
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5.5, IISTING OF O3 FRAME 2

The test frame has already been daseribed in Chapter 1V,
Befors mounting tho test_ frame on the testing table, all the load-
ing bridzes were inserted on ths frame emd. their other end was now
welded, The frame was mounted on the tostin: table as shown on
Photopare 09 , It was carefully levelled by means of a
spirit level, by edjusting the c.i. pads on m.s. pins. Although
while fabricating varfous components it was taken care that all
the pulleyes are at propér heiht 8o that cabls 15 in the plans
of the frama, yet it vas azain checked by moans of a leved and
811-ht packinzs inserted where aver found nocossary, Supports
with stes) balls at efther side of the frane were now introducaed
at each joint in order to simulate ths existence of bsams in a
structure and thms eliminatinz the danser of buckglling of frame
in a transverss plane.

After having fixed up the frame ths dial nages on magnstic
bises wore pluced against ggeh floor level as shown on photopare
and their initial readings rocorded. The orrizontal loads wers
introduced by mesns of Berew loadling device os shown in the
Photorase 13 « The vartical 1oads were then applied by insert-
in; the hooks in th® two poing 104ding device. First reading was
taken correspondins to ®ach vertical load arual to 48 1lbs. vhile
each horrizontal 1084 Squal to 24 1bs, this being due to the solf
weicht of lavars oil¥Ye Sybgaquent increments to loads were jiven
and deflections reOrdeq gg shown in table no. 5.4. and 8.5. for
the two frames.,
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5.5. TESTING OF THE FRAME 3

The test frame has already been deseribed in Chapter IV.
Eefors mounting the test frame on the testing table, all the load-
ing bridges vere inserted on the frawe and their other end vas now
velded. The frame was mounted on the testing table as shown en
photopage '09 , It vas carefully levelled by means of a
spirit leve, by udjna;lng the c.i. pads on m.s. pins. Altheugh
while fabricating various components it was taken care that all
the pulleyes are at proper heizht so thet cable is in the plane
of the frame, yet it was again checked by means of s lever and
aixghc packings inserfied vhere ever found necassary. Supports
vith stesl balls at either side of the frame were nov introduced
. at §ach Joint in ord;r to simulate the existence of beams in a
strueture and thus eliminating the danger of buckelling of frame

in & tramsverse plane.

After having fixed up the frame the dial gages on magnstic
bases were placed against each floor level as shown on photopage
and their initial readings recorded. The Morrizontal loads were
introduced by means of screv loading device as shown in the
photopage 13 . Ihe vertical loads were then applied by insert-
ing the hooks in the two point loading device. First reading vas
taken eorresponding to each vertiesal load ecual to 48 lbs. vhile
each herrizontal load equal to 24 1bs, this being due to the self
veight of levers only. Subsecuent increments to loads were given
and deflections recorded as shown in tadle ne, 5.4, and 8.5. for

the tvo frames.
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TABLE No. 5.4.
Loads in lbl. Doﬂeettgg ainches) T
¥ EAcH h?m ISecond J¥hirdlPourth]Fifth 15ixth I
€:§i‘1cn§ﬁ1"i§°.2§f1.32§ fLevor Hovalfierel Hever frevel § e
load S SRS RN SRR N Y SRS |
0 0 o .0 0o o 0 0

48.0 24,0 009 .025 5089 (048 666 ,072

54.3 27,15 012 030 .046 .055 .063 ,079

60.6  30.3 0M .035 .05t .062 .072 .086

66.9  33.45  .,015 039 .06 .072 .082 .097

73.2 36.6 017 043 .088 .083 .OM 110

86,8 42,9 G190 L0490 .07 096 .109 ,126

93.4 49,2 022  ,055 .085 112 ,126 .Ml

111.0  55.5 026 062 L1201 .128 ,148 163 YLELDING
123.6 61,8 112 144 L1267 2189

136.2 68,1 1141 162 .198 221

148.8 744 214 266 .209 ,319

161.4  80.7 285 ,310 .38 .371
174.0  87.0 388 402 418 452

186.6  93.3 478 544 584 651

199.2  99.6 691 741 812 B9
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TABLE NO. 5.5,

Loads in 1bs. X Deflection at ¢in inches) T

Rach  JZach 1First ISecond IThird iFourth AFifth ISixtnj} Remarks
verticalfhorriz-{floor ¥floor JIfloor {ﬂeor Ifloor Ifloor]

load  Jontal Jlevel llevel [lavel }level Xlevel Ilevell
__ fload { i i I | . SRR

0 0 o o 0 o o )
48.0 24,0 .006 .04 ,03 040 .049 .05
60.6 30.3 .008 .022 ,028 .O4% .05 .061
85.8 42.9 .013 .034 .053 .068 ,080 .0B6

123,86 61.8 027 .081 078 .112 L1186 ,126
48,8 74.4 .04 .068 L111 132 152 ,15¢
1.74,0 87.00 .038 .083 .126 .42 170 .178

199.2 99,6 081 w138 179 216 49 288 Yielding
' ’ starts.

27,0 118.5 098 .189 316 .379 .390 .45
274.8 137.4 136 M1 446 468 .48 .8e3
300.0 150.0 173 .273 492 .531 .8056 815
325,2 162.6 .287 .33  ,602 .769 932 946
350.4 175.2 .311 L,346  ,796  .895 1,008 1,01
375.6 187.8 .323 ,366 878 976 1.022 1.033

Graphs 5.4 to 5.9 were plotted betvwesn load parameter and
the corresponding deflactions at different floor levels. Graphs
for one particular floor level for both the frames are shown on the
same graphe On the graph are also shown straight lines showing

out. Comparisdn between these strainght 1lines and actual observed

deflection present a vivid picture of ee- -——— T

corresponding deflections, had the frame behaved elastically through=
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hov the bshavieur ef frame changes as loading increases from
elastic range to elasto-plastic and finally plastic range.

5.6, TEST RESULIS

With the help of known value of yield stress of steel from
tensile stress-strain curve (Graph 5,1) and ths properties of
section of the frame, and with the help of graphs 5.4, to 5.9
plotted after actual testing, following results can be arrived at i-

8.¥o. L Frane 1 1 Frame 2

1. Mo 1,0, elastic moment of resistance

of the section vhen stress in extre- . . . .
me fidble has just reached yleld “““170 in 1bs 376 in. 1ts

- b

2, MNp 1.e. fully plastic moment of
sesistance of the ssction 255 in 1bs 434 in 1bs.

.nm

4

3. th:gl st ':!uch .gh;l ;tros: in the :g;t
y stress re at any section
£1rst reaches yield stress 60 1bs, 97 1bs,

TaiBags Ve

4. Load corresponding to 3 1f ultimate
stress is taken instead of yield 93 1bs,. 151 1bs.

stress = Wy x L. We'
8, Collapse load Wg according to

. 158 1bs, 258 1bs,
idealised plastic theory

Mp
*1.613

6. iﬁﬂ%uob!.ﬂ.d ultimate load 200 1bs. 375 1bs,
+84




148

7. Iimit load from the graphs i.e.
upto vhere the deflections are
proportional to load perameter f.0d], 111.0 1bs. 174.0 1bs.
8. Takéng a safety factor of 1.2 on
1imit load , vorking load 1.e. |
W = .ii%.. 92,6 1bs. 45,0 Lbs,
9, Working load W taking a safety
factor of 102 on U. 50.0 1bs. 81.0 1bs.
10, Tltimate 10‘6’ "‘ 3.33 3036
1, Wa/Wg 2,16 2.48
12, W,/Wg 1,265 1,468
13, Wy /iy 2,16 2.585
4. ﬁ./ﬂ. 2.63 2,63
15. '. / w.' 1.7 1.7
16, Wo [uy 1.71 1,765
17, Wy /Wy 1.85 1.79
18. Value of stress Frs {§ gubstituted for
F;, in the expression of collapss load
| 1 2
fc0. We = 3=, x T, W5, 23,7 Tons/in®  27.5 Tons/13
vill give the ultimste collapse load
as found out expsrimentally
19. Strain corresponding to Fps from the
stress strain curve. 3.25 % 6.4%
Pigure 5.4 and photographs on é&guﬁ \51 gnd 52 show
the final shape of the frame after testing. 8ince part of strains are
regained back on unlogding, deflected shape in the photographs does
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not represent the actual shape when fully loaded btut idea can be
obtdn.d from it about the plastic deformations in the frame.
Mg. 8.4, i3 however not according to scale, [his is in order to
show more distinctly the type of failure.
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C:IAPTER VI

" DISCUSSION OF I'SST RRSULLS AND CONCLUSIONS ®

6.1. The Franes durin: the taest bohaved in a fashion very
much similar to the ons expected accordin: to elastic and plastic

theories in their respective range, until the collapse occursd

by the formation of plcstic hin:zes at various sectiony, rendering
tha frame into g sort of ézachanisn. The final shape of the frames
is shown on photopa;es !s'.is:, Although the first frame whieh was
thinner than ths sscond bucklled befors the loads were removed
bacause of ths displacament of the supportin; devicas vhichware
providinz transverse stability to the frame, but its behaviour was
almost identiecal to tho frame no. 2. [ he position of various
plastiec hin-es on the frzme no. 2 ars shown in ths photo.raph on
paze \'52‘,+ Fiss‘}ho observations made on the test framas, and a brief
discussion on thase ohsarvitions 1s siven in following para;raphs.
6.2. The behaviour of the frames was almost in aecordance
withi?g;ory durin~ elastic ranze of loadin:. In :raphs no. 5.4
to 5.9, the observed daflections at diffarent floor levels have
bean plotted s:ainst load paramseter i.e. value of each vertical
load, Daflsctions as calealated by elastic theory (Appendix A),
for a frame bahavin:’ oslastic theroughout have also been ploited
as a straiciht lin3s on the same graphs, The two ;Taphs show a
very cloar picture of the bshaviour of the frame during both the
elastic as well as plastic ran;e. ZIha observed deflections differ

from the caleulated ones only by an amount within & 108 whieh
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___take only an idealised curve which 1s not actually true., The

shows reasonable wcuucy--?hat can be expected from experimental

rasults.

> It is also observed from the graphs that deflections vaky
linearly not only upto the elastic linmit load i.0. vhon stross
in any ﬁbro in the frame has just reached the yield stress, btat
" also to 'som oxtcnt beyond 1t. This may be interpreted as that
in a highly ndundant. stracture like a multistoreyed btuilding
the formation of first few hinges do not affect elastic behavicur
of the structure to any appreciable extent except that the bending
moment at the sections where plastic hinges have formed, now increa~-
ses only at a much smaller rate and dces not bacoxe altogether
constant. This happens becauss of strain hardening at those sections,
Thus it is seen that the deflections immediately after ths elastic
1imit has reached, do not increase as rapidly as it is usuglly, Wought |
but it 1s only vhen quite a fev sections are in elasto-plastic
state that the deflections start in(reasing very rapidly till they
become enormcus (in present case it was about 1 ineh at top storey
vhich is 24" from base) to’ietakon as a fatlure of the structure.
This can be clearly seen from the graphs. 3.4 \=5-9

| Observations made on the deflected shape of the frame
when it vas loaded to collapse, revealed that the fallure occured
due to the formation of a mechanism very wich similar to tha one
arrived at theoretically as explained in the chapter II and
appendix C. Of course the rotation at different hinges varies
from section to section, some hinges being full hinges while
others only semi hinges. This is also true because in theory we
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only marked dcviauonc\ vas that of the presence of local failures
in the fom of beanh::;;‘s‘;sourth floor level in gzddition to the one
found out to ba most critical by theombtical analysis, fhe reason
may bo due to tha fact that since the fallure of frame has bgen
only due to partial collapse, tho frame after having become mechanism
accordin: to tho ons found to be most eritical, was underroin: the
ataze of strain bhardening, and during this stage mors loads wers
epplidd, so the soctions where the bendin: moment was previcasly
Very near to tho fully plastic moment of rasistance, nov became
Plastic thus forming a local mschanism. ‘his is also obvious as
the load finally appliad to the frams was a2s much as 1,5 tines
that of thaoratical coliapso load as caleilated by the siunle
Plastic theory.

The study of test rasults siven on pane 147 ghow that the
actual ultizate load msy ba as mach as 1.25 to 1,5 times the ealculae
ted collapss load by the idealised plastio theory. {his can bs
explained by the fact that in plastie theory Bho effect of strain
herdenin; is not tcken into secount while in actual structure it
will elways incrcase the load cerrying capaeity of the siructure,
Thus 1t 15 seen thet instecd of teking value of Fy 4n Mp =  Fy ba2

as lower yleld stross of material in tensile test, 1 some hi:her
valuo 1s adoptsed (which in those two cases 18 found to b corres-
pondine to 3.25 end 6.4¢ £ strain) the ultlzate load may bs more
corractly predicted. It is also observed that tho vorkin; load

as found with the help of tests may ba as much as 1.5t8ues the load
that can be allowed for according to elastic theory, thus ;reat

economy in smount of steel can be expected 1f veo base our desirns on




aetual ultimate load ecarrying capaeity of the frame,

6.3. From the above discussion and the final results it

was concluded that 3

1.

3.

4.

A multistoreyed structurs bhshaves elastically upto stage
vhere elastic limit 1s reached at any saction, after that
1t will behave in semiplastic state and the deflsctions

do not differ appreciably from those calculated by the
elastic theory until quite a few number of éuiplutic
hinges have developed and finally it will fail in a
fashion very much similar to the one expected in accordance
vith simple plastic theory.

The concept of formation of plastic hinges and failure

dis to the formation of mechanism at ultizate load is

guite true in case of multistoreyed structures,

The use of simple plastic theory basedon Baker's idealised
stress-strain curve is very safe, ths actual ultimate

load may be as mch‘:;:hs times that of the collapse

load calculated by simple plastic theory.

The required rotation at various hinges in order to have
complete redistribution of moments ¢1ll the load is much
beyond the value calculated by simple plastic theory

vill be availabdble in most of the cases in practics.




APPERDIX . '" /

ANALYSIS OF THE FRAME BY SLOPE DEFLECIION EQUATIONS.

Ihe frame is shown in the fig. AI.l Various joints have
been mumbered from 1 to 28,

Fixing Moments,
2 x 42 5 x 1?
Morogq = mmemmme X W 4 cemnio x W = 1,0278 W 1bs in
62 . e2
P (anticlockwise, i.0.=)
2 .
2 4
Mpig7 = "““25' xXW o+ --25-1H = 1,1389 W 1bs.in
6 6 (clockwise 1,e. +)
M =
Fla-21 = "Fa1-o8
= -)[F '
7=14 = 1,0278 W 1bs in (anticlockwise i.e. =)
Foia =M = M = 1,1389 W 1bs in
21-14 F2s.21 F 147 (clockwise i.e, +)
M = = -
Feu13 MFm—a le13--20 20-13
= =M = Zero
2027 Fog-2¢
M = M =
Fe.12 Fy2.10 ¥P19.26
=W §:§.§-§:§§- +W x 225X 2'52~——
62 62

= 1,4583 W (anticlockwise i{.8., = )

M = M

= = M
12-5 Flo.19 H’le-zs ¥

5=12

= 1,4583 W (Clockwise 1.8, +)
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JOINT EQUATIONS:-
Joint 2 5 Mg = 0

10‘0 uz-l + HZ-Q + H2-3 = O

. ZEK (30p - 4:551+ 362+ 1.5 05 - 4,552+ 2024 99k 0
L |
1,00 8 Op + 1.5 63 + 99 - 1.12541 - 1,12542 = 0 - 1
Similarly equating 2 M = o at all other joints:

1,50 + 803 + 1.504 + 910 - 1.12652- 1,12543 - LN = o (2)

EK
1.503 + 8 94 + 1.505 + 911 - 1.1264 3 - 1,12584 = 0 (3)
1.504 + 89 + 1,50 - 912 - 1.1256 44 - 1,126 %5 =

4 5 6 -~ €12 lﬁéﬁ{cm o (4)
1.505 + 86g + 1.607 + 913 - 1.12645 - 1.1268¢ = o (56)
1.6 + OQ’IQBSAG"

0+ 567 1 %: o (6)
O2 4 10 Og + 15610+ 916 - 112641 = 1.126P 5 = 0 (?7)
93 + 10 930 + 1.56g + 1.5013 + @17 - 1.12652 = 1,126 43 -

2 A% = o (8)

04 + 1.5030 + 108y + 1.6010 + 918 - 112643 = 112684 =0 (9)
95 + 1.50)1 + 10012 + 1,603 + 919 - 1.12604 - 1.126b65 = o (10)
06 + 105012 + 10013 + 1.5014 + %o - 10125 A5 - 1.125 56 =0 (11)

Og + 1083g + 1.5017 + 623 - 1,126 21 - 1.126h2 = o (13)
610 + 1.5046 + 10077 + 1.501g + 84 = 1.125P2 = 1,12663 -
. = 0 (14)

911 + 1.5017 + lodyg + 1.5019 + O25 - 1,126 53 -~ 1,125 84 = 0o (15)
612 + 1.5018 + 10879 + 1.5020 + 026 - 1.126 M4 - 1.12686 = o (16)
013 + 1.5019 + 1080 + 1.5023 + @27 - 112656 - 1,12606 = o (17)

014 + 1.5020 + 7027 * -1.12506 + JQJ1UNW =
14 0+ 7021 *+ 928 J-Elml(! 0 (18)
916 + 8023 + 1,5 Gpg - 1.12551 - 112502 = o (19)

017 + 1.5803 + 804 + 1.5025 - 1.126582 - 1,126 03 4 1.9%%&0 (20)
918 + 1.5024 + 8025 + 1.5026 - 1.12603 - 1.12604 = o (21)
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Y 1.4583 W
920 + 1.5926 + 8927 + 1‘&28 - 1.125As - 1.125A6 = 0 (23)
1.1380 W
+ 258, ¢+ a - (24)
921 "’1.&27 &28 & 1,125 8 2 EK =0

ZEquations for side sway -
Shear
For the 6th storey, we have

(Mrog * Mooy * Mygu13* Mya g4t Mogenp * Moposn* Mog.o7 * Mopoog)

+2W =0

N
le. 305 +30, - f’i.‘:. + 30,, +30,- .§f.€.+392°+3921

6 Ag 6 O¢ 2w
i 3027 * 309 - -7 i@ "0

4444V
A L]

= 0 (25)
. 8889W

O + 9 *+ 010 *+8y3 6.9 + &5 *926*927'9A5'*2'ﬁi'fm

| =0  (26)

1.3333W
0g +9g +0,) ., * 013 WygWas * 8y = 20a #2220 =0 (27)

Similarly for other storeys s

1.7778W
+Q

A
%3 ¥ 9 * 98y *013% 0y * 015 Gy *o25- 25 4o =0 (28)

3

927683 +8 g *05v 015 + 01y *8yy Y24 - 200+ gy =0 (29)

2.6667 W
by +0y +015 +0 g PBLB + amtgopt T = 0 (30)
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We thus have 30 equations for 30 unknown (24 joint rotations
and 6 transtations). Solution of these equations has been done by
Southwel's relaxation method of solving simultaneous equations, The

operation table and the relaxatimtables are given on pages 163 and
164

The final values of rotations and deflections in temms of a

constant multiplier i.e. ﬁ'gﬁ' are

92 = ,59004 09 = ,4672 016 = ,4833 923 = ,6601
03 = 07461 010 = 04378 917 = 04807 024 = 0431‘
85 = 5453 955 = .2217  Qpg% 42832 9 = 11204
96 = [ ] 1043 ° ]3 2 e 1763 020 = . 1298 027 = 028643

°7 = .3&8 014 T - .0028 621 = 009312 028 E - 01764

IRXII308
b= 3,42344 A, = 3,2480 D;-2,75084

By= 2,0615 As=1,37404 A¢= 69208
‘ Substituting these values back in the moment equations we get
the end moments at various sections. These bending moments at various

sections are shown on the table given on page +.%5...

Final bending moment diagram after taking into account the

sagging moments in various loaded beam members, is shown on paze. 96
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Linear displacement factor Vik 1is given by
3 Kik

V ik = - v prrr e T

2 2 Kik

fhere 2 Kix = sum of the K valuas of the columns
of particular storey.

Considering first storey says

Linear displacement factor for first column
3 K

2 e - == ¢

S8ince all the columns ars of same stiffness through-
out and there are 4 coluans in each storey, the linear
displacement factor for all the coluans 1s - § .

- 3

Checkt= SV ik for any storey = -} x 4 3--5.
-th- values of linear displacement factors are shown on the

left of each column in the ecentre of each storey.

Jtexation Work.

Iteration work was carriedout as explained in
Chapter I. The last three cycles of operation are shown
on the tadle B, 1.

Calculation of final momentst-~

From the equation Mik = Mik + 2 M'ik + M'ki+ N*ik.

(refer page '7 ). Mik can bs calculated for all the members,.
This can be done in a such simpler way in the tabular form
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The first step is to decide upon the correct

muaber of indepsndent mechanisms. For this purpose it is
noted that the number of bending moments n which is required
to specify the bending moment distribution throughout the
frame = 100. Since the bending moment must vary linsarly
between those sections mumbered from 1 to 100 in fig C.l.
The mumber of redundancies (n) for this frame = 54,
Therefore the mumber of independent equations of equilidrium,
and therefore, the mumber of independent mechanisss,
is (n-r) = 100-54

= 46
These 46 independent mechanisms can be readily identified as
consisting of
(1) 18 Beam mechanisas as shown in figs c('; (ato M)
(11) 6 sidesway mechanism as shown in figs C.3(a to f)
(111) 22 joint rotations

(At the joints where mors than two members are
meeting).

The work equations for beam type mechanisms are
as given belov. It may be noted that there are actually on)y
6 differant work equations for 18 beam type mochanism because
of the similarily betweon various mechanisas,
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ochenicn I Dorms in G3h 080T0Fe

(o) Uhon tuo hingos aro ot tho ondo and thizd
hinzo 9 undor tho loSt hond lond (Pig.C.dn)

La
(@ e20) U (20 ¢ -;-)

«

ioce 3 IZDQ o 3,6 1O
'Y 7o 1,3 [I»

(b) Uhon $vo hinses apo of Lo on’s vhilo third

Meso 48 wrtor G0 pACHG Iund lewd (Tif.Clid)

Uple ¢ & +56 ¢068) o U (28 < §0)
N ipp =P UG
f.00 U= 31,72 [N,

‘lochendcn IT = Docmo in 4th otoroy.
(a) Ubsrn tuo hinces are of tho cnds vidlo thind
hingo 18 nndor tho Lofs hord load (Fig.C.le)

6 5 &
iip ‘@ ‘4'9 ’0';‘?@ ‘C’;-a@) QU(E.% ¢'8n53"-@)
7

L.00 &
seae [p2 = 0. 19
7 ?

oo 8] = 0.0 [ip.

(b) Uhon $wo hinges oro ab tho onds vallo thizd hinio

16 undop tho bight hard load (Fig. €.2d.)




7 7 A 7
xp("o*.—-a 0...‘)."(2.“'.’2.5:"0)
§ § 5

24 30
1.8 wwe M@ B === WO
5 5
oo W =0,8 Mp,

Mechanisa III 3~

(a) When to hingss are at the ends vhile third hinge
is under the left hand load (Fig. C.20)

9 9 9
S 8 ]
12 7
1..."”"” = .-we
L] 5

s, W= 1,71 Mp.

(b) Yhen two hinges are at the ends while third hinge
1s under the right hand load (Fig.C.2f)

Mp(9 + 9 +20 +20) =W (0 +2x20)
1,6. 8 MpO = 5WQ

[ ]

e W =1,2 Hp.
fhe work equations for sidesway mechanisms are:-~

Nechanism IV 1 When only the 6th storey sways (Fig. C.3a)

SMp & = 2 WO
s W = 2 Mp,
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e Deohonicn ¥ s- Uhion onty 2o Goh ctoroy suays (V47.€.3D)

gD o 219

S U 22l

Mochanicn VI t= Uhon only the 4th stepoy sucyo (Fig. C3c)
Tipg - QU8
o Uz 2,33 Un,

Tiaenandon VII te Uhon only tho 98d steroy oveys (£25. CeS3)

i s 18

t+.1
e W T 3D

Uochenicn TIIT t= Whon only tao 2nd otoroy cucyd (FlneC.80)
e = U0
& Uz 079 :::"}

Lockanicn IZ se -hon only thn ot otoroy cuays (£i5 Ce32)
"0 ©w 1308
% U = 0,337 LiDs

GO MXIL.08 JTICINTIRTS

Fren tho vorlcas ©onlt craations vhich havo beon
drpivod cooTo tho dndoneonicat cochondon Shat plves Lcust
valno of ecollepso locd 40 o 04do owuoy ccc&mﬁca of L4306
ptoroy. 2ho Bomt Docianicn 4n opdor 40 o 04d0 ouay pechonden

of sccond otopoy. A otralgat forsopG cfdition of tho dise




‘displacements and hinge rotations of thess two mechanisms
would be pointless, for they have no common hinge whose

rotation would be cancelled by ths addition and thus reduce

the work absorbed in the plastic hinges in the combined

mechanism, f}u mechanism resulting from this simple addition
1s shovn in fig C.4 a. However it will be noticed that in

this mechanism there are two plastic hinges, one in each
column (top and bottom columns) at all the joints on the
first floor level. By rotating all the joints clockwise
through an angle @ , these¢ two hinges in the exterior,
columns can be replaced by a single hinge in the beams.
(Fig. C.4 b) FHowever in eentral two joints two hinges
in the columns are replaced only by two corresponding
hinges in the beaams, so no cancellation has occured

or no reduction in the work absorbed in these plastic
hinges, as the Mp for £11 the sections is same. In mit-
shell thars has been reduction of only two hinges by the
combination of mechanisms no VIII and IX. so we will
investigate this cohbination, 1f the collapse load

decreases or incrassaes.

Now work egquation ro: mechanism No., IX is
8 Mpe = 12 Wo
& Now vork equation for mechanism Fo. IX is
8 Npd = 10 WO
« Combined mechanism No, X (Fig. C.4 b)
16 Np & -2 Mpp =22WQ
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Sabotituting thy valuo of Ilp for pazvicaler Sccbleag
tho eollando locd Ve eca bo caleulatade This voluo of
collanso leod a3 obtaincd abaso is only wa wppor boand to tho
collanoo lozd voluo, To chou thot thio 18 sho cetaal valuo,
1t 15 noecasary to draw o stableally cdzissiblo tonding
pezont dianpen threughaat tlo foomo vitasat vielating tho
yiold condition i.c. bonding norcal €oco not oxeosd tho
volus of I1p at any ooctlon. Oineo tho folluro 1o of o
portial eollanco in thic pmhlcfn, it is mot so 020y o

‘drzy tho bonding popont distribution. For this wo lovo

to pcoort to plostic momont distribatlon o8 given in
oppordiz D, Plostic memont ddstribation fizoo tho lcuyor
bound to tho valuo of collapss locds If Suo volucs eoneddo
tho eollanso lood as obtaincd abovo 1o corrcet, othorviso
MrEehor invostigations havo to bo pado. Incidontly Lt

valuo obtainad obova 18 corroct onde.




{

the independent mechanisms which ars 46 in rumber., As alroady statodJ
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’ APPENDIX D
PLASTIC ANALYSIS OF PHZ FRAME BY PLASTIC MOMENT DISTRIBUTION

First step is to write down equilibrium equations for all

in “hapter II the joint rotations are meaningless in themsalves so
they have been left oter. Other equations are ;
Equilibrium Equations 1-

I. For Beans i1~

If M3 and My represent the moments under the left and right

hand loads respsctively, the beam equations are :-

=N, + 15 M, *+ 0.5 My = 2,5W

1.6 =2 + 3M + Mg = SW Top storey (1)
and - Mp + 6 Mg & Mgy = 7W . (11)
- ¥, + .l; 5 + -g- My = -g-?'- |

10 = 7M, + 12H; + SMgg = 3OW 4th storey (111)
and = H, +-%?.142 + .Z.)(R = PV

lea. 5N, + 12M3 + 7 Mg = 30W 4 th storey (iv)
ML v gy ¢ dwm = Lo

-5M, + 6M + Mg =7 W 2nd storey (v)

and - Mp, *3):1 + 2 My = 5W 2nd storey  (vi)

II. Tor Panels :-

- Myg = Myy ~Mag =Mgg=Ngo=Mga=Mg1~Mga = 2 W




i

N - Naa-Mas-Nyy-Mas-Mem ~Msp-Hrg-liyg 24 W
= Nyo=Ny1-K3o=N31-Hse-N55-Hr5- Mre =6 W
= Np= Ng~ Mag-Mz7= Ueo~M51= Mp2- Vg3 =8V

= Mg o N - My~ Mpg = Mgg= Myp Weg~ Hpp = 10 W
*Np= ¥p = Mg Nig= Mgp = Hga= Hgg = Mgy= 12 W

 Now a table is made as shown on page  an! a set of bending
moments is minserted at various sections in accordance with equili-

brium equations written above. For example in top storey H; and Mp

are kept zero so that M2 = -2Wand Ny =1W . For
~ conventence W is kept as unity. ®imilarly in 4th storey N, = 2,54
Mp - 3.5V whileM) =Mz =0 andin2nd storey My = =1

Mp = +2 while = M2 = 0, Instanchions the moments
wore distributed equally in top and bottom sections in any particular

panel e.g. in top panel the value is - .g. = e .25 and

similarly = .5 , =75 , =1,00 , =1.25 and #1.5 in successive
storeys,

Next step is to make a table for carry-over factors, so
that any chanje affected in bending moment at a section is acco-
mpanied by corresponding othar changes 80 as to not to disturb
the equilibrium equations, For stanchions it is obdbvious from the
above equations that the sum of ali the changes in a panel must
be zero. For beams the table is given below 3«
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TABLE WO, D,1.

Woment under’ Rlght hand

T Loft hand ) Moment und- )
Operation end moment J er the left Jthe right nd moment
LooM,  fhand joad  [load L. May Lees ¥
a, Top Btorey 1 2/3 Ve 0
b. Top Storey 1 0 0 -%
¢. Top Storey 0 ~5/6 -1/8 1
d. Pourth Storey 1 /12 12 0
e¢. Fourth Storey 1 0 0 =1
f. Pourth Storey O «7/12 -5/12 1
g 2nd Btorey 1 5/6 V3 0
h, 2nd 8torey 1l 0 0 -2
i. 2nd Storey 0 -2/3 . «V/6 1

-

Balaneing of joints for rotationsl equilibriua can be carried
out in any manner so long as squilibtium is maintained. Here iw this
problem the work has been greatly facilitasted by the knowledge of
position of hinges, and the distritution hss been performed in one sty
only. ¢.2. at the Joint of sections 2, 3 and 4 the out ;r balance
Roment 1s ¢+ 2,75, It has been distributed as ,339, 1,613 and ,798 to
sections 2, 3 and 4 respectively. Similarly at other joints in bottom
storey, the balancing of joint wes carrisdout. Now carrying over
>peration was performed so as to maintain equilibirum equations e.g.
he total change in moments at the top of cclumns in first storey =
/339 = ,113 = ,113 + ,339 = 0,462, This has been distriduted equally
'8 « 0,113 in all the columns. Similgrly thes operation was performed
‘or columns in 2nd storey. Algebraic sum-mation will give the final
‘esults. 8imilar procedure is adopted for other storeys as shown in
he 'tables D, 1 and D.2 .,
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