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YIRRODUCT ION 

The problem of an acute shortage of space dui to the need 

of more cesaercial houses, greater influx of population into the 

big cities, undezirabiiitl of diverting agricultural lands for ha-

bitation and the need for greater open space and greenery, has 

found its solution in vertical expansion of the cities by build-

ing up a series of rultistoreyed buildings both for commercial as 

well as residential purposes. Besides,, tall buiidin;,,,s have also 

been advocated due to variety of other reasons such as ; difficulty 

of shifting industries to new cities; the demand for rehabilit-*-

tiny the slum dwellers in the se area, and the revulsion of the 

urban duellers to being uprooted and transfix to rural or 

newly developed areas. 

In designing tall rigid traces the main problem is to find 

a method which is sufficiently accurate and at the sake time avoids 

heavy design costs. The difficulty is increased by the fact that 

the designer Rust steer a course between speed of design on the one 

hand and loss of accuracy on the other. The best aethod of design 

is one which combines in it all the three basic requirements, that 

is,, it should be ; 

(1) a true representative of the, actual behaviour of the 

structure. 

(it) rapid and convenient In its applicatign. 

(iii) most economical. 

U 
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defbrx4tions aM then collapses. Most of the indeterminate struc•• 
tural steel building frames and similar structures fall into this 

category. Plastic analysis provides a rational method for basing 

the design on this most typical mode of failure. In other words 

it bases the design on the •axioum load that the structure can 
support. 

Elastic analysis of all but the simplest of strictures is eam. 

plicated. There are so many secondary effects that deserve atten. 
tion while working within the elastic range. Simplifying assumptions 

Lust be made to the point where the relation between a practical 

solution and a rigorous Zlastic Theory is quite obscure, But it 

has been shown that at ultimate load the deformations of the stru-

cture become so large that the defoaations due to the secondary 

effects are comparatively negligible and hence simplifying asstmp• 
tions are not necessary. 

It would be seen that the two theories look upon a structure 
in a different way even though the resultant design way be more or 
less the same. Structures designed on ultimate load theory however 
take the advantae of the ductility of steal so that when the 
stresses are higher than the elastic limit the structure can still 
carry more load because of the two facts, that is#  

1) Distribution of stresses at a section, from the highest 

stressed fibres to the understress.d fibres,  
2) Redisttibution of moments due to the formation of plastic 

hinges. 
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Although considerable work has been done both theoretically 

and experimentally on the etetic as well as plastic Methods of ana. 
Iysis, yet most of it is either only in elastic range in ease of 

taultistoreyed structures, or only for smaller structures in the 
Plastic ran a of loading. lery little is known abaut the actaal 
behaviour of a nnzltistoreyed structure near its coll.aps3 aid hammy 
any ez erimental data is available, it was wher #.bra, proposed to 
invests -ate experimentally by conducting a Ioadinp; test on the 
model off a~zltistoreyed aultibay frame to determine 

1) 	whether the frame can safely take theload as edIculated 
by siaplifi3d Plastic theory. 

'aa 	iowfar the concepts of plastic hinss, and the mode of 
collapse (by the formation of mechanisms) arrived *b 

at theoretically are exhibited actually in the structure. 
3) 	If the required redistribution of moments as assumed 

in ultimate load theory is actually avatlahlo or not. 
and 4) 	Zo study the behaviour of stricture by rscordi .; its 

dofiections durin.; both elastic and plastic ran,o of 

Ioadin~ and to compare them with those calc zlated 

thooret t c: lly. 

With the abo-re objects in view a critical study of various 

methods in use at present for analysing a mu] tistoreyad -stracturo 

according to elastic ant or plastic theories was and rtakan and 

a brief review of these nejhods is -riven in chapters I and II 
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rospcctivoly. In Chaptor iii th rotical 1n'roct1Ccttom into tho 
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trao 1oziQ 4 with both vortical and hot'ricontol loads oicita~ 
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Lo= icoa th000 G Chaptom thoro aro four appondicoo attachod 
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1) 3lopo Dofloction '. actiono A 
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3) Coal a nothod of cobinin tho cochan'ooa (For Plastic 
4) Homo's plcJ3tic cocor diotri ,tLen, 	analysis) 

C 
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It was found after experiments that the actual ultimate 
load carrying capacity of the frone (provided sufficient lateral 
stability is provided) is such hi ghsr (may be as such as 1.25 to 1.5 
times) than that psrdicted by the simple plastic theory based on 

idealise( stress-strain curve, and hone• its use for malti-stosaysd 

structures is over safe. It is therefore expected that more economy 

Is. stool can be affected If the working loads are specified after 

actual loading tests instead of basing then on idealised plastic 

theory. R ever only two frames were tested for present study,, it 

is therefore sug sstsd that fors mbar of frames nay be tested 

under different conditions of loading so as to be sure of the Poser-
ved strength of std. the testing equipment as designed and fabri-

cated for this study proved very satisfactory sal it can be rscorsn 
did that with slight perfection to test bigger site frases and in 

large Huber , the equipment may prove very unsitul for finding out 

ultimated load carrying capacity of any aultistorsysd structure 

by testing its geometrically similar model frame of stool. 
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iteration process is replaced by an easy accent distribution 

process, and the conversion of accents into deformations and 

finally back is elisinated. Otherwise the basic concept is 
almost similar. 

URI' S J(RQ$©F -jj&ReAgXQj, 

Of all the iteration methods of trace analysis 

Kani's method has proved to be extremely satisfactory 

for the analysis of any type of valtistoreyod building trace 

under any type of loading, the method is based on southmell's 

principle of relaxation and sin be classed as absolutely correct 

if tore cycles of iteration are pertorasd. But lesser number 
of cycles can give as good results as any other aethod of 

iteration#  with comparatively such sore ease, and speed. 

The basic theory of ]Cam's method can be under- 

stood by the equations 

MAD  s XF(AB) + 
2 Mb ♦ 4A • 'AB 

Where  MAD  s Final Moment at the end A of a amber AB. 

Piud end moment at end A ednsidering 
somber AA to be fixed at both ends. 

K1AD  = the moment correction on account of 

rotation of near end A. 

N'U  a the accent correction on account of 

rotation of the far end e. 
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The method is very simple and can be preformed 

with ease with the help of a calculating machine. Beside=s 

it passes following more advantages t. 

1) error is eliminated automatically. 

2) Final numernical values can be checked. 

In the foregoing methods it was realised that 

it is the sway in the frames which makes the analysis very 
lengthy and tedious. Fortunately it was found that the sway 

due to vertical load only, On a sore or less symmetrical 
frame is only a negligible amount and the frame can be solved 

neglecting the way with errors which can be reasonably allowed. 

Iut the horrisontal loads (wind and =arthquake forces) are 

nevertheless more important and cause significant swaying. 

So 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) For horriaontal loads only. 

the two sffets can be lateron superimposed. 

Attempts for analysing the frame for hoatizontal 
loads only, have made considering the problem as a statically 

determinate by making a nuaber of assumptions. the sore 
common methods adopted for such purpose are s- 
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1) Cantilever 1 thods- 
The assumptions art sim 
i) Points of inflexion are at aid-height of 

colua s and aid-ponts of girders. 
ii) The unit direct stress in the column varies 

as the distance of column from C.Q. of 
the bent. Columns have the same area 

every where in the same storey. 

2) Portal Methods. 
The assumptions in this method are s- 

1) The points of inflexion: are at mid-height 

Of columns and aid-points of girders. 
!i) The shear in each column is the same and 

equals one half of the shear in an interior 

cold. 

3) Sutherland and Sowasa Methods 

Sutherland A Ho»an have Improved upon the 

two methods mentioned above. They have suggested different 

positions of the points of infi.xton 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 

width of the bays. 

4) Factor Methods 

This method sakes certain assumptions regarding 

2~. 



the elastic action of the structure, which makes it possible 

to have an approximate slope deflection analysis. The previous 

methods make some assumptions regarding stresses which made 

a statical solution of the problem possible. In its applica-

tion it is very mechanical and only gives approximate values. 

5) Gottschalk Method: 
Otto Gottschalk has presented a simple method 

of determining the distribution of shear at the column of 

the bent by taking 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 certain 

assumptions regarding the rigidity at various joints are 

made. 

I# can be broadly stated that the first three 

approximate methods do not require the knowledge of the 

elastic properties of the frame whereas the last two involve 

use of these properties. The first three are method of 

analysis before the design is done whereas the last two 

are analysitg methods after the design is done we know the 

areas of a-sections etc. 

on a four storied three bay frame loaded with 

unit load horrizontally at all storeys , when ansly*is 

were carried out by the first four approximate methods and 

the slope deflection equations, the values calculated by 

22 



Y'. 
approximate methods in terms of slope deflection results wises 

Cantilever method i- variois values lies bet'reen 
1 60$ to lr 

Portal method 	s • 70% to 140% 
Factor Method 	ow 90% to 128% 

Sutherland & 

Bowmen method 	m • 90% to 110%. 

In other words the last method admits of an 

error of ,+, 10% each generally maximum. The location of 

the point of inflexion as (tven by Sutherland and Doorman 

rules is almost euactly the same as given by Slope and 

Deflection method. No definite conclusions can be based 

only on the results from one szuple but this may point 
a trend for the relatt~re accuracy of these methods,., 
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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 

it 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 onwhich we allow certain safety factor and base 
our design. The theory which forms the basis for the calculation 
for the ultimate strength of a structure is called the plastic 
theory. 

2.2. _PLASTIC THEORY. 

The theory is nothing more than an extension of the simple 

elastic theory, according to which the longitudinal stress dis- 

t ribution across any section 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 material is reached 

in the extreme fibres. 	The beam is capable of sustaining a 
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bending moment greater than My but to deduce the corresponding 

stress distribution it is 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 yield at B, there is a range BC of pure plastic deformation 

with 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 Bc 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 

a 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 yield moment My. 

The maximum moment of resistance is obtained when the whole 

section has been strained beyond the yield point Fig 2.1(c), 

its value then being referred to as the Hill plastic moment Mp. 

The stress distribution in fig 2.1 (c) 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 is said to occur 
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though if the load were reduced a little, it could be supported 

safely. 

PLASTIC HINGE: 

When at some section of the frame bending moment att 

the full plastic moment value Mp, the angular deformation locally 

becomes indefinitely large, and finite changes 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 is attained and then allowing rota-

tion of any magnitude while Mp remains constant. 

REDISTRIBUTION OF MOOMENfS: 

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 structure beyond the elastic limit. The redis-

tribution takes place as a consequence of the action of plastic 

hingems. As load is added to a structure eventually the plastic 

moment is reached at a critical range. As further load is added, 

this plastic moment value is maintained while the section 

rotates. Other less highly stressed sections maintaine4. 
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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 

to 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 deflectid shape; in fig 2.2.(c) 

are the moment diagrams; in fig. 2.2.(d) is shown the load 
M -  d action at the ends and At 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 deflection obtained by continued 

straining at the ultimate load. 

By an elastic analysis, the moment diagram of sketch 

(c) of fig. 2.2. can be determined when yielding commences 
2 

(phase (1) ). The centre moment would be - 24-- and the 

end moment would be w-- • On the load-deflection curve 
12 

the load has reached point (1). she moment capacity has been 

used up at the ends; however since at the centre of beam M=jMp 
at phase (1), additional moment capacity Is still available 
there. therefore, as load increases beyond phase (1), "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 and moment remains 

constant at Mp. 

At phase (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 sketch (c) 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). 

After a sufficient number of plastic hinges have 

formed to accomplish all of the redistribution bf moment that 

is possible, any further displacement occurs at constant load. 

The segments of the beam between plastic hinges are able to 

move without an increase of load like linkage, and this system 

of members in called a mechanism. Referring to fig. 2.2(b) 

mechanism motion occurs between stages (2) and (3); and 

subtracting the displacements of (2) from those of (3) we 

get the mechanism shown in lower part of sketch (b). Thus 

there Is no farther deformation within the member itself; it 

all occurs at the plastic hinges. It is this mode of failure 

which forms the basil for determining collapse load in plastic 

theory. 
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Besides the idealisation of stress-strain curve and 

moment curvature relation-ship for steel, we make following 

more assumptions. 

(i) Material obeys Hooks law until the stresses reach 

the lower yield value while on further straining 

the stress remains constant at the lower yield 

value. 

(ii) The lower yield stress and modulus of elasticity 

have the same values in compression, tension as 

well as in bending. 

(iii) Material is homogeneous and isotropic in both 

the elastic and the plastic states. 

(iv) Plane transverse sections remain plane and normal 

to the longitudinal axis after bending, the effect 

of shear being megleeted. 

(v) The cross section is symmetrical about an axis 

through its centroid parallel to the plane of 

bending. 

(vi) Every layer of material is free to expand and 

contract longitudinally and laterally under 

stresses as if separated from the other layers. 

(vii) Failure does not occur due to lateral stability 

or effect of shear. 

(viii) Effect of axial forces is only to. cause reduction 

0 

in values of plastic moment of resistant and does 
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not cause any other complication. Ordinarily 

this reduction in Mp is also neglected. 
(ix) 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. 

(xi) The connections provide full continuity so that 

the plastic moment Mp can be transmitted. 
(xii)The loading is propotional, 

' 	' T.Y 	C Tom. 	• + 	• 	 • 	y 	 j ~ 	! ~ 	t 

For calculating collapse load for any structure, use 

is made of some fundamental propositions described in follow- 

ing paragraph. For the validity of these theorems reference 
should be made to 	( gib' 	Re .. X10. 26. 	) • 

P SLUQ  
8  ' 	If a structure reaches such a state that, whilst 

it is in equilibrium under an applied system of forces, suffi-
cient plastic hinges are formed for the structure to become 
a mechanism, the structure is on the point of collapse. 

PROSI ION  2 :- 
As the deflections of a structure on the point of 

collapse increase, the work done by the externat forces in 
equal to the energy expended in the deformation of the plastic 



hinges. 

COLLAPSE. 

In elastic theory a structure before it is rendered 
unserviceable, must satisfy three conditions viz. conditions 

of continuity, equilibrium and limiting stress. Similarly 

the bending moment distribution diagram, in the plastic theory 

also has to satisfy the three conditions viz; 

(i) Mechanism condition s. Moment must be equal to 

Hill value of Mp at sufficient number of sect-

ions for the structure or part of it to become 

a mechanism. 

(ii) Equilibrium condition: Conditions of statics 

must be satisfied, i.e. the bending moment 

distribution must be in equilibrium with the 
applied loads. 

(iii) Yield condition s- & L plaatic ,momsnts must 

host here be exceeded. 

Whilst it may be difficult to satisfy all three re - 

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

For a given frame and proportional loading - if 



there exists any distribution of bending moment throughout 

the frame which is both safe and statically admissible with 

a set of loads WW the value of W must be less than or equal 

to the collapse load We. 

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. 

If for a given frame and loading at Least one 

safe and statically admissible bending moment distribution 

can be found, and in this distribution the bending moment is 

equal to the fully plastic moment at enough cross-sections 

to cause failure of the frame as a mechanism due to rotations 

of plastic hinges at these sectionsl  the corresponding load 

will be equal to the collapse load We. 

2.8. METHODS OF PLASTIC  NAL S IS • 

Even 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. Various methods are there to find collapse load for 

any indeterminate structure' but it is recommended that for 

multistorframes 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 principles - static 
and Kinematic s  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. 

GIRKMIMNNN' 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 

for the frame and loading under consideration and them to 

assign each member a fully plastic moment equal to the magni-

tude of the greatest bending moment in the member. Girkmann 
however considered only rectangular frames and was content 

merely to 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 
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hence uneconomical. This method has been pushedout of prac-

tice by Hoane's plastic moment distribution which is also based 

on the same principle that is Minimum Principle. 

GENERALIZED HINGE ROTATION METHOD 

This method was first suggested by Heyman and 

Nachbar and is based on minimum principle. It consists of 

imposing arbitaary 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. 

TRIAL AND ERROR METHOD. 

This method which is due to Baker is based on 

Uniqueness theorem. An assumed mechanism is analysed statically 

to see whether a corresponding safe 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 is 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, 

31 



but there also it is more time consuming as a statical check 

has to be made after every trial. In case of partial collapse 

which is more often the case in multistoreyed frames, its 

application becomes extremely lengthy and ke41 impracticable. 

RESTRAINT:  

A direct corollarly to static theorem states 

that if a restraint either internal 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 We*  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 Wl, A lower bound 
Wi on We may now be improved by introducing the redun4ant 
reactions and bending moments at the cuts. These redundancies 

are then adjusted systematically so as to increase W1 the 

lowest value of the collapse loads We*  for each of the component 

parts of the frame. 
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Simultaneously an upper bound on We is established 
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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 cal-

culations cease when these bounds are close~enoughf; together 

for the collapse load to be quoted to the desired degree of 

accuracy. 

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 structures are joined. 

~y~~ •t t 	A ~ 	~ 

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 Ml 	, M2 ...., 

Mn which satisfy (n-r) linear equations of equilibrium, r 

being the number of redundancies. At least one of these latter 

will always contain the load W. In general r is not zero, 

hence the problem as stated so far is not unique. However the 

moments must also satisfy 2n linear inqualities of the form 

-Mp  M1  Mp  ............. 

-Mp  



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 are all linear. 

The r bending moments can be eliminated in turn from 

the inequalities leaving a number of inequalities on the value 

of W, it being sul*osed that each load is expressed as a 

multiple of a parameter W, Each of these inequalities sets 

an upper bound on the value of W, and the smallest of these 

upper bounds is the collapse load We. 

This method is too lengthy even for simr -  frames so 
it is seldom used for multistoreyed frames, Anotner disadvantage 
is that the conception about the physical behaviour of the 

frame is not obtained until the calculations are complete. 

The method is however completely systematic and its only merit 

is that it might lend itself to machine computation. 

METHOD  

This method which is due to Neal and Symonds 

is most widely adopted for the multistoreyed frames. The method 

is based on kinematic theorem and gives an upperbound to the 
collapse load. therefore there is always fear of over estimating 

unless a statical admissible moment distribution.throughout 
the frame is shown, a step which becomes little tedious in 
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case of partial collapse. Brit the plastic moment distri- 

bution has been great asset to this method for this 

purpose. The aethod is very rapid and with little practi-

ce the correct collapse load can be calculated without 

any difficulty. 

* 	fhe essential aotion underlying the method of conbi- 

nitkg mechanise is that for a given frawe and loading every 

possible collapse mechanism can be regarded as soae 

combination of a certain nmber of independent aechanisas. 

It is naturally very important to determine the correct 

nusaber of independent aechanisas and to identity them. 

The number of such olsaentary mechanisms which mist be cor 

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

to the m aber of independent equations of equilibrium relevant 

to the structure in question. to decide upon the number of it 

dependent equations of equilibrium it is noted that if 

the frame has r redundancies and whore as the couple bend- 

ing moment distribution is specified by n values of bending 

moment at n cross sections, then we have $ 

aber of independent equations of equilibrium i.e. 

independent mechanisms (N) = n-r 

In general there are- only four types of independent 

aechanisas viz; 
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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 equilibrium requirement except those at the 

Joints. Now while there are, of course many ways to do so, 

the best procedure is to use the set of moments whose 

magnitudes are those obtained in analstng the independent 

collapse mechanisms corresponding to equilibrium equations 

which can be written down very easily from considerations of 

virtual work applied to the mechanisms. 

(ii) The bending moments are adjusted so that all 

the Joints are brought into rotational equilibrium, without 

violating the other requirements of equilibrium. the balancing 

here, however, 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 sections 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 fall plastic moments. 

(iii) Further adjustments are made to the bending 

moments in such a way that all the equilibrium requirements 

are still hillfilled. 

The plastic moment distribution method has been used to 

~rerify the collapse load obtained for the frame analysed by 

Deal's method, as described earlier. The procedure is explained 

In Appendix IV which will also clarify the use of this method. 
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Greenberg and Pragerts approach to the problem was to 

use both upper and lower bounds simultaneously for the 

determination of collapse load. Their method consists in 

assuming a mechanism of collapse, and from the work equation 

the corresponding 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 yield 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 lover bound on the collapse load. 

Unless the upper and lower bounds coincide the procedure is 

repeated successively with different assumed collapse 

mechanisms until coincidence is obtained. 

The method had a great draw back in solving frame 

where partial collapse occurs. But now with the help of 

plastic moment distribution this difficulty is eliminated. 

It is 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. 



The two methods are complimentary to each other. In 
I 

the former an unsafe estimate of )` is 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. 

This method developed by J. Mortey Elglish { 94.14 ) 

is very similar to Plastic moment distribution by Horne. It 

consists of arbitrary distribution of moments to the joints of 

the structure 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. TUo location 

of yield hinges are the points where these minima occur. The 

advantage claimed by the author lies in the fact that this 

method accounts for the order of the developments 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. 

4.6 
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1f 1 	 ~~ YA;IWO 

All 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 number 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 is due to vertical loads (dead &1ive) 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:- 

 

(f)  All loads are expressed in terms of the two 

parameters say W & P. 

(ii) All probable collapse mechanisms (both elementary 

and combination of elementary mach.) are 

investigated by virtual work = ns. Each _mach. 

yields an equation involving two variables N and 

P and representing straight lines, 

(iii) All these =ns of st.lines are plotted with W 

and P along Y and X axis. 
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(iv) 	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' is required 

for particular values of W & P e.g. W1, and P1, 

Let OE represent the value of W1, and EF 

represent Pig  then OF represent this loading 

condition. Produce OF to meet the boundirZ line 

of the loading envelope at G. Then _0G 
OF 

the required collapse load factor. 

In general the boundary of loading 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 meths. 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 

fl (W) + F2 CP) + F3 (Q) + Kl = 0 

Where F1, F2, and F3 are three functions and K1, is a 

constant. These are =ns of planes. Representing W, P and Q 

along X, Y and Z axis, this can best be dealt with help of a 

model either of cardboard or plastic. 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 



W 
A 	 a 

G 

F 

D 
o 	 P  

represented by a point with eo-ordinates x, y & z equal to 

W, P and Q respectively will be safe only if the point lies 

within this leading core. 

Cases in which the loading system can be expressed 

only in terns of more than 3 paraseters cannot be dealt in 

such a general way. 
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(b) $ 	Q.~ b 71 a 

CezicEos r.!n r-oocti!1 co c4mm in A ; (~3c') 	bo 

tho Qoptb of tho cocoon uhic4l r= ino In t) a1ODt c ao ct 

C taco. 

If 	q
Q 	u 	( gQ2 ~. ~.s (Qg• c12) 

) 	b o.. (.3a) 

dg 	 6ci 

.,.. :n ( 3.3b) 

Slrluao or A ao in laot cano can bo £o in frT' 0 m (3, 1) 
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tiro °,ct ci oct tmthc 	icct ro1n;.So Leo oc 1 	o Iio~!oo 
[; : t 1 b^c enQTMiz?~►AC^l tntott1on EIt1l bo mod. ahi 
o t vnIn caz 	.i Or this I , o -jr, in ranh' as 	(' ) 

rn VLF trVct'.f J 	r 	(3.7a) ~ ic ct c ©i 

crocccc U 	J„ 

- 	 o:Jc_ii' . 

of C? 	L' c C ZD .:3 C71i: ot~' i' ' ? t". ~. ?~ b i ca~,i~'s~.  

tho po2t : > of f" 1 (3.3) o b'1i 0-.t — 3tZ'di iO r,; iLn 
pro~i c 	?o 

Canojdovjnr huff Ciao p 1!t of the Lam= uith. t71 t:i h trod 
clopth 4i tI 0 cc is it of tho of cooc In tho ap ov half of tt±o be 
t~,rxlt o o Ao p! Ica co i to . 

n F 

+o2Sr of ":►.+o into tnccJ. fo'ccx Ln tiLo b:i v of 
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a recourse Is taken to be numerical s•,mation. 

For carious position of R on 6- E 	curve 
(graph 3.2) ai is found out & tabulated in table No. 3.1 

R1 - E RRLATIO? FORRiCCTAC-YJ N.LAR Bt,'; 

In Percentage. ~1 Remarks 

0 0 
0.11 5.08 yield Point 
1.0 7.69 

2.0 7.62 1train hardening 
start. 

5.0 8.75 
10.0 10.25 
15.0 11.22 
20.0 11.88 
25*0 12.21 
30.0 12.73 
35.0 12.75 
40.0 12.79 
45.0 13.85 
50.0 12,92 
55,0 12.98 

60.0 13.03 
65.0 13.06 
70.0 13.08 
75.0 13.09 $0.0 13.10 Ultimate strain reach d. 



c'io loo 	athoft *b n^.itrat rrin9 

alp 	6 ( l x b) z0 

b 6 ( 	) c/2 d d E/E 
J 

i,. 	dE 	Win. (2.4) 

I f b 	1 0 d/21 

° 	 1 ~6EAE °1 	r~ a 

G'horo till, on)L3Da1G:7p 	E 6 d E 

octjøc,j ncc a o' :.a c..P 	or 6 	~c 
tic toson to c 	Lc 10 	. 

n 	(3. ) 

CtsJo C TAG 6 - 

fcnco tho c cnt' 	%2 	'f 	tnto`P►,. l StF` z (l'J3.1t tho 
nc-tr1 c to 1A 	 - 

n b & 

2 E~ 

1O CO 'o3pandin3 cn10 chino 0/  

Pot' th, oo1 ttca: of ogicition (3.6) na1io of vn, 

Cl  
Ez 

So Vo~.Uisofl. Gino tho solctionship bottuco? 6 + E 	et lot bo 
O I )rouooa oil1c1ty co 	6 s 0 t E y for ;? - Ntail 	o  

ciao for thj colc!£ion of tho oqw tion (3,3) 
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t- 

The I - section is idealised as shown in fig. (3.8) 

For the sake of convenience in the analysis of the stresses. 

It Is assumed as in the `late girder that the distributioñof the 
stress 6t in the flanges. Is uniform. The error involved in this 
approximation In the region above the elastic limit is smaller 

than that involved in the elastic range aad can safely be assumed 

without such loss of accuracy.. Zhe area At of the flange is 

concentrated at the extremity of the web, which is taken as 

an area Av between the centres of the flanges as shown in fig. 

(3.8) . The accuracy is not such affected as a result of this 

assumption. 

Let 4tL. = I (which gives the properties of the 

section). 

for the section shown in fig (3.9) E a At 	as Aw/2 	a 1 and 
the unit moment of is therefore related as 

: l * x5 	: .1 	d E + yt 5, Equ (3.8
2 E, 

where 	M, s LL S 6 E d E 

If a bean has a oaximua strain of E 1 , the moment 

K is proportional to Awd. 

a 	A~~. 4l } 	a Awdw l,... +  
a 2a 

K 	p (a 

	K ) 

3  ~; 
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aIo ro;i ZflCiOfl o era b 	731UCt £'©I t1-) v3ZLoZ 

vu'! 3,o oP It rx ii i wo oY too tcblo :?o. 2.rn. 

&10 i. ( .R) ct'oo th, nc1i!o of a for diffor^nt 

0" E. <bL 4a'.a? 1' 23 00 A cD17 0 	2. 1.5. 6'Ic30 

7c1 co o!' I e$Jor t! it a1 czn-co off' % c^wticrz3. t c 0 

Ct;co;+z.r 3 to tI cc o of tl 	1c boc c h 33 	a f. 

Cs ': ;  Zrt is bo~1 nlottcc An --ml-1 ro (3. Z .) roe' $~ 	k t3 
¶7Q 1I 	off: i v oithor It c 	3h0 fc-- 	by 	o ?so?ci 	'.,;;_~ 
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70000 ZMOTS 31.5 M3.20 ,73 '33.00 
1S 0O 11.21: RO/ OMM a0 <.<2 Ti oC0 
21.00 ll.r4q moms 

~i►~ 

t;70! D C,00 , 25.1C;3 
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of n 3i,o to strain hL~ cnin o: 	i' o ' C $.G thc3r  

C~ ,ff'ob'cn v lw7s of pie 7oL 	C 	Gam'  	nr t o 
In v4 4'o o^ 0 is '?L'I r21 1o' 2 	0.0 to 2..0 

t o Co7ob'S3 tIr.fR'.9L,^~ t~".R".o 0f' ~' 'v~':~a 	.Lt to 
to . a . 	2 ',iuliao dfor I Ccc e t cod Jo tc n co 

Vn Ilao of u o to otr n 1 i 0..., nr; ut i oopoot to P, La o 

tL 

br+~y OL2T I6 15th c z':iu 	i  
.ai~W L~ii 	 o 	j.J! .b j Vr,~ .~ 

d 	 VD,10 	71.13i C;GF3 .£1r `  

0.6 	26.136 	.C3 	?3.5 t a0 to Z= 1'5 
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en once ',10 for ga2&nf; tiro ontcn of 
rodistrilrition r,otb1o, uo till f1rot trlto for unnorstr. in3 qn, ~ 
probi ^'f, c inr)toi° caso of tl fLncd bow:; co 0t 	in L G t~7.' o 1Oc ) 
Zbo opon of tho bet Ic ` }f cn o^ctian L'4ccd t7it1 bo c 
X. soctiono 

'.acu ink; a load factor of 10 ?3, tho c rl!~uz fro bo t2 
int3 r,=on: to ocaal to 1050 ton t tch^o. i'ooR. of bOC 
= 55 ton tnc ioo o 

f-,qu1r1aaw 8 0 35 tns 
o 

l au tn- a a_ no factor 	a 1,18 for I-ooctlon 

An 1-cocoon 12 ° n W c co 1b3/rf tI..th 1 a o C.:•4O lna .111 bo 
adopted. 

This aiioo a total t7oiClit of GOO Ito• ho cc at co11i: J 1oa 
gtvon by siDnlo plastic th:osy for thin coction taood = 2.0 Zoo/ J. 

For ftadin 	F1 - J relation for 12" n T" %-JoctionV 

oq atloec C3.1) c (~.2) ulli bo 'iocd. flofos' iaS to 51,. (3.4) 
In pt'3ont taco, b = 6' 9 t1 m Oo13O7" ; t2 a 0.3", 0 

d a 15P D 	a1 r- lOoC V d2 	r- 3.g. c ~'iJ"- 	. i0auD hg 

L 1ttcato ctrcF i -' 	s, 	w*hJ raztcr Va1.iio of A is oLuc1 to 
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i firot plwtic hinpa aro forod t t th:) cam 

	

e tj tLtoa if to-td io incroaocQ c third hinCo to 	th 

contno. Lot as chock tho c roi1ab10 and ro titrcd cncL of 
.a1aotie rotation vhon tho Qamonto at ondo c P.U0R of tiro 
coowjon ca ? tho co-mont of tho canto = NO . ~ c2c^ 
dicrjtc at this otalo is givon .by Ptr,. (Z.IO)°. 2ho load 
ct thio ota o as Sic7on by otat$co to11963 ono/Oft • 

Vhoor Qt'cO a cononV = %3,DTons il.~c i at C:li: i 

2110 O3 C3Ot d07 010p3 GA zin 10 of dioConttQtty a 4) 

for t1 c,cnt to docrooso 10 7322 on 2 hwo to X3.M 
to ihcloo. U31n3 o1o~o doflcction oruation tb o. o of 
(ioca!tg ty vog1SPod to 

c P ( Octt4 ro3ont IBC t o1 	CAt) 

fvro 3! a n.D 1: 10  

0d. 	.. ..~,..~..e ( ?33.2 - 5'33.13) 
2 

.13 
0. = 10 	rcdtano0 

t7 it1ab10 notation Lo £o nd out by finds 1 DAP 8o 
u ~3 

 

C3 tolt) of coiont diet 	m IS - 13 C Wo of Cho t acq 

Ln i t t rr fom Lablo (35.). 
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n1fli:c" 	^ 	l  
~3I 1,1:p is ill inch": . 	20m) An a{

v- 	rn,i r, Ti ~ 	.~h+ ~t~: 	J~~.• •'~ 

o 313  

001. 8.272 1.307 O.231 1.173 

0.2 020417 001,167 O.20 0.073 

0.3 5C.33 0.6)1 

Aoa 

 ©.c^10 0.373 

C,71) 0.051 0.:L 0.3 

0.3 63.U0 04~7f3 0.217 003Q1 

t.0 1m.02 0.337 0.31 O. 23  

1.3 X34 0.2C 0.011 Q.G70 

CIO r3cc.233 O.O 31 O. 	fl  

20G .2-Alz 0.213 ©X 0.O2.$ 

3.0 G1.053 0. Oo`-'•01 0.03 

3.3 31.fl7i 0.31 0o2z? 0.0 

4110 cil002 Ch01C 4o2.C" 0.001 

oic .c Q12m- +WOL:.o D.o o 

0 c 	2.033 es n 2:t}  

:. i th 	 ion is a 0.65 n 	°S r0tc~ 
c',7nll^'l1 o I-- o l.r 20033 n 10 	r261C.x 3, .►b .c n3 c7CZ. thto 
.-...,,•, 	( 	C  rr t 	of =° "*o .c cat -r-,01-AMC  

)E3 Off' S?t'..SOV°0 	33C 	IC:ucaIccti f3~ ? 3;J n Ot L\2I2 	C2Lv0 

o 1 	;F o of dice-1111-timi It y u11 vory nor .017 tacLowno 
1?'.ctic 7Ao10 F 	tee 	Acco In tho 'pWittio cc t so=. 

iLa z'1 (3.0) boon ©iai 	to o i ,1 F~oi t113 	cc0 c1 eca.1Qb1 
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plc tie rotations at aupiorto vary with roc~acct to ©ar► :z 
() vo conont 	ho eorro on2iflet valuoo or load haa alco boon 
p1otto8. It u111 bo rottcod th t ultt=.,ato oa.tn is Po:vchoO- nt X 
locd LJo m 1©% Tono/cft.9 	roaa oinplo !lciatte thcoi'y Qi~co 
colla soft lord for this boon 0 2.0 tons/o ft o i'hio cot. u 
that i'a11uro viii occur of a load mach loss than tho coDlapo 
boacl Qivoa by oinplo plastic bhco~y if i3a1toro atro-is-ot atn cam 

in trao, Also tho roquirod c :ont rodictrIbition is not poacthlc 
on tic basis of this cumao. 

'o-a tho ortont of coon: roQiotri1v do ± for tho occo 
o9pio viii bo i'orbod by toinQ cots  otroon-otrriin c rvo. 

'icing oquation (3,?) a (S,D) 

I1 0 '31,93 (a1 	1.335) Ton inc1 oo 	'3gn ( 3' 1O ) 

0 a 1.74 ( E 	) n 10-Z radian 	1 W1 ( 3 - " ) 

Join, thorn cquatioro with tbo hole of v - E varro 
vnln^3 of m and .3 aro epic. ntcc for di roroat vauco of e 
T n'~10 3.G) rni Graph U%(.7), 
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13tH; nom o 	mto nothad 
Z a 4 d 	3fl3.01 st 90 

a o 20 :a1 	8 	roquirod at Duaport = (1,%.0 °3 
5.?0) n la 

150.2 $ 10'3 

1J 	~+■ 	i+ ~iQ"A;ry 	s 	` 	ja 

01M0 1!)5 13.3 0. '~. 

0,5 103? 43.0 0.30  

1.0 3/)23 (311n 0.S9 c 1061 

1.6 1001 S4. 3 0.3'3  

2.0 20.1 0.) 20.73 

4.0 033 22.0 0.35 21.65 

0.0 991 1600 0033 16,0 

l.0 82 ic.1 0.31 11.7 

10.0 772 D. C 0.20 9.31 

32.0 720 7.6 0027 7.23 

14.0 632 6.0 0.33 3.75 

10.0 017 3.9 0.23 3.69 

11.0 537 0.6 0.21 0.39 

10.0 6 0.21 0.21 0 

. o 	 + GD 	300.6 	10 3 	al is 

fonco tho c railab10 tatioa i cuch Coro than £oquiro€ 

It vil.1 tnto uono Coro 1oad. 
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Collapse load using actual stress4strain carve 
Also li11iNMMFl+ iMM~1Mirlii+M~HWirM+wMr/rliir!!ii 

Collapse load as given by siripl© plastic th ry 

3105 

x.00 

1.525. 
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I 	in tbo o=oplo Just conoidorod g uo h tro obüod t3at 

vhito roquirod rodiotrib ut .on of i o onto is not posniblo if 
cimplo plastic th oiy is takon to bo trio, teat otill tho A.lticr~to 
load corrooponftn-r to tIttcato otrc in in ant ooction of tho 
Co3bor, baacd on cct v31 otrcoz-otrnin c r,100 1s rch coo 

thcn th it calculator on tho bolo of otcplo plaotic tlavo . 
2hto ©oono ttl3t roo.i?to ;' .von by o#L to p1cf3 2.a thoo 
aro on safor 3tdo. tci roro o1w ontary c3=3 2C1 CO ti) 

£1 i bow of LO 	I '1 of voetaa .LL Qcction~ 

U?) "ct&n.,.,.alaw b^ `: coo o )r ono o  	i'.d 
(ti) 3tn5lo storoy oin-10 by roctan,C31cr ?O1 of 

i•3^otione with eolttao bin.d of rho ba3o ; 

havo boon riortod o.it, and uc-o conclusion havo boon 
drawn. 

It van piog000d now to inwootfoato a a+xltiotoroyoc 
cult4"br,y rnot'tal frc o9, for tho ofont of rofLtctribiatlo of 

co~onv.o 9 bocci o tho failiaro of ouch frc o ac a nochanton 
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o: 	CE'C-0:1-3 t 'ain to  !r0 It t:3 0100 )M P030A 

ti:L: c ach rco sho-ald bo tootod o ort~onta1]. ' to vorlff 
tho ro is 1tr obtainod thco 'at iccily. 
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at 	'',_,! a i'; ? 'jn c=c  of mity tmc 3 tilt roC *mccG at ► ho bin ;O 
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CMAPfl t 

"I~RUNUTATIO " 

4.1. It was proposed to invsstigats by actual.tosting 

as to hay far the collapse load calculated by the simple plastic 
theory is a true rsprsssntation of the actual load that is going 

to cause the collapse of the structure. It will also be invssti-

gated as to how far the concept of plastic hinges and the nod* of 

collapse arrived at thsoratically in chapter II a~t Appendix C are 

exhibited actually in a structure. This chapter covers a detailed 

description of the test portal franes, design of loading device 
and all other equipment used for testing. 

It is obvious that testing a lull size msitistoray.d struc- 
turn is not possible because it involves groat labour and cost. 

It was not even possible to have a model of big size because of 

the resources available at hand. do it was proposed to test a 

miniature model fro s, the size and other dimensions of which are 

shown in fig. 4.1,. rho fracas consists of six stor ys and three 
bays and represents the typo of structures b>dng built now in 

India. Zho height of all the storeys and the span of each bay 

has been kept constant throughout.- Although quite often the 

height of the first dD1y is somewhat more than that of others, 
and the central bay is sCmetinss smaller than the outer ones,, the 
frame adopted here is not outside the usual practice.  The height 
span ratio has been kept as 1 s 1.5 which is very usual. The 



dimensions 4" for height of each story and V for the width of each 

bay have been adopted considering the ease of mounting the test 

frsa• on the loading frame, an vorking on the test frees. fho 

section of all the be s and columns has been kept uniform through- 

out. his is bf course not the usual practice but this and all 

other deviations adopted horn are only aunt to simplify the 

theoretical computations. Fltrthsr the basic idea of testing the 

frame is only to compare the theoretical results with ezperiaent-al 

ones in order to test the validity of computational methods. Once 

their validity is established the behaviour of any other structure 

can be pordi ct ed very easily. 

While caking computations for the distribution of 

in the elastic rang* as well as in plastic rang., finding the mode 

of collapse and the value of collapse load, it is assumed in theory 

that there is a complete rigidity at a junction of beads and eolnans 

To ensure this condition in be laboratory, the test frame has 

been cut as one piece frma the parent mild steel pl'ato of *" thick- 

case. ohs section for all the ambers was chosen to be 313$" wide 

by 3/s" deep,  so that value of the collapse load is seduced to 

facilitate the convenient, application of loads,, Morsovep the 

design of all the loading • quipaent and the siso of the cable are 

also baded on this load. An increase in this load would increase 

their sizes proportionately. 

The model was cut by deans of an Oxy.. Aeetylea fleas 

cutter and brought to final shape first by rang2 	filing and then 

by smooth filing. Measur snts we 	taken at various sections 

on the finished model and the average section -- •- 
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bo trice lator. 

Ror . ncal loat~o rop oontinr; tho oifoct of uir: I end soicQic 
forcoo havo boon applied at tho floor lcvo1 ouch ctoroy,a vith 
thoir disoction coneidinQ frith tho axis of tho born of each floor. 

al the loads aio to act 	itanooncly . L oroovor in plant 
anSlYV ,c ao has boon said in oarlior chapter also , the loaetn 
to takon to be proportional, that Sop the ratio of the rraluoo of 
ail the loads of Orin ota o of 1oc.dtnj to the corrospondin ; 
valuoo at any other sta;o is to be case throa,;hot t or in other 
t7OEda ali the loads are f inction of a Gtn bo parcIot©r. fro 
it has boon achieved by 1 oopin., all the vertical lone oc1n1 
aiv2 all the horricontol lands cc I 0 but the lattor oarsl to h CIf 
the vcl o of each vortical load. he incroaco in loado tiao 
carriodoat in the aroma propo Lot® 

One of f bo important conoidoratione in loading the fczae 

to that the 1 oadu applied ohould be in the piano of the fr•o to 
aatiofy the &pcuiption mado In the theory., To onsuro thin, it 
t as Ib zni2 no c000ry to otat or the load points as shown in the 
Fig. 4.2. txio contro of the tuo j Into of application of the 
concontratedf bade. in diffo ont CtOrOyO worn ataorod by /"' 
fro3 each o hor,, no that a noparato cable co lid be token to the 
load and 

of 
f the corroopondin' l 	forr apply~in, the load. Al- 

thounh tb1tc violatco the onor-al prwctico, that a 	ornly d oc' 
tribztcd ! load should be replaced by tuo quarter pint loads, but 
thto hat! to be cdoptod othoriioo it tics not poociblo in such a 
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1 i V 

(Lv) The loading is in the plans of the frame. 

These devices are shown in the photol'raph3 on pa;.-a X09 

4, 3.  SCR W• LO4 DI3 , D. IC FOL AP?LYLW TIORVONTjL LOA D3  s 

For applyin horizontal loads, screw type loading, deice as 
shown in fib;. 4.4. has been used. In this, loaf applied could be 
m 3asured at all staves of loadin;,  by a proving; ring interposed 
between the screw and the knife ed ,o rod, the dimension. of vario 

parts are shown in the fig. 4.4. For proper loading of the proving 
ring *" diameter balls have been fit :od into the ends of the 
screw and the knife ad a rod. ro al] v for adtistinents, bolt 

holes for the screw arranL,rsoent wore slotted. In order to else 

minatr any possibility of rgtatian of provin,° ring and bsnca 

that of knife ede rod, when the screw is turned, as slot was 

provided in the knife ed:e rod and a aide pin fixed throw h the 

top of the supportin, block to r;aide its movement. The screw 

loading device In position while workin ; has b cn shown in 
photo raph on pa ;e nb 

4.6. flX'D TND 313PO41 3 r M. ; POR `AL 

La theoretical eomzitations in Chanter It, fc,r this frame, 

It was assum3 L that the columns in the ground floor are fixed in 

position as well as in direction. In order to simulate t2s 

similar conditions in the laboratory the arran _?neat shown in fi ;. 
4.3. was adopted, fn) bolt kept th and in its position while 
the square seat when properly wedged did not allow any end rotati 
Photo 	 109 shows the supports in position, 
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4.7. Cs 	:' 	' 	ET 	3 	$ 

tt was foar l that dririn the test the portal may bzak.a in 
a dlr,ction prependieu ar to plane of the portal. due to the thick-
ness of plater beinY; too sri.1.I. In order to cre~tent Lht trans-
verse instability it was necessary to sun art the frame at various 
points in such a way th, tt transverse  movement o f the portal fray e 
wan !nrevonted while free movement in the horrizonta 1 plane was 
s17 owod. Thr this + rose the arrsn. 'Gwent shorn in ft . 4.6. 
has b'en usi. £f, is con+rrmntent with the help of the loirer cast 
iron pad capable of beinf- adjusted! at any suitable heihvt to sup 
the Portal, 1oiel with the to 	of the sup 	it ;yin, aM 	hi up_aer 
ofe prev3fted the instability. Xha balls on wither sid o the 
Aortal permitted freeemoM int in he borrizontal plane. Co 
previint slip lnY of the balls with excessive mover;ent of the 
portal met r3cesses with diaatsr 3I3 ,reater than the 
diameter of he bale were raada on ;he rf.~.cas ...5f' ha ball pads., 
with the moment of the portal, the balls will roll in the recess 
without slipnin down. Uowe7er it is necessary when using these 
Pads that the balls do not =;et pressed into the pads, because in 
that case frce movement of portal will bi presented. his can be 
done by tightonin ; the screws only slightly. he pins in ise 
can be seem in the hotoraph in 	 . 

.R.  



1.4 

4.7. C~,~~..,,~ i .T. P L A" 	;3. IN $ 

It was Toa d that Bunn:; the test the ;aortl may bzrkle in 
a dir3etion prependicular to plane of the portal due to the thick-
nose of plate, being,; too smell. In order to prevent this trans-
verse instability it was necessary to sup ort the fii me at variois 
points in such a way that trrnsverse movement of the portal frame 
was prevented while free movenent in the horrizontal alane was 
a1J oared. For this rear oae the arran. -ez ient shown In fi : •. 4.6. 
hart btn us. t is convenient with the help of thq lower cast 
iron pad capable of both- ad jested at any suitable hoihct to eup•: c 
the portal, 10701 with the top of the sup ort sin,, and tste upper 
one prev3nted the Instability. Xh balls an ji -thar si  o ;' the 
portal permitted free r rnz int in the berrirontaZ plane, o 
r3v,nt sl,iplin ° of the baits with excessive rov ent of the 

portal. frame, r3e93ses with disaster 1/320 treater than The 

diameter of the ball, were rye on :h s irfaojs of the ball pads., 

with the movement of thi portal, the balls will roll in tha recas i 
without slippin down* Uowaver it is necessary when using thane 
pads that the balls do not !;et pressed into the pads * because is 
that case free Movement of portal will be prolen ed. shin can be 
done by tipghtenin ; the screws only sli ;htl7. the Pins in use 
can b seen in the jhoto„raph La tha pzi _,e 	. 

e 

Loads required ° ?' 'c -I.1n ; collaaso or the fraLe :4 -ire too 
ar ;a to ba ap 7.ied directly by toans of dowl, wairrbts. %jar 
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oyntc~,, thoroforo, has boon acoptod, vhicIl eo21d r-a j_rAf7 tho off oct 
of coat locdc. A louor ratio of .10 has boon p 	vtdodo 22O 
nrranyc3ont to ohotwn u rh 	cticallyo on photolla;;o 	122 . 	223 
totoilo of coction aro shy in fib;, 4,7, 

)inoo ono inch dofloction of portcil frz o till caso th3 loco® 
In^ ond of louor to covo by aU inchoc, it uao nn'. practicablo to 
hc• o a ! ni fo cd ;o c ipn►st for th:) fulorun. In that cnoo tho b ;ate 
tc:all stop rotatin aftor tho v' notch (cut in th, bow) ham cc o 
in co tcc4 c ith tho tnifo odro0 A ball boarin:,; of ill into 
tiic otos' hon boon w oc2 for this pura0000 

':ihilo uoin t000r oyotoi it is oonontinl that tho lcvos' 
ratio ci1o1ld rain constant tiurin-; apnitcation of tho lcatio0 
2hts hcn boon onmirod by uoiu tho clo ico at tho load and and 
tho low!3in anti ao 31iOsa in ft. e3. t„ iho 000c ticl fuatus'o of 
MAC dovico is that tho hrncor by coono of tihieh load to to bo 
appgicd, anti tho cablo by ©oano of which load io to bo trnoforod 
to tho fs'c o will both rcatn vortical for all pooition1 of tho 
lo7org an tip lows' ratio vil3. bo aluayc ncno iao. 24 

+Cc nLorbaluncin,; of tho lovor1) hoa boon dono by o tontin; 
tho tos' bozo boyond tho noatra1. point fi, and u nin , •hoaito coctiol 
at 	end, Only partial co itosbaltmcin,, hao boon dono In or1os' 
to to!o cdnontco of calf troib t of tho to 'oao in ro cinj tho 
Mme; of Goad t al ihta roqircd to load tho falluro oti at tho 
ono ti..~o o yin; an ap.or ctablo o otant of atcol rooutscd for COIn-
tos'balancin, 11to co aorbalanoin;; vac hoto'vor co vdjuotod that 
tho initial loado cww3ed by tho loiorc aro cich loos than tho 
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CH PrR V 

5.1. ,P5GRAJHD D J Pas 

he testing, pro ;rams was arran ed in followinY; order : 
1. Lengion test on two tension speciiaeas of steal, separated 

from the same plate from which the fr auos were separated, 
in order to find out the stress strain relationship and 
the low >r yield stres3 from which the plastic moment of 
resistance shall be calculated. 

S. 'Flexural test on two beam specimens of stool, so aerated 
from the same plate from which the frsmas were separated, 

in order to find out the ultt to moment of resistance 
as well as the Pally plastic moment of resistance of the 
section directly, by establishin; banding moment curvature 

relationship. 

3. Caliberation of lovers for applyin .; loads in such a manner 
that the Ioadini, on the frame is always proporti~na1. 

4. Loadin- test on the test frame. 

this chapter covers a brief discription of all these tests, 
and the test res alts recorded by observations. 

5.f:. 2,:N,>IJN i ; 	s 

Cension specimens were separated and finished in the same 
manner as described or the portal free in Chapter 1V. The 



c:1,co iono of tho o ocfccn aro arm' in t"1.;. 5.1. •'bo tc3t crr3 
~)orfomo l on 10 on L=Ior' c UnFi3rct 1 iootin L c chino. aho 
otralri3 t nr3 L13osurcd by Lind1oy' c oa*Zonoaiotor as uo1L a4 oloct-
trical bon: A triro otrain- : ;o3. T uo entrain ;a;oo voro uccc 9 ono 
on oithor oido of tho anicicon for avoryjing tho roadin;. This tray 
Bono in ordor to oliaioato tho offoct of ony eccontricity tuhich ay 

bo duo to oithor any fault in ,ho ca zcinon or any fault in nountin 

tho opocioon on tontin rcachtno. i'ho toot rooulto aro oho rn in 

iabloo P.o. s % -,- s.2 and atrooc otrain rolationwhipo aro plotted 

ac ohoun in graph Po. 5.1. 

Gpaclill I1 10 

i 7Ora "0 t 4th 	1.005' 

1oraco thicknoos c 

.. Avora o aroa of cross ooction 
0 1.005 no log 

.2 cq. inchoc. 

C. u:o Lcn ;th of tin 1loy', c ortoxiooz3otor 

Loact count of Lindlgb otonoziotor 	- inchoo. 

oar'-o .ftca~icno of oloctricol strain a: oo $ , 

b7,)o a anoloy. 

GL Factor c ¶L12. 
fooictanco c 100.0 ohms, 
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0 

250 

S25 

800 

1100 

00 

17350 

140 

23200 

27400 

32500 

0 

3.75 

7.16 

11125 

15.00 

17+4 

1L75 

20.0 

21.25 

22.5 

23.75 

0 

245 

520 

795 

1480 

1254 

10 -Yielding of 
specimen. 

1670 

23160 

27350 

32500 

29.1 	265000 Ultimate stra 
measured over 
8a gage length 
by steel rule. 

T LB 991 5.1. 

Load 	ec r c s 	ey  
rain gage real sorter 	lStress 

.__..I .~.~....._.1 in2Tons/ 
Naze IYGaze 21Readingl8train aX in 

Kean 
slue of i R&R8. 
1~} 

© 12M 25930 	0 

0.75 12630 26170 	10 

1.50 12900 26440 	21 

2.25 13175 26715 	32 

3.00 13500626980 	44 

3.50 13750 27190 	52 

3.75 29220 41980 694 

4.00 32050 	792 

4.25 35540 	928 

4.50 39680 out o f1096 
range 

4.75 out of out of1300 
range ofranae 
measur- of 
ing bridge soasur- 

ing 
bridge 

5.0 	1560 

5.32 

S pecisen 'B' 

Avera.;s width a 1.010" 

Average thickness a 0.198" 
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. . 	Average area of cross section a 0.2 sq. inches. 

Lindley' a sxt+rnsoaetsr and electrical jagss sans as for 
specimen 0 A" 

sin gags read Lindley eXtefliol Stress i I mean 
Loadi. 	tnts 	I 	astir. 	X ?ons/ in 	of 
in.I 	 Straiz1 	

Ivalu* 
strain x lRamarb. 

?onsloag. 1 Gage 21ResdingJ 10 	 j 1p-6 

0 12410 11370 0 0 0 e 

0.75 12660 12120 10 25D 3.75 350 

1.251285012330 18 450 6.25 445 

1.75 13040 22490 25 $25 8.75 625 

2.25 13235 12665 32 aad 11.25 805 

3.75 13580 12830 40 1000 13.75 960 

3.00 13630 1290 45 1125 15.00 112 

325 23620 2305D 48 1200 16.25 1190 

3.50 13690 13140 52 1300 17.50 12 

3.75 29280 29790 690 17230 18.75 17000 Yielding 
starts. 

4.00 32120 31530 780 19500 20.00 19680 

4.25 35500 35020 920 23000 21.25 23140 

4.50 39740 391.30 1080 27000 22.5 37150 

4.73 Out of range of3260 31500 23.75 31500 
assuring bride 

*.00 go. 1500 37500 25.00 37500 
Ultimate it 

5.50 29.0 26900 in measured 
Armp A" U 
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Corresponding value of lip 	s 300 inch lbs. 
Ultimate moment of resistance 
of section a 440 in. lbs. 

bd2  (frog graph) a PU . 
440 x 4 where Ph 	is ultimate stress and * --r--------- 

bd2  x2240 

a 32.7 ?ons per square inch. 

IBsndtng 	I Defl.cttoiat the Centre 
Bach 	I lso.ent in inches. 

Load at the Remark s 
in Lbs.&entre in i Pint I i.iond Average 

0 0 0 0 0 
5 20 .0232 .0235 .02335 

20 40 .046 .049 .04475 
20 80 .0970 .0950 .0960 
25 100 0.121 .119 .120 
30 120 .145 .143 .144 
35 140 .165 .164 .1645 
40 160 .198 .194 .196 
45 130 .21 .215 .218 
50 200 .24* .238 .243 	X Yielding starts 
55 320 .277 .268 X 
60 240 .315 .295 .305 
66 260 .343 .321 .332 
70 290 .369 .351 .360 
75 300 .425 .407 .416 
80 320 *470 .437 .464 
85 340 .491 .496 
90 310 . .818 .518 
95 380 .532 .832 

100 400 .614 .614 
205 420 .799 .799 
110 440 1.06* 1.068 	Ultimate collapse. 

to 

these 

those toni e! 

values of 

out by tha 

FL end U 
tension teat 

are little toghigh as compared 
. 	ohs values as founii out 
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by. tansils test has however been adopted in the coaputalions 1r 

the frame. 

The values of elastic unit moment and hilly plastic a a 
of resistance of the section calculated on the basis of FI,  aW 
P'u adopted from the tensile test are 169 in lbs and 253.5 in lbs 

raep.ctivaly and are also shown on the paph Mo. 6.2, 

5«4. CALIBIRATtON OF LEY$1 S 

Caliberation of lovers was necessary because of variety 
of reasons, Firstly different cables connecting the load end of 
respective levers to the corresponding two point loading devices, 

are passing round different sets as veil as different imaber of 

pulleys. This would vary the efficiency of different levers. 

Secondly there could be error in the levsrage due to faulty work. 

aanship. Finally the section of all the levers was not uniform *ie 

to faulty workmanship and also the levers were not exactly counter- 
balanced in order to take the advantage of self weight of levers 
in reducing the amount of weights required at the loading end• For 
a,l these reasons it was therefore necessary to caliborate each 

lever, For this purpose a special apparatus was designed and 

fabricated. The apparatus has already been described in Chapter V. 

The caliberation apparatus was mounted on the table as 
shown On photOpa, o 12 5 • A cable was 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 intern to the load ends 
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of the levers. The caliberation apparatus was shifted .verytiae 
by an ancunt equal to the distance between the final positions of 

the cables, while caltberati nag the different levers. After havtxn 
Bonn cted the apparatus to the lever, the lover was released and 
initial reading on the proving ring recorded. The loading and of 

the lover was loaded with weights of 1 The •ach and corresponding 
readings reeorded.lhe lover was unloaded and reloaded number of 
times and mean readings of proving ring ways recorded to plot the 
graph. Similarly graphs between the load at the hanger and the 
proving ring reading which is the load trans fared to the loading 

points were plotted for all the livers. As a specimen calibera-
tion curve for the lever no. 1 is shown in the graph no. 9.3. other 

curves are similar and hence not included here. 

Nov since there are amber of loads to be applied,, 

simultaneously, and increment in each load has to be uniform, it 

was decided to so adjust the weight of different hangers that ini-

tial load applied at the loading, points due to the self weight of 

levers only„ is uniform throughout. Ptrther different sets of 

loads were cast so that by placing that on respective Severs,, 

same load is transtsred to the loading points throughout#  for 

example it was found out that a load of 1 lb. at the hanger in case 

of first lever, caused a load of 12.6 lbs. at each loading point, 

while it was only 14 ass. at lever no. 2 which when placed at the 

hanger would cause the same load e.g. 12.6 lbs. at each loading 

point similarly it was calculated for all the levers. this 

arrangement greatly facilitated the difficulty of getting propor-

tional loading throughout. 
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♦ LOAD IN THE HANGER 
IN POUNDS 

j 
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TABLENo. 5.4. 

Loads in lbs. Deflect 	
n aches} 

CA H rst 	Seeond JThirdlThiirthiFtftb ISthiJ 
•ach horrizonftloor I floor Ifloorifloob Ifloor Ifloor I Remarks 
Ve ttcalJtai loadIl.val Ilevei 
lea  

I1etelIlevel Ilevoi evel I 

0 0 0 0 0 0 
•aim 

0 
Air 

0 

48.0 24.0 .009 .025 'O39 049 CO666 .072 

54.3 27.18 .012 .030 .046 .055 .063 .079 

60.6 30.3 .014 .035 .059 .062 .072 .0*6 

66.9 33.45 .015 ..039 .062 .072 .082 .0Si7 

73.2 26.6 .017 .043 .068 .0'8 ► .091 .310 

86.8 42.9 .019 .049 .074 .096 .109 .126 

98.4 49.2 .022 .055 .085 .112 AN .141 
111.0 55.5 .025 .062 .301 .128 .149 .163 	! I SLD IW G 

123.6 61.5 .112 .144 .167 3.189 

136.2 $8.1 4141 ,162 .196 .221 

148.8 74.4 .214 .256 .299. .319 

161.4 80.7 .286 .310 .353 .371 

174.0 87.0 .388 .402 .418 .452 

186.6 03.3 .478 .544 .564 .651 

199.2 99.6 .691 .741 .812 .896 
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5., 5. 2 	13 0i 2H pRA 

The test frame has already been described in Chapter IV. 

Before mountina the test frame on the testing table, all the load• 

ing bridges were inserted on the frame end. their other and was now 
welded. The !'tans was mounted on the testinS table as shown on 

phatoPar:e oq . It was care1.iUy levelled by means of a 
spirit isv. by adjusting the c.i. pads on m.s. piny. Although 
while fabricating various components it was taken care that all 
the pulley.: are at proper het ht so thst cable is in the plane 

of the frame, Yet it was a sin checked by means of a love) and 
$li;ht packin s inserted where ever found necessary. Supports 
with steel balls at either side of the frame Were now introduced 
at each joint in order to simulate, the existence of basins in a 
structure and this e1imintin the dan er of buckollln of frame 
In a transverse plane. 

After having fiZ d up the frame the dial 1;ages on .magnetic 
bases were placed against each floor level as shown on pbotopago 
and their initial 2OSdi~gaa recorded, The korrtzontal loads were 
introduced by means of aor loadingdevice o.a shown in the 
photopa,, u . 'h+e vertical loads were then applied by Insert- 

the hooks in the to Mint loadin„ device. First r©adin,3 was 
taken correspondjn5 to each i vertical load ual to 43 lbsr while 
each horri,ontai land equal to 24 lbs, this being due to the self 

w0ght of lovers only. $Ubddenent increments to loads were ;;Ivan 
and deflections recorded 	shown in table no, 5.4. and 8.5. for 
the two frames. 
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b.5. 43RD©F INB FRAME _ 

The test frame has already been described in Chapter IV, 
Before scanting the test frame on the testing table t  all the load-
ing bridges were inserted on the femme and. their other end was now 
welded. The frame was mounted on the tasting table as shown on 
photopags 'Oc . It was car.Ailly levelled by means of a 
spirit levy, by adjusting the c.i. pads on n.s. pins. Aitheugh 

while fabricating various components it was taken care that all 

the pulley.s are at proper height so that Cable is in the plane 
of the fraue f  yet it was again clibeked by means of a lovok and 
slight packings inser%od where ever found necessary. supports 

with steel balls at either side of the frame Were now introduced 

at each joint in order to siainlate. the existence of beams in a 

structure and tries eliminating the danger of buckpliing of frame 
in a traasvers• plane. 

After haw $ fixed up the frame whe dial gages on magnetic 
bases were placed against each floor level as shown on phetopage 

and their initial readings recorded. The borrizontal loads wore 

introduced by means of sorer loading device as shorn in the 
photopag• 	ill . 	The vertical loads were then applied by insert- 
ing 	the .kooks in the two point loading device. First reading was 
taken corresponding to each vertical load o+anal to 48 lbs. while 

each horrisontal load equal to 24 lbs*  this being due to the self 
weight of lovers only. Subsequent increments to loads were given 

and deflections recorded as shown in table no. 5.4. and 5.5. for 
the two trans. 
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TAHLE  No. b.4. 

Loads In lbs. D.flseti n eE 
t~  inches)  

iACH rst  6econd tUR YourthlPtfth 1ixth X 
oach Iborrizonitloor I floor I loorIfloolp Ifloor Ifloor  Reserks 
Vertiealltal loadIlevsl Ilevel IlevelIlevel Morel oval 
1 ._..m_......Y  _1.. ,..~ _.. _.... 

0 0 0• .0 0 0 0 0 

48.0 24.0 .009 .025 ;039 .048 : 	6 . 	.072 
54.3 27.15 .018 .030 .046 .055 .063 .079 

60.6 30.3 .014 .035 .054 .062 .072 .086 
66.9 33.45 .015 .039 .061 .072 .082 .09? 

73.2 86.6 .017 043 .068 .063 .094 .110 
85.8 42.9 .029 .049 .074 .096 .109 .126 

98.4 49.2 .022 .055 .085 .132 .126 .141 

111.0 55.5 .025 .062 .101 .128 .14R .163 	YI1LDING 
123.6 61.8 .212 .144 .267 fl  89 
186.2 66.1 1141 .162 .198 .221 

148.8 74.4 .214 .256 .299. .319 
161.4 60.7 .285 .310 .353 .371 
174.0 87.0 .388 .402 .418 .452 
186.6 93.2 .478 .544 .584 .651 

199.2 99.6 .691 .741 .812 .696 



TABL8 $0. 5.5, 

Loads in lbs. 

Raach 	tack 
verticaljhorriz- 
load 	lontal 

'  Deflection at  fin inches) 

First Second Third 1%r lei fth Sixth 	Rimarks (floor Ifloor 	Ifloor 	floor 	Ifloor Xfloorl 
llevel 	level 	I eyel 	level 	Ilevel IlevelJ 

Ii- 	 ~r L_.___  wi~ i ~ l~~nri 

0 0 0 
M 

0 0 
~~i  

0 0 0 
48.0 34.0 .006 .014 .03 .060 .049 .05 

60.6 30.3 .006 .022 .028 .049 .066 .061 

85.6 42.9 .018 .034 .053 .068 .080 .086 

123.6 61.8 .02? .061 .078 .112 .116 .126 

148.8 74.4 •034 .068 .111 •132 .152 .151 
1.74.0 87.00 .039 .063 .126 .142 .170 .178 
199.9 99.6 .061 .238 .179 .216 .249 .255 Yielding 

starts. 

237.0 118.5 ON .289 .316 .379 .390 .469 

274.6 337.4 .136 .941 .446 .468 .518 .582 

300.0 150.0 .173 .273 .492 .531 .805 .615 
325.2 162.6 .297 .334 .692 .769 .932 .946 

350.4 175.3 .311 .346 .796 , .895 1.006 1.01 
375.6 187.8 .353 .366 .878 .976 1.022 1.033 

Graphs 5.4 to 5.9 were plotted between load parameter and 

the corresponding deflections at different floor levels. Graphs 

for one particular floor level for both the frames are shown on the 

some graph. On the graph are also shorn straight lines showing 
corresponding defections, had the frame behaved elastically through- 

out. Coaparisdn between these strainght lines and actual observed 
deflection present a vivid picture of -Y-- 	--- 	------ 
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hen► the behaviour of frs•e changes as loading increases from 
elastic range to slasto-plastic and finally plastic range. 

5.6.TssrR!57L1S: 

With the help of km value of yield stress of stool frog 
tsnsili stress•stra~!n curve (Graph 5.1) and the properties of 
section of the trai., and with the help of graphs 5.4. to 5.9 

plotted after actual testing, fallaring results can be arrived at :- 

S. so.. 	 I 	Frasel 	I 	Fmo 2 

1. Mo i.e. elastic moment of resistance 
of the section when stress in sstrr 170 in lbs. 	2" In. lbs. as fibli has just reached yield stress 

2. K i.e. fhlly plastic moment of 
rbisistano s of the section 	255 in lbs 	4i4 in lbs. 

bd2 

3. Load at which the stress in the most 
highly stressed fibre at any section 50 ibs. 	97 lbs. first reaches yield stress 

2.6499 
4. Load corresponding to 3 if ultimate 

stress is taken instead of yield 	gS lbs. 	151 lbs. 
29.1 

stress a We z 	aWe~ 

5, collapse load W` according to 	
ltu. 	256 lbs. 

idealised plastic theory 

6. Actual observed ultimate load 	200 lbs. 	375 lbs,° 
i.e. WU 
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7. Licit load from the graphs i.s. 
upto where the deflections are 	 i?4.0 1Ds. proportional to load parameter i..WL 111.0 lbs. 

8. Taking a safety factor of 1.2 on 
limit load 9, working load i.e. 

W s 	 92.5 lbs. 	145.0 Lbs. 
1.2 

9. Working load vV, taking a safety 

factor of 1.2 on We 	 50.0 lbs. 	81.0 lbs. 

10.  Ditinat• load/ We 3.33 3.86 

11.  WO/Mss  2.16 2+48 

1!. 1+ /Me 1.265 1.466 

33. W /MV 3.10 2.565  

14. W/M's 2.63 2.63 

18. We  /wee 1.? 1.7 

1s. we /h'v 1.71 1.765 

17.  iry  /Wes 1.85 1.79 

18.  Value of stress TL' tj substituted for 
TL in the expression of collapse load 

i.o. We 	= 	_ * FL 	bd 1  23.7 Tons/in2  27.5 Tons/in 

will give the ultimate collapse load 
as found out expetisentally 

19.  Strain corresponding to FL+ ftCS the 
stress strain curve. 3.25 % 6.4% 

Figure 5.4 and photographs on pazes6 ' s t and 52 show 

the final shape of the frame after testing. Sines part of strains are 
regained back on unloadingg  deflected shape in the photographs does 

18 

a 



not represent the actual shape when fully loaded but idea can be 

obtained from it about the plastic deformations in the flame. 

Pig. 8.4. is however not according to scale. this Is in order to 

shoe more distinctly the typo of failure. 

14:j 
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Ci APr3R VI 

" DISCtrt3 3ZON 0? 1? R! 3tTLt3 AND CONCL IONS " 

6.1. The Frames durin,; the test behaved in a fashion very 

much similar to the one expected according to elastic and plastic 

theories in their respective rarice, until the collapse occured 

by the formation of plastichinxes at various section, rendering 

the trase into a sort of mechanism. Zhe final shape of the frames 

is shown on phctopa yes I s',1 s s. Although the first frame which was 

thinner than the second bcickUed before the loads were removed 

becactse of the displacement of the supporting devices vhiehvtre 

providing transverse stability to the frame, but its behaviour was 

almost identical to tho frate no. 2. the position of varies 

plastic hin.fes on the frime no. 2 are shown in this photo,.;raph on 
+ P554 

pa a 152. . M© observations made on the test framas'  and a brief 

discussion an these observ; bons Is 41von in following pariraphs. 

6.2. The behaviour of the frames was almost in accordance 
Elastic 

vithttheory durin-; elastic range of loading. In :;rapbs no. 5.4 

to 5.9#  the observed deflections at different floor levels have 

been plotted a ainst load parameter i.e. value of each vertical 

load. Deflections as calculated by elastic theory (Appendix A), 

for a frame bahavin:'► elastic theroughout have also been plotted 

as a straifaht 11n3s on the same graphs. The two -,raphs show a 

very clear picture of the behaviour of the frame during both the 

elastic ss well as plastic ran e. .the observed deflections differ 

from the calculated ones only by an amount vithin t 30% which 



shows reasonable accuracy-•that can be expected from experiaental. 

results. 

= It is also observed from the graphs that deflections earl 

linearly not only upto the elastic limit load i.e. when stress 

in any fibre in the frame has just reached the yield stress, it 

also to: _ion* extent beyond It. This may be interpreted as that 

In a highly redundant structure like a aultistoreyed bu.tldin~, 

the formation of first few hinges do not affect elastic behaviour 

of the structure to any appreciable extent except that the bending 

moment at the sections where plastic hinges have fonned$ now increa-

ses only at a such smaller rate and does not berme altogether 

constant. This happens because of strain hardening at those sections 

this it is seen that the deflections immediately after the elastic 

halt has reached, do not increase as rapidly as s it is usuallys 4I- 

bat it is only when quite a few sections are in elasto-plastic 

state that the deflections start iutreasing very rapidly till they 

become enoraocts (in present case it was about 1 Inch at top storey 

which is 224" from base) tob taken as a failure of the structure. 

This can be clearly seen from the graphs. ;4 b S. t 

Observations made on the deflected shape of the frame 

when it was loaded to collapse, revealed that the failure occured 

due to the formation of a mechanism very such similar to the 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 fall hinges while 

others only semi hinges. This is also true because in theory we 
is not actually true. the 
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only marked deviation vas that of the presence of local failures 
in the fora of besms4at fourth floor level in addition to th, one 
found o tt to ba most critical by theoe*bioral analysis, fhe reason 
may be due to the fact that since the failure of frame has been 

only due to partial collapse, the frame after having become mechanism 
according to tho ono fouad. to be most critical,, was undergoing^ the 

stae of strain bardonin, and during this stage more loads ver3 
apAlifd, so the soctioz s where the bendin; went Was previously 
very near to the fully plastic moment of resistances  nov bacaae 
plastic this fbrming a local mechanism. .his is also obvious as 

the load finally applied to the frame was as such as 1.5 times 
that of thsoret tcl collapse load as calclated by the sL .pte 
plastic theory. 

I'he study of test results riven on pae 141 show that the 
actual ultizate load may be as such as 1.E5 to 1.5 times the cal 
ted COMM load by the idealised plastic theory. 9his can be 
explained by the fact that in plastic theory bhe effect of strain 
hardeninL is not taken into account while in actual structure it 
will always increase the load carryinV, capacity of the structure. 
rhos it Is seen that instead of takin. value of Fy in Mp * Fy bd2  

as lover yield stress of material in tensile test, if some hi.: her 
value is adopted (which in these two cases is found to be corresr-

pondinsx to 3.25 end 6.40 % strain) the ultimate load may be more 
correctly predicted. It is also observed that the vorkin; load 

as found with the help of tests may be as each as 1.5times the load 

that can be allowed for according to elastic theory, thus L rent 
in amount of steel can be expected if we base our 

1J0 



actual ultimate load carrying capacity of the frame. 

6.3. From the above discussion and the final results it 
was concluded that $ 

1. 	A sultistoreyed structure behaves elastically upto stage 
where elastic limit is reached at any section, after that 
it will behave in seniplastic state and the deflections 
do not differ appreciably from those calculated by the 
elastic theory until quite a few number of sosiplastic 
hinges have developed and finally it will fall in a 
fashion very such similar to the one expected in accordance 

with staple plastic theory. 
3. 	The concept of formation of plastic hinges and failure 

due to the fbraation of mechanism at ultimate load is 
quite true in cue of cult ist oreyed strictures. 

3. The use of staple plastic theory basedon Baker's idealised 

stress-strain curve is very safe, the actual ultimate 
I•zsI 

load nay be as such asL1.6 times that of the collapse 
load calculated by simple plastic theory. 

4. The required rotation at various hinges in order to have 

complete redistribution of moments till the load is such 

beyond the value Calculated by simple plastic theory 

will be available in most of the cases in practice. 



ANALYSIS OF THE FRAME BY SLOPE DEFLECTION EQUATIONS. 

the frame is shown in the fig. Al.). Various joints have 
been numbered from 1 to 28. 

Fi.MingHoments 

2x42 	5x12 
;°1-14 	= 	W + __.... x W 

62 	62 

22 x4 	52 x 1 x W + 
6 

=1.0278W lbs in 

(anticlockwise, i.e.-) 

1.1389 W lbs . in 
(clockwise i.e. +) 

j$F 	a 
14-21 	F21-28 

H 
F7-14 1.0278 W lbs in (anticlockwise i.e. -) 

KF21-14 - KF28-21 

MF6-13 = MF13-6 

20-27 

HF6-12 

 

=N1 
12-19 

~ H F 14-7 

13-20 

H -M 

= MF19-28 

1.1389 W lbs in. 
(clockwise i.e. +) 

= IL 
20-13 

= Zero 

=- W x?-s x 3052 	+ W x 3.5 x 2-Jam---_ 
62 	62 

= 1.4583 W (anticlockwise i.e. - ) 

H 
F12-5 

~ K 
F12-19 	19-26 

	
F5-12 

= 1.4583 W Clockwise i.e. 
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oa 

1
iOc 17  

= 1,1399 
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2,ç) 	 t3OU23 

Toro 

030 	23 	t ,1 
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:: ritin ' tho cQ opo 1o1 oc,io cr,uation i for' c^ch o o 
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Joint 2M2= 0 

i.e. M2.1+ M2-9+ M2-3= 0 

2EK (302 - 4_ A + 3 02 + 1.5 .83 - 4,!i A 2 + 202 + gg ):: 0 

i.v. 8 92 + 1.5 43 + 09 - L.1252 1 - 1.125A2 = 0 	- 1 

Similarly equating I M = o at all other joints: 

1.592 + 893 + 1.594 + 010 - 1.125Q2- 1.1253 - ]118W = 0 (2) 

1.503+804+ 1.505+Oil 1.3.25 ,& 3- 1.125Q4=o (3) 

1.694+ 895 + 1.506 - 012 - 1.125 1.125 A 5 = 14583W..o (4 ) 

1.585 + 896+ 1.6Q'7+ ii13 - 1.125 A 5 - 1.125 A g 	= o (5)  

1.506+ 507 + 014 - 1.125D 6 - 1.Q2 78W 	o (6)  
02+ to 0g+ 1.5010+ 016 - 1.125A1 - 1.1254 2 = o (7)  

93+ 10 010+ 1.599+ 1.5011+ 017 - 1.12522 - 1.125 ,63 - 

2 
94 + 1.5010 + 10911 + 1.5012 + 018 - 1.125,&3 - 1.125 64 = o (9)  

85 + 1.5Q 	+ 109 + 1.5813 + 619 - 1.12514 - 1.125b5 = o (10)  
46+ 1.5932+ 10013+ 1.5914+ 920 - 1.125 A5 - 1.125 Q6= 0 (11)  
97+1.5013+7014+021-1.12546+11=0 (12)  
09 + 10816 + 1.5917 + Q23 - 1.125 p l - 1.125 	2 = a (13)  
010+ 1.5616+ 10017+ 1.5018+ 82,E - 1.125 b,2 - 1.125A3 -  

•~ ~o (14)  

Gil + 1.591 + 10918 + 1.5019 + 426 - 1.125 Q3 - 1.125 A4 = o (15)  
oil + 1.501 + 10919 + 1.5020 + 026 - 1.125 A4 - 1.125 	5 = 0 (16)  

913 + 1.5019 + 10920 + 1.5921 + 927 - 1.1251'5 - 1.125 	6 = o (17)  

014 + 1.6020 + 7 21 + Q28 - 1.125A6+ .I11W = o (18)  
016 + 8923 + 1.5 024 - 1.].25t3. •- 1.125 	22 0 (19)  
9174 1.5923+ 8924 + 1.5025 - 1.125 Q 2 - 1.125 IN 3 + 1.0 	o (20 ) 
X1.8 ♦ 1.5024 + 8025 + 1.5926 - 1.125 d 3 - 1.125 6 4 = o (21) 
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;61 

9 + 1.5925 + 8@26 + 1.5927 : 1.12544 	- 1.12545+ r 563  W=0 (22 

020 + 1.5926 + 8927 + 1.5928 - 1.12545 - 1.125A6 z 0 	(23) 

021 + 1.5927 + 5 g = 1.125 4 5 + 1.  I389-W -- a 0 	(24) 
2B1 

`Equations for side sway s- 
Shaar 
For the 6th storey, we have 

(M7-6 + M6-1 + M14-13+ X13-14+ K21020 + M20-21♦ H28-27 + X27-28) 

+2W *0 

i.•.  366 +397  - ~' ~N + 39 	+3914- - L p = +3820+ X21  
gL
A 

	6L=M + 3 2W = 0 

i. s. 96 + '97 + 913 " 14 ♦ 92) + 1921 	+ 028 - 2 L 6 + .4444W 
5K 

Similarly for other storeys s 	 0 	(25) 

05 +% 

 

+ 012 +813 *019 + 820 +026 +927- 2 5.*i " ~ # 

	

0 	(26) 

94+@5 +011 4012 + 	25,6 +0 	+ 	-2&4+2RK40 =0 (27) 18 1,9  

93 +94 +9 	X11+ e17 ♦ "18 + %4 +025- 2 ""3 -W- a 0 (28) 

2.2222W 
02 + 83 +99  ♦ 4)10+ 016 + 017 + 623 	- 2 A L. ♦ -- 	* 0 (29) 

2.6667 W 02 +99 + 916 + g 23-F f 2L~ i + ----2►-gam--- * 0 	(30) 



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 relaxation tables are given on pages ' 163 and 
164 

The final values of rotations and deflections in terms of a 

constant multiplier 	i.e. g p - are 

02 	= .599'4 99 = .4672 016 _ .4533 923 _ .6601 

03 	a .7461 010 = .4378 917 _ .4807 9► a .4319 

04 	N .38836 9~ _ .37 28 z .33652 025 x .5374 

65 = .5453 On = .2217 ii19 *2832 0 a .11204 

06 	_ .1043 012 .1763 020 a .1298 A27 a28643 

07 	_ .3308 014 = •► .0028 021 .09312 928 = - .1764 

_ 2.4+344 d x. = 3.2489 t:,32•75084  

44 = 2.0615 	As = 1.37404 Q6 a .69298 

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 .Lt... 

Final bending moment diagram after taking into account the 

sagging moments in various loaded beam members, is shown on page. 9 G 
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Linear displacement factor Vik is given by 

3 	Ltk 
Vik : ..,- 	...W....W,. 

2 	1 Kik 

Where I 1 ik = suer of the I valuas of the coluaM 

of particular storey. 

Considering first *tors y says 

Linear displacement factor for first column 

2 41 

Sine all the cols are of same stiffness through- 

out and there are 4 columns in each storey, the linear 

displacement factor for all the columns is • } . 
3 

Cheeks• 	j Y ik for any storey n -4x 4 a - ..- 
B 

he values of linear displacement factors are shown on the 

left of each column in the centre of each storey. 

Iteration work was carri+d►ut as explained in 

Chapter I. The last three cycles of operation are shown 

on the table B. 1. 

From the equation Mik a Mik + 2 M' 1k + )i' ki+ M" l 

(refer page *17 ). Mik can be calculated for all the members. 
?hii r,An be done in a such simt ler gay in the tabular form 

M 
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The first stop is to decide upon the correct 

number of independent aschanisas. Fbr this purpose it is 
noted that the number of bending comments a which is required 

to spedify the bending moment distribution throughout the 

frame a 200. Since the bending moment must vary linearly 

between those sections numbered from I to 1(0 in fig C.1. 

The zsabor of redundancies (n) for this frame z 54. 
Therefore the number of independent equations of equilibrium, 

and therefore,, the number of independent mechanisms, 

is (n-r) a 104-54 
a 46 

These 46 independent mechanisms can be readily identified as 

consisting of 
c•1 

(i) 18 Bess mechanisms as shown in figs (2 (a to f) 

(ii) 6 sidesway mechanism as shown in figs C.3(a to f) 

(fit) 	22 Joint rotations 
(At the joints where more than two members are 

meeting). 

The work equations for bean type mechanisms an 

as given below. It may be noted that there are actually on)y 

6 different work equations for 18 beam type mechanism because 

of the siailartly between various mechanisms. 

172 
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7 
• Mp(q♦q+? 1  +.~~a) W (2.:0+2.has—'Q) 

g 	5 	6 

24 	30 

6 	6 

.'. w a 0.8)Ip. 

Mechanise III :- 

(a) When tko hinges are at the ends vhile third hinge' 

is under the left hand load (Pig. C,,2e) 

a 
Mp(41+#+.--+ ~.) zw(a 2x-) 

5 5 	6 
12 	7 

1.1. 	mpg  
S 	6 

;. t~ 	1.71 Hp. 

(b) When two hinges are at the ends while third hinge 

is under the right hand load (Pig.C.2f) 

Kp(a#a+2,9+20) *W (O+2x240) 

1.e. 6 Hp0 a 5 wQ 

.. W a1.2Mp. 

fhe work equations for sidesysy aechanisas aret- 

Mechanism IT s When on Y the 6th storey sways (Fig. C.3a) 

!gypa 	2Wa 
.: W w2NP. 
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displacements and hinge rotations of these two aochanisas 

would be pointless f for they have no con hinge whose 

rotation would be cancelled by the addition and thus reduce. 	d 

the work absorbed in the plastic hinges in the combinsd 
mechanism. the mechanise resulting fros this simple addition 

is shown 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 col 	) at all the joints on the 

first floor level. By rotating all the joints clockwise 

through an angle 4 9 these two hinges in the exterior* 

columns can be replaced by a single hinge in the beasts. 
(Fig. C.4 b) forever in sentral two joints two hinges 

in the columns are replaced only by two corresponding 

hinges in the beans ~, so no cancellation has occured 
or no reduction in the work absorbed in those plastic 

hinges, as the lip for ELIthe sections is same. In mt-

shell there has been reduction of only two hinges by the 

combination of mechanisms no VIII and IX. so we will 
investigate this combination, if the collapse load 

decrease$ or increases.. 

Now work equation for mechanism No. U is 

8 KpQ a l2 wii 
A Nov work equation for mechanise No. IX is 

RNO = 10WA 
•% Combined mechanism No. I (Fig. C.4 b) 

16 Mp 	- 2 Mpb z 22 wv 
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Cibottt13.tin; tbo va1uo of t1jfo r .~gc 1ar ocottc 
tho coUa o loan G'e con bo ca cu1at3')o This vc]. o of 
collapoo lcctl as obtainc abo7 a is ontr La t pPo2 to'42 to tho 
collap3o 1oLd vuluo, to oho?J thct tbio to tho co~.ta3 voluot 

it 10 nocc3oaay to emu a otaticalUj atiootb10 	in 

oozont QSa 	th  C: it Cio fro vtt at violating th 

viol t conIitior iso„ bonAing 	ocO rat oacod tho 

voltao of tip at any o action. 3i.00 t o failza'o to of a 
partial coUapoo in this p ,blc~, it in riot oo o3Or to 
dr ,r tho bonding ronont diotriit tiono Foe this uo havo 
to t000rt to plastic cioaont rlic Vx do t c ctvon in 
opjondii De Plat is roaont diatvtbz tic n , flzoo th3 lcror 
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• APP VDU D 

PLASTIC ANALYSIS OF HZ FRAM BY PLASTIC $UMBRP DISrRIBUrIO* 

First stop is to writs down equilibrium equations for all 
the independent mechanisms which are 46 in nuxber. As already stet 
in Chapter II the joint rotations are meaningless In th mselvas so 
they have been left over. Other equations are ; 

6guilibriva gnations s- 
1. 	For Beans a. 

If  M1 and X42 represent the nonents under the left and right 
hand loads respectively, the bean equations are a- 

- ML  + 1.5 M1  + 051k 	= R.5 W 

i.e. 	-► 2 ML 	+ 3 Ml + 	MR x SW Top storey Ci) 

and 	- 14 L 	♦ 6 	NM 	+ 	MRR = 7 W " 	" (ii)  

: N7- II 

+ 12 Nl 	+ 5 Ids : 30W 4th storey (iii)  

and - tL + -!142 	+ 	--RR a ,.jiw 
l.e. s 5 ML 

	

+ 12 M3 	+ 7 MR : 30 W 4th storey (iv)  

- MLL + 4.1411 + 
+ 6 Nl 	+ MR 7W 2nd storey Cv) 

*M - ML +  3 Ml 	+ 3  MR .5W 2nd storey (Ti) 
II. 	!br Panels S. 

- M16 - M17 .}138  "M39-N63-M63'M8l 82 '' 	2 W 



0 

= ' xy~-xt444a-'(3rx 	za4t7irM7g 	= 4 W 

- Xlo-Nll-K3•X31•x54-M5rM7r- M 	* 6 W 

-M?-Mrx ,-x27-fp-K51- N'7g-K7 	.a8W 

• M4-0MS-*2V N23 •I ,• 7-M89"M470 =10W 

aWl • W2- W38" M .. K42 - $4a'  

Nov a table is made as shown on page 	and 	a sot of bending 
moments is ainserted at various sections in accordance vith equili- 

brium equations written above. For example in top storey Ml and M2 

are kept zero so that K2  a - 2 W and  Kp *1W  .  'or 

convenience .)t is kept as unity. 	4iailarly in 4th storey ML 	. .2.5W 
KR 

 

-2.5W  while M1 a) 	a 0 and in 2nd storey ML a -1 

a +2 while 1t& 	l4 	0 . In stanchions the moments 
were distributed equally in top and bottast sections in any particular 

panel e.g. in top panel the value is - ~- ' •25 and 

similarly - .5 , -.75 f -1.00 , -1.25 and =2.5 in successive 
store. 

ll xt step Is to make a table for carry-over factors, so 
that any char, affected in bending scent at a section is acco-

apanied by corresponding other changes so as to not to disturb 

the equilibrium equations. For stanchions it is obvious from the 

above equations that the sum of all the changes in a panel most 
be zero. For beams the table is given below :- 

187 
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TABLE 	O. D.1. • 

Left hand Moment and I Moment under Right hand 
Operation 	end aonent I er the left Iths right hanfnd s►aaent 

1.e.My ad .e. x load i.e. t.C. M 

a.  Top Storey 	1 2/3 3/6 0 
b.  Top Storey 	1 0 0 4 
c.  Top Storey 	0 -4/6 -I/3 1 

d.  Fourth Storey 	1 7/12 W12 0 
a. Fourth Storey 	1 0 0 -1 
f. Fourth Storey 0 -7/12 -5/32 1 

g. 2nd Storey 	1 4/6 3/3 	0 
h. 2nd Storey 	1 0 0 	•9 

1. 2nd Storey 	0 -2/3 .1/6 	1 

Balancing of joints for rotational equilibrium can be carried 

out in any manner so long as equilibtiuo is maintained. Here ib,this 

problem the work has been greatly facilitated by the knovl.edge of 
position of hinges, and the distribution has been performed in one si p 
only. e.g. at the joint of sections 2, 3 and 4 the out of balance 
■oeent Is + 9.75. 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 was carrisdout. Nov carrying over 

)peration was performed so as to maintain equilibirta equations e.g. 
she total change in moments at the top of columns, in first storey a 

,339 - .113 - .113 # .339 = 0.452. This has been distributed equally 

0.113 in all the columns. Similarly the operation was perforaid 

or columns in 2nd store,. Algebraic sus;-nation will give the final 
,osuits. Similar procedure is adopted for other storeys as shown in 
he 'tables D. 2 and D.2 . 	 . 
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