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IN71 UcTI.)N AND REVIEW OF RE NCH 

Industrial buildings such a s warehouses; aircraft 

bangers. large scale a seembly plants and large garages 

are often fabricated as single..storey steel shed typo 

structures with a travelling overhead crane spanning their 

full width. Rows of steal columns uncased by concrete or 

aa,~c►nry are inturcannacted by angle sections running 

horizontally* attached to the outer flanges of the columns. 

Thar cladding is supported by these angles or sheeting rails. 

For the sake of rigidity• are sssd counterbraeing is dose 

between the end pairs of columns or In fnteraediat• bars 

to that flexure of the columns in a plane parallel with the 

wall is under considerable restraint . The shear resistance 
of the cladding drsisted by om seed bracing is sufficient 

to provide complete lateral support at the point of attach-

sent to the ci,Jumn but the column doer not have ccffiplete 
restraint against twisting. 

The mode of failure of such laterally restrained 

columns i likely to be a combined flexural••to rsfonal mode 

with the axis of twist in the plane of the sheeting rails. 
The lateral torsional buckling asses importance in the 

columns under axial load and end moments about both the 

axes. if the section is an open thin wall*d section as 
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u +red in eriaraft design or the column is so supported 

laterally that pure lateral buckling is prevented. 

Magner(3) Va$ the first to investigate torsional 

buckling of thin vallod aeotious . Coadier'4 put forward 

analysis of the unWametrLoai open sections under axial 

raoapre scion. moments about major and minorr axes and 

torsional loads. Trab*ir(3)and Masee3r(a)found the effect 

of later l rostra tnts at ends and intermediate points. 

Lay and Golazba eUT)investigated the 1Dtatio a of closely 

braced steel columns candor uniform moment and found that 
the intermediate restraints at +ar~apres ion flange wese 

fully offeetivs in resisting lateral buckling. 

n i ey g showed that an axially loaded column 
attached to 4%eeting rags which prevent displacement at 

the attached flags at the so points will adopt an instability 
tend towards torsional failure about the attached flange 

and this may be analysed by representing the restraint as 

continuous . The aptlysta of the note general probi** 

with eccentric thrust off&*t from both principal axes 

and different end conditions is thus facilitated. 

Dooley(9) further extended the analysis to full 

range of loading and oceeutricity . about both axes of the 

section. using this implifted tdealisatton. He aencluded 

that the evn'rout practice of designing eoceatrically 
loaded coluaxs (B 44* ,• 1930) 	is overcom ervstive 

for columns restrained against flexure of one flange. 
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Ajsaai 	investigated the elastic. inelastic 

and po str»buckling behaviour of column* with lateral 

supports connoted to one flange of the column and 

providing full lateral restraint and elastic torsional 

restraint to the column. Be found a general solution 
to the problem in the ole :tic range.. Finite difference 

method was found to be more r xitable for the case when 

side raU s provide gels tic lateral and torsional restraint 
a,t different eocantricitiet . Energy method could be used 

with a,dvanta*,e for solution of the problem when the sift*' 
rail to were provided at the sane eccentricity. He found 

a, general numerical elution for the column sUhjected to 

axial load and unequal terminal Moments and Constrained 

to rotate about Longitudinal axis. 

,A,joan3.(id)trls~ developed the concept of equivalent 

uniform moment. He found that th♦ unequal terminal mo* nt a 

could be replaced, by an equivalent uniform mo*ent. tber by 

simplifying the more general volutbn. This could be dove 

as the critical moment io the same for uniform and none. 

uniform, moment. He also developed than criteria for the 
completeness of lateral supports. Criteria was developed 
to detexuln, for any leading condition and given spacing 

• f lateral supportu, the minimum torsional restraint 
which causes buckling to occur between supports rather 

then in an overall soda. 
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In the present investigation, the elastic behaviour 

of restrained oolumn with lateral supports at the Savo 

socentriotty has been studied. The present practice of 

designing such coluunn IW tr. s the effect of lateral support s 

in one flange and Is th*ref©re more conservative. Attempt 

has boon wade to evolve ►n elastic design method for a 

restrained oolunn subjected to axial load and and maa•nt s 

abut major and minor axon by cenoidering the affect of 

lateral supports. The na.gai#ication of stresses due to 

minor axle bending on sp ►lice.tion of axial load and the 

major axis =oarnt has teen considered. The ooi as has 

aSrtain initial iperfeatioas and these are Magnified by 

the application of the axial load* and bonding aioa•nt s. 

The stresses resulting from the initial imperfections in 

the column have al o to ba taken into eccount while evolving 

a design cxiterian. 

Tests were conducted to study the stresses occurring 

at aid span of the column on application of load and the 

rye suIt s were cosparard witk the theoretical work. The 

veriet n of stresses due to minor axis bonding along 

the length of the column vsw a2 to studied. Chapter 4 

describes the tooting apparatus. Test results and their 

comparison with theory have been given in Chapter S. 
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The value at deflection at Reid height (a = 1/2) 

considering the first term only is given by,, 
t 	14 1 

if 3 EYy 

or 0.129 

'P
s 

in ---- 
1 

The accurate value of the central deflection 
2 

j1 0.123 L.11 s acs that by taking the first team only 
EIy 

a reafonably sat* result it obtained. The initial taper 
leotions to the soluaa nay be allowed for by assuw1ng the 
longitudinal axis to have anti initial curvature in a plan. 
p srpsatdisular to tho web (plane VO "Z in Fig. 2.1) . since 

it is not po ssihl to have an .x ct ki wiadgs of the 
tiaperlsotions in the column. it can be assumed that the 
iaitlai curvature which rep" swats then is got ganged 
that the no st rimorou e conditions are produced. When the 
toads are such that the xi*ua stress viii occur at or 
near the column length, the leading mono t ,there. duo to 
initial curvature, will have Its greatest value, When 
the curvature is sinu sa idal. 

Ts ist s conducted by flo rno 	shoved that E' ,the 

versed sin* at the initial curvature could be taken as 
0.0013 	. The dlisp1as+ntot r in the direction 

or  V a 
X*O• can therefore be raperasaEstsd by f Stu .~.... 

1 



The total defisctiene in the Xt0"Z plate in 
the absence of the axial load P and the major axis 

bending aenent M 	are given by 

sar 	 # 	*1. 2 

E 
	

3 	Eili , 	 1 

... (2.2) 
The governing  Iov.raLu tifferentiftl equation for the case 

of the edlunn aabjectad to an axial load P and teraiaai 
aoaent * can be obtained a, * 

E I
1 
-  
 ds 

2 3 

	

(GK Pr ) -- 	 	1I —~.. 	__ _ 	_ - r0 
p 	ds 	 ♦ 	ds3 

dut 

ds 

a..(2.3) 

Where• 
toe, 	Initial di.apiaosnent of shear oentre at any - section 

in the coivan in the X direction before P and b1x 

are applied. 

ui 	Displacement of 'hear eeatra at any section in the 

eelogs in the X direction after p and Mx are applied. 

Initial twist of the Column at ara7 section b for P 
and 	are applied. 

oil - "gist of the ealunu at any section after P and 
are applied. 



Let* 
U0  

Ta - 	j 	Sifl 

=0 

Utz  Ta a U1  Sin 

Where. 
U iii splsceaeat of *heer centre at aid 	an of 

the oO1uan before P + nd dX or* applied. 
Displacement of the shear Contra at aid open 
of the palu*n 	after P and 	sTe applied 
Twist or the Dion staid span after P and 

arf *ppiied. 

Substituting these in the equations (2.3) ;re got, 
2 

Ely  f (U1.. U)  
1 _ 

1 	 4coo # jL3 1 

A 	1* 

.. 	2 

g 
e P 	=.... 
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w 2El 	t 

We now obtain$ 

Ui(P—P) P~ 	••U1M. 	W UM? 
8 

o r Ul 	': 

PIS U2 
U 

U 

W h, 	y  

tf•(2.4) 

... (2. 5). 

It is xwir po aeaiblS to calculate the minor axis 
bonding onest at aid height. The value €t this bending 

tonent isM7 before the application air P nadL,1 and 	 . Wham 

the leads P and 	are applied# there is an in.cr+~asa in 
the value of M *qua& tar 

The now awntm bending mo tent too 

d2 	U 
U I 	+ M ft 	i ,W ►y, 

--- + i + 	C L..) 	~' a 
L1 1"f). - 

y 
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Y 
... (2. d) 

Tha oaatraJ. beading moment about the major axis. 

(Mx);/2 can siailarly be a btaits*d. 
The dsilootio ns v in the pl &M ZD *Y' In the 

absence of th • axial load P are given approxiaately by 

4 	'4 X2 	irs 

t`3 1&i 	I. 

On the application of the axial load P. th i s 

dstlection is stagnilied to V# 	such that 

Vj  f 
...,...ter 	= --------~---- 

Where P,. 	1ulsr' a Grit .cil toad Tor the column treated 
as a pin endedd strut buckling about the 
.ajox axis. 
I"2 El 

 wr w.iw 	 ..•  

P1 
Whore 'f 	- P/Pg 	~---•- ----- 	 r + « t 2 r 9 ) * 	 IT tit EIX 

The value of the central beading moment about the 
ma4sr axis in the presence of the axial load is, 

d2 (Vi .. V) 
x 	EI When a = 1/2 ds~ 
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Henan. {M a] 	m i[ x  + 

.R Ys 

	din 1T X 

or 
4 

-L2 	1• —( ci ii1x)j 

The value of the maximue sties at the aid. 
height of the +colu*n can uuw be calculated. Equating 
this r* s, to the lower yield street # ;• the failure 
criterion is obtained  obtctinsd as tollow i $ 

1/2 	 1/2 

Lot the mean stress 	P / A. 	' 	P 
rX 	a 

139 

M 
I 

tea► 	that f x. 	are externally 	applied 	banding 	stresses 

about the major and minor axis r•espootivtly. It fol ova 
from aquettou.a 	(2.0) i 	(2.tO) and (2. it) 	that 

p + 	N t x  + N f 	a  flo w ...(2.i2) 
Whore 	NX  i 	+(44r 	)( 	' x/ i..y,)  

N7  I 	+ (4,?t) (y7 /2.9 ,) ... # 2. 

ur 
' t 	0.001 	V $ 

.. 
 ..(2. 15) 

$ 	1  
Lquation (2.5) 	can be expressed In -the tars. 



Neglecting the re tatanco of the *umber to warping, 
2 	i ! 
E 	12 EI7GK 

£guano n (2. d ) can be written a s• 
+ r__ 

	

2 	 2 
2 

i 

	

p 	--- --x 2 
E ~ ~ ~, 	 a A 	sp 

1 	1 2 	f2' 

Whore 	T 	2 
	 ... (2.16) 
x 

f 
Thor. Y -- p ' 	 a .. (2. 1 T ) 

~~ 	 yY 

Whore p p + 

It 3 e soon 1 hat 14 , 	ii the same function of 
end fir' as is I4x of 1/rn, and P. A3*, the value of 
f lives by equation ,(2.15) its a function or t/r,  , and p' . 
The values of N. N7 and that of f can be obtained fr*u 

Charts 34 f 35 and 36 of OCSA Publication 
13)No.33 

of t84. The values * f #Land E have boon taken as 

13.23 tons/is2 and 13.000 ton./1n respectively. It 
asy be r tsd that the f i ure n in psronibe M e give an a4.tosnat 
lair o f soalr for (pop $) and (1/, 0 Ivr y 
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The value of K is obtained by 

K - 	&  

Where R is the larger dimension. 	To check the ability 

of the column to carry a given axial load and uniform 
applied moments about the two axes stresses. p. fx and 

ty are first calculated. The values of I 	and N . 
2 

re obtained from the chart using p' 	p + 

The column will be sale provided. 

+ Nxfx+ Nyfy 	1 

2.1.2.0 T quiyelarat Uuifers Foment 

When the applied banding aps•nt a Vary along the 
length of the column, it bocoaea difficult to use a general 

design meths d. Far simple Oalueas Frith unequal terminal 

bending. moment a but no lateral support, Salvadsri }d) sod 

Korn*(13) salved the problem by replacing the unequal 

terminal moments by oquá'val.nt uniform moment. 

Horne used the energy procedure to calculate 
the tlexural.tore#oreal buckling load. He used the process 

of successive appraoximatlona to obtain a *lose approximation 
of the deflected tore. He further assumed lateral deflection 

to obtain appr *imat• twat, which again he used to get a 
better approximation of lateral deflection and eo on. 
Finally he save the equivalent uniferr. Sending moment for 
the following two case* t 
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a. tov sio nal ricidity ns6laated 

b. warping rigidity n glected 

It 	and M" 	are the unequal tS r tnal x 	a 
moments acting on a column, they are equivalent to equal" 

terminal zonent 	JA ilk ,, i nd is g the «1uma in 

single eurvature. The value of JA d ponds vn the ratio 

of the uu*qunl terminal misout s 2 =~ 	. 	a c a • 
x 	a 

The value of j 	can be found kZow ing the, value of p 
(i3) from Chart 33. of BCSA Publication No. 23 of 101 4. 

Tee equivalent uniib ra maaeat Iy uau atatlarly 
be found t r unequal acting 

about the riaor a3Cis. 
The coo nc*pt of equivalent uniform moment thus 

'& Q it itat e s the us of a4imp l c design isetho d as sbovn in 
Art 2.1.3• and enables us to avoid complionted procedure 
to o1v. the problem. 

2.1.3* Method of Design for Unequal Terminal Moments 
about TA 4rxr and 1in.r Axes 

ti 
	Equations (2.13) to (2.20) may be used to ensure 
that the aaxint stress does rot •zc.*od the yield value 
provided that at both the ands of the co2amsn the stress 
is Less then the yield tree. If the yioid opts .s is 
reached at either and befor. it **cure a1 oowheis the 
instability equations ar. net to be used aad the 
00 nation uay be checked by o3..intary methods. 



The following co ng it is n s nu st therefore bit 

satisfied to unwre that the yield stress is not ezasadnd 

anywhere in the section. 

fri  

g fL  

Where 

f # . to and fx 	= 1xtrenie fibre stresses core s i,nding 

to Major axis tending Moments 

M" mud M rep.ctively. 

f a f" s and ty  a Extreme, fibre stye a se s as rre upo tiding 

. to minor axis bending comsat s M , 

and l y  re,peativaly 

2.2.  RC sTRAINr: 7 COUNNS  

A general rc►3utle a for the stmbitity at a columnu 

subjected to axial *d and unecual toe, final moment s 

about  re, or and minor axes and supported  laterally  'gip' 
(to) sid♦ rollss wrar, found by AjmanL 	The lateral supports 

were asoume4 to he connected to the column at different 

,cc*ntrioitie s and provided . diffsront torsional and 
lateral restraints. He obtained the differential equa.. 
t`macus of equiiibriwee for the general case. '.le energy 

procedure could not be u d as aim difficult to a*suns 



any suitable deflected MD&p. A.t the lateral supports 

are provided at random . The exact elu-tjo n of the 

differential equations incorporating the boundary condlo- 
t io n. and continuity conditions at supports bring 

difficult, the finite differnce method was used to 
advantage In solving the differential equations. The 

critical beading moment for a gvera axial load could be 
obtained by salving the finite (difference equations. 

in the case of restrained co luan +rr tth lateral 
supports at the snue eccentricity, the energy method 
was used. Dooley 	s*lvnd the problem of an une rnmet ricoal 
I- section mibjected to an a*iaZ load only,. 	sans( ,Q) 

found the critical buoiling loads using the energy method 

for (a) axial load o my (b) end moment only. 
2.2.2. Completdns as of Lateral support. 

A column subjected to axial load and/or uniform 
moment trill buckle either by twisting about the restrained 
longitudinal axis axia r by tiaxurnl*.t r sio nal buckling 
between the lateral wupvo?tw. jmani(i1)  Its has given. 
the criteria for the completeness of lateral supports so 

that a column subjected to axial load, uniform moment 
or no n. unifo rm moment buckle * between t o two co nss.. 

rut eve supports. 

The critical lead (axial load and/or (cement) 
for a laterally supported column of given length and 
section depends on s 



(i) spacing of lateral suppo rt a, c1  

(ii) goeentricity of immoral supports, a 

(iii) Torsional restraint of Lateral supports, 1a 
Depsnir as these three factors* the aoluss 

will buckle in one of the following two ere de st.- 

(a) Tersion •but the laterally supported longitudinal 

axis# the critical Load being wives by PT  of Ii 

(b) Flexural or 3,ate rnl torsional buckling between 
the eunporte► with nc lateral or torsional 

di,aplacement at the supported section, the critical 
load being given by Pg or ME . 

PX and M. depend on the nature of lateral support • 

a s del inad by a and k but era indpondent of the spacing 
C1  provided the torsional restraint or such lateral 
support is adjusted to keep ]c constant. PE  and ME 

depend on Cl and are independent of a and I 

The "complstyle zzpportt3' will bS defined as the 
supports which force the oolunn to buckle by flexural 
o r lateral torsional buckling between the suppo art s. with 

no lateral or torsional 	le ce n.nt at the supported 
eeatie . The critical load will then be PE  or 
with effective length equal to ai 



.. 1$ 4. 

2. 2. a1. 1 . Crit*rio n 0 f Ceap late Support for the aces of 
Axial L *d and Unifors Moment 

Ajuani(ii#hae investigated the co! pletene.s of 
supports in the case of a restrained ooivan subjected to 
axial load and uniform aosent. It the column with 
lateral oupports iu subjected to axial load and uniform 
cosent and It buckles by twisting about tha restrained 
longitudinal axi ss the critical nomont is given by the 
e que$io no 

2 M a 

Wbon there is flexural to r so nal buckling between 
the lateral supports the critical aoasnt is given by 
the eettetion 

(p .p 	( P19 	) +$ 	 0 	..(2.23 )  

For torsional ro etra int equal to s ero • the 
condition for ®Upports to be Just eoapl+ to was obtained 
by jaiiuiU by equating equations (2.22) and (2.23) 

p 	1- 4 Q.1? f 	 P 

~` 	v E t d 
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equation (2.24) to Used to plot the elation 
♦ GU2  

between IL and 	 for given 'vaiuq' of a/d 
a' 2E_Y  d2  

and P 'Ps 	. Fig. a. 4 shot s this relation for the, 

csss when nfd = 0.75 and y a 0 For a given value 

of and P/Pg  the supportis  complete. it thu torsional 

rigidity is greater then given by F .4 and the cc l n 

f i1 s by lat.røl..torionaZ buckling between the support s. 

It ricersysr the torsional rigidity is Is*s* *ha support 

10 incomT.lOte. 

2.2.2.  Egmivalent Uniform Moment 

The equivalent uniform aoffient concept developed 

by Rorne t`)  in the case of unrestrained columns was 
(10) extended to the case of restrained colt n by Ainsnt 

While investigating the stability of restrained column 
under axial load and nom»unitora uozent. It was fount 

co nvenient to replace the no unifo rm moment by equivalent 
uniform moment. This aY!o facilitated the study of 
the criterion of the ap3.etsn* 06 of sport in the 
case of tea n..uniform r 	ut. Also it is found convenient 
when 0 eiahl ishiug do sign oriteria(16)  to replace unequal 
terminal moment by equivalnntt uniform r ei•nt. 

In the csee of a restrained cam►lum* subjected to 
axial load and f u-unifor* vonaat. *=*rgv asthod can be 
u sad with advantage to ccrsputce nucerically the buckling 

leads as , an oiplisatt enslyticsl oxpre scion for. critical 
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ao x~.unifo rs nonent cannot be fount. It is a ssunvd that 
the s.lu*n will undergo torsional buckling about the 
restrained axis of twist. 

Consider a ealLwnn or length I as shown in 
Fig. 2.3 • restrained laterally by supports at spacing 
c 	and eat an ecaentvielty of a foon the centre line 

et the column. The ooli Irn is 5ub3e0tfd to an axial 
load P +end' a Uuol teratnal noaent s m and a M i 
SD that «.:l 	i . The larger terminal, aonont K 
produces oonpression in the unslppoz ed flange. 

Discrete 'to z sio nal restraint is replaced in 
the nne lye o by the unifor&.y distributed toxsjona1 
re etrair 1c 	K5, of . 

The buck .e 1 AbAVo is QXProsc0d as the 
infinite ssrlo o 

s 	!!n Sin 	- . 	 ..(2.25) 

Where n - number of half &vow In toarajon*1 mode 
of buckling. 

In this series each to 	sutisfi.s the taundarp a*ndt ties 
for the column. 'fib• arbitrary constants Ott o~ ..... . 
are ea Cho son that the total pø teat ,*, •nergy of the 
eystoa 10 station 	for variations in s,il values of n 

e. 	a_ W+ V ) 
a ion 



Let s U = Ctrain energy of the srsts* 

V a Change is the potanti 1 energy of the ios#s. 

U`GK { • 	$L ~' 	o 	~ ~ ~ 	~' k f~?ids 

V 	 cr C 	d A 6s 

Whore. w 	To tsi it eawme nt of an elemental area dA of 
th• cro i*e+eo#io n at emit i&l coordinstr ei z, y 

Lo rgitzzdtnal stre. s on area t& 

A n w 	[x*+c+ 2 ]  

W# have. 

V a 	
+ 	(1' - (1 	 2] 

1 	 ~. 
1. 	 i►t1'4) 	 a (Pr2 + 2 Ma) 	cps) 	4* t 	....r 	z (0')  ds 

'ub$tituting the value of gl we get, 



y 	~. 	(Pr' + 2 I'va ) - 	u 	2 

H 

 

n G 0 " 	an jfm n {(m+n) 2 tm~a34  

,..(2.28) 

Where the tiimintitton Oxtonds aver all i aluec of n and the 
double cum ation alto axtan4ing over all values of m 

when m + n is odd. 

U 8ifl the xm nrdit on:iional tiantit10 

( 	. P ) l2 
cC 

Fly tn2 + d2,4) 

Ma 12 
•s•(2 a0) 

1 t$r ( of + d2/4) 

4 I (a2 + 6/4) 

and subtituting the value o8 U + V)in equation (2.20) 

	

,  	 ~i} for statlo r potential oa rr i~ can be ~omb 

that far each a 
1 + 8  8 

LCC +1T 202 Orr 2y/nn) 	IT 2 t + sr  	+ y 2y1 

a 	 p 

p 



Equet1on (2.30) represents n stem consteting 

of an infinite number of homogeneous linear equations 
in 01 0 	02 	• • , • , • . Vhe, got at equations is abt*ined 

by putting n a i • end * = 2s 4r ®# .... j n - 2 end m la 1,3,3.. 
and w a*b. 

The QbViouE and trivial ioJ~nticyu is obtained 
by putt lag yi = paw ....9.0 • We can obtain by equating 
the determinant■ of the coefftc ntto of y91i, IF2 .E.. *0 ZCT 

an expression of tha fo o 

f 	C4 & a # Y • % ) 	= O ...€ .3t 

A nuaericitt iDiutio n can be obtained for prig 
finite number of equations. For iC.ven values of cE • $ 
and y equatizaa (2.31) leeds to a standard aigenvalue 
pro blem 

A- 	i B 
	 ... (2.32) 

Th♦ low a et value of 	gives the leant vslza 
of the larger end..aernent at which buckling will occur. 
Aj*aai t 1? has aelwed the a tgenvaiaf pre blam of •quatien 
(2.32) by programing an the computer. rho relations 
botwe+n '* and X for various values of A ware 
obtained by bin. Mthough the relation between 4 and 
can to graphically represented It is de&irsbis, when 
• ratabliihing design criteria 	to rs ►iwce, the un*anil 

terminal moment by equivalent uniform moment. 
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Lot the critical value of 3. for a : 

be h and for any other. value of 	be 3 • It 
Mcr is the larger critical terainal mounont for any 

value of 8 and A~ Mor is the equivalent uniform 
monant to cause buckling or the coivan % 

LL g 
cr 

The value s of ,A can be calculated for variou s 

values of A and C . Ajmant 	has plotted the 
n olatio n between 1A and 8 for various values 
as shown in Fig. 2.5 , This represents the case where 

y 	0 i.o there i full lateral restraint but no 
torsional restraint. 

Thus more charts can be drawn for various 
other value sot 	with different values of y and 

the value of j can be found for given case thereby 
enabling the determination of equivalent uniform noaaz* 

for that case. 
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CBAPT t ,. 3 

ELASTIC D1SICN OF RESTRAINED CULMN 

3.1. l3Fc-x4 CRITERION 

In the case of a oc+iunn provided with lateral 

support at the Asa eccentricity and subjected to axial 

lead and uniform taratital oRents about the major and 
minor axes. the Slaxtia design criterion will be the 

devalopzant at first yield at the mid height of the 

column as the plastic hinge is not formed at the and of 
this column. Let Mx  and $3, be the equivalent uniform 
monant s about the major and minor axis r mpsctivoly and 
P the axial load to which the column is subjected. 

The failure criterion is 

g +txx +f +fo 	fL  
e r. 
p '+ Nx tx + 	f7 + fa  = t 

or, 
g+ x  f + tY  s f  

Whore p 	Axial rtreai in coluan 

'tx • 1 , 	Eztran. fib" Vo otra.•a o corresponding tb 

beadi . sonant x M • M "Spoctivaly. a 

f xx 	Magnified rx  due to the magnification Caused 
by axial load P 



m $0 o 

"..?af iof► € v *.BO to 43ho raantftoation cau coo bj 

Q UI 1 load P and major and o noaont Ply . 

4L 	hold point otroor. of Dtool 

to 	F~ nQitudinal c tro r o dun to wino r aiti o b rnd inQ 

• cacirod by anitio. lnporfoctionc3 in tho column 

on QPT,lictation of P and 
DID 	"IaeTnUic,ntion factor of major axle nonont on 

0r,plicut3.on of tho anic~1. load P 

NY 	Marnificas tou factor of minor axle tonont on 

c~•»►b ication of ansini load P and major axir 

rouoat 

3.2. tL AG 4IFICT1U UP '.iPJO~1 IVY V-: 	jw4T 

Conoidor tho ccaco of u roctrainod column cubs► 

jootod to axial Load P and najor akin unifora r nont Can 

'rho +vorninj floxural oquation of oqutlibri about trio 

major aLio u•X ID aivon bye 
d~ 

Elm —s 	= ..  

or 	v°' 	+ L v 	° °'..".. 

P 
.1horo Z 

E I~ 

Tho elution to t3ivon by v 	As, coo hie + :! ,Sin fit? 
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U sins th• boundary oonditiun V a 0 0 at a 0 and n 

Al a  

Uc 
 Z as COs ki 1 

Sin k1l 

At aid-height of the column, the nagaified 

moment is gives by •.~ GTx (vu)., Substituting the value 
of the constant a A, and A2 in v" • the aaiaificat ion 

factor for moments at mid~•height can be obtained 5S 

mil 	! * Co s ki I 	k11 
N Cos --s-- t 	_ x 	 2 din 11 	 2 

k11 	k11 
• _

_ . + tan - - sin 

2 	 2 	 2 

o r Nx " 	Sea ----~ 
2 

p 
Where 4. a 	-- 

E 

or 
p 	11 Nx - Soo  

Equation (3. 3) ha a been Used to plot a relation 
betweenand N (i3) p 	 for x 	 given value of I / rx • 

Fig. (3.1) gives the value of I~ for given value e 

of p and 1/rn • 



3.: « 	11. III I FIO . OF :I011 AXIS" .3:1►11T& 

Tho ninor ontortomont My io na! nifiad on 

appl ioatiuo n of tho a%ial load and tho unjor unto onon , o. 

bo latoral di r?1aconoat c' t-iir_t 10 duo to the ono* 

:IV . Tho ofgoct of and 2',n is to Incroaoo or roduco 

thin dtcplacomont . TLo rttfl 9) 	can to found by 
SraninI3 tho difforontial oquatio u of nquil ibrit • 

Coneidor a fibro of aroa dA its the top flanTo 

at a dirxtanco of a and Y Eton afnor and major axia 
ro cgsactsivoly. L•t it o dintanco ft ,n tho point of latoral 

cup2o rt ho r • On application of tho uniul load P and 
uniform and nonant a MX and t:S , tho cooticoa crjj1 tijc  
by an aaclo §D an Bourn in Fja. 2.2 

Tho nuraant !I at any point in tho buc!od 

fibro i C civon by 

ti = (o- dA) t r 1 ) 

tJhora cr 	lon itudinai ctro rer on tho fibro. 
d (yril) S-Thour forgo 	( - 'dA) 
da 

d (rØ)  'Ti: l of tas =meat 	(a- dA) 	 _ • 
ds 

To tul ttttatinrj tionont r% = 	0 r2 	
dA 

= 5 [p 	u
dr. 

`~ + y~+ 2ay + a2 	dA 
Y 



2 a c r sR a,2+ y2 + 2 ay + a2 

P MX my 
a.adar - A + 	y + 	x 

x 	Y 

Mt 	
`p I + 	1* + Pa2 +2 M. a 

day A Y 	A 

¶![Pr; +r2  + P + 2 a] 
.ds_  

d 	Pre +2M  a  
da 

as 

The total twivtiug uiotnont can now be equstad 

to the rya tt stInn moment dune to tor3a nal and warping 

rigidity 

d(Ø 0o) _ 

Mt 	 ds 	° 
d3 

d$~ 

1 i M (3.5) 

Whore C, 	Warping constant for restrained column 

I t a2 + ;) for doubly symmetric I' ssctio: Y 

Initial twist 

Final twist. 

Bence we obtain the differential equation by equating 

(3.4) and 	(3.5) 



mr 30 

GKd C ~► - 91 

a 
d~ 

( P r0 

LIB (a$ 1 	 3 

Differentiating with respect to * ve get# 

GK `2(10 ' a 	2 + d2/4)  
del' 	 a 	 dra ` 

del 	
(Pr + 2 	a )  

o r lIy ( 	+ d2/4) 	(GK 	+`3*, .W 2 a) j2 
de 

d$ 	 d 
817(a2+  d2/4) 	- 	c~  GIC ~s 	d 

Let. ç 	d, Sin Ira /1  

Where CC 	Max1muza initial twist. 

Substituting thevalue of Ira we Bete 

 Pr 	+ 2 '!1 a Gtr 	A 

de4 	E y (t.2 + 42/4) 

if2 

Sin 	----------_ 	n If z ft 
a 	i 	1 II1(a2 + 42f' )

0K12 	I 
a r 4 	+ 	 a 

1+  ~-- 	Ir 	(242/4) j 	] 

.. » (3.8) 2 
where 	

Pro +2 a =+ 	 .~9 
lye (a2 + d2/4) 

The ttutfon tar 0 is given by* 



MY 
0 

(a+d/2)91w 

or At 
(a + d/2) Sl i4 

#3 	EI, (a + d/2) 	3 	' ~► 
V 

tt + 4/2) El , 

Subritttuting the value of Al we got, 

ml A 	 --- 'tan -- --_ 
(a~ + 4/2) E17 m1 

(iv) 	 z3 0 ex Al COB m1 I + A S In ml I + A31 +A 

s b ntitut ing the values of A. Aland ft o get, 

Substituting the value of the constants in the value 

of ,JD we set. 
— CO B m 2 + Sin Y 	 m~1 

81 (a+d/2)m 	I 	(ti d/2)m4 Ely 	
•-2 m 2 

- 	 + 	Sin 	 ..(3..1i) 
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(a + 4/2) (g)"..JDO}
L a 1/2 

Taw , (a + M a!2) 
r 

- CO • 
a  	1 	all 

1 2 
Ca+df2flIy 

Sin a 
2 

 . 
2 

+ 'fin 
1 1 

2 
Ea► , (R +d/2) . Sec 	-- + JL 2 A 	o 

(a+t/2) EIy 

a ' 1 Seto 	

t 

2 : 	:: ~a € a+dl23 (A5 ~► 1 

a► r f37 	f y N +;  

Wherev Div is the magnification factor of ninon axis 
moment. Ny ss SO a . .. .. 	..(3.14) 

2 
2 ' 

i Buy( a + d!2) €.~ - 	.. , (3.13) 

Thug . i7 can be found from the FIg• a.i 
p OVidOd tfr, 	is r placed by 1/ri and p is replsced 
by an equiv►sltat p' in the chart. 

EI,. 	 n 
cincs p a 	f ' 

o ~r 	• 	B I__ 	Q rQ + 2 i~f xa 4► ox p a  
A 	 Eiy(e2 + 42/4) 



~I► a ,2 s z2+ 72 + 2 ay + 2 

P 	my 
a_nd o' S A + + 	 I x 

Ix 

Mt 	 I7 + 	x + P a2 + 2 M. a dzc At 	A 

+ 2$1x a 

Pre + 2 Mx a  

a. 2 10 	rx + 	 2 	* 8 2 

The total twisting moment can now be equated 

to the rovisting Moment due to tors onag and warping 

rigidity 

cis 	As 
.0.(33) 

Where . C, Q 	Warping constant for restrained column 

dg 
~t a2 + 	} for doubly symmutrio 1- asctio , 

91a 	Initial twist 
Final twist. 

Hance we obtain the differential equation by equating 

(3.4) and 	(3.5) 



GKd (0 ~• q0 ) 
ds 

dx 
(P r0 

EI t 9 + 42/4) da ( A3) 
yr $ 	 da3 

+ 2 ~ xa ) 

Differontiating with roepoct to m we gat$ 

GK d2 (.0 	+ d~/4) d$  
d$2 	 +~$d 

$$2 	( Pr + 2 tin a )  

or I~ t a  + 42/4) g - — CGt( • Pr0.. 2 M,*) 	2 

E1Y(a2+ d:2/4) --- 	„o GK de 	 40,e 

Let. 	= c( 	in it's /1  

Where "Cn = Iarzi UM initial twist. 
Subatituting the Value of 0u ire get. 

Pr + 2 t'I,, a — GK 	$20 
d$ 	sly C as + 42,4) 	 ttz2  

ac ~..,. x 	in a + 	Sin IF /1 14 a` 	1 	1E (2 + d2/4) 
d  GX 12 	tt 

y r 	d 	+ al 	 'X 	i+ 	~- a g 

... (3.d) 

where 2 	P r + 2 ;. Q ~- Gt(  

ly (e2 + d`',d 

The solution fbr 0 ic1 givon by# 



31 

EV 10 A1Co s mlz +A Sin stmt ♦ A3a +A4 +A3 Sin 

Substituting the value of 0 to the equation (3.e), 

1 AS AM ai 22- ; C o 1 + 

	

1 	 N 2EI(a2+d2/4) 

	

u. # r 	GK 2 
c{ ---- 1+ 

a 1d 	IF 	(a2+ d 3'4) 

as 	 _ 	 --- 

	

~r ; 	iF 2 	Parma + 2 	a •• t 

+ e o3 

o r 	 ► E I7 (a2 + 42/4) + GK 

"°t 	
jr1I(i 2+d4) + GK - (Pro + 2 Mxa ) 

I♦• (3.10) 

Not.. 

Ala% Ca s *1 	, 	na1z .. 	din —JL 
1 	~ 

U sing the boundary co ndit io n ss 

(t) 	[ p1 	. x" 0 *1 + q4 

Aj 4 

(ii) 	gI (a+d/2) ( ..9 ) 	,• 	y~ 



- 3_ ,.. 

or 14o — 0© 	..  
(a + d/2) Sly 

or At =- 
(a + d12)  Eiy u2 

and A4 a - 	~- 
( a + d,12) 	: iY e 2 

(ti) 	&1~ is + d/2) 	- , a) 	.. 	M awl 	2 Y 

n MY 

a I 	( a + d/2) EIS 

Substituting the valua at AI wa get. 
9 	 apt I 

A g 	-~-- tan -- ---- 
(a + d/2) 817 MI 

(iv) 	#~] 	0 ffi A,, Cos a, 1 + . 51n n, i + A31 +A1 

substituting the values a At • Aland A4ve get 

A3 = O. 

Substituting the value of 
of JD wr. gee t 
~1 	M 	Cos mIa 

El1(a+d/2)e 

the constants in the value 

K7 	 eL1 
+  

(atd/2)14 	
tan 	--Sin is a E► y 

+ A5 Sin 	.. (3. ii) 
1 
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Tho Initial inp rfo ct io n cc u co bond ina comont 

atom tho minor io. If tho initial twist 	duo to 

juporf000r to nagnigl.od o $D by 'ho a9pi.icotion of 

tho axial load and ho major onto bondic3 cocoon, wLio 

minor au,io L ndinj l oQont .1 	$o Q3vom by 

t:1 ) 	I~ ra 	d 	d go 
dm 	dz. 

aho boading otro c,o ft, cau rod by M 	2o Sivon by 

In addition to tai • oust Ltudina3 otFoc;n trail 
a&co bra cautod by difforontial flan3 b3ndio . 'Thio 

additional ton3itudincl rtrors 2 I ivoc bye 

f 	= 	$xy •. (9" D; ) 	2a 

 I 
+

= jEay 	 -;i 
Tha total Ito aaitudioai otro o r 2, duo to Elinor aUUo 
boridiof to Qivoo by • 

 

+  • ( +4/s)  " 	 I 
•.. (3. 2.2) 

At raid ,.hOi 	• val o of 2- to Qjvozx by. 
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It it coon 2700 acrd on (3.1<) that if 
E3 	t 2 ti,a 	to ttio load tc 	oator than puro 

to r cio oab 3o ado i'3, > I $. a. 2 Jy at aid can to 
arootor than at ando and tho t wiot in tho column duo 

to t1, to raagnif Lo Q by L' and 'In 

If Psi 0 n a c G[ 0 - N7 c a 

47V o aid~•c, an is 1000 than at tiro Ofdo and ttric 
in 'ho column to aaalbor than 'that is duo to MY aiot 
'3o vor for tho purpo co of do t iCns in ouch cacti N 
lc tatton oe unity au tbitrt to c*n, orva$i ro and on tho 
,afos ciao. At the $ranoitio n load 	• 	-o- 2 tb 	t 

a e 5 	at paid..rp n to tho cOflO an at Ondo 
and tiiof in tho column An ratio an giuoa: by M. al.ono. 

3.3.1. :-tro *:o fine to Initial 	or oct ono X40 ? 

The column ha o cono Initial iapar2oct o na 

Whicb got aottnifiod on tho application of loads. Trio 
initial lateral dicVlaconont in tho column to ineroac3d 
on tho application of P and €i . Thus thowo aniofr t 
otroc gQ due to minor aria bonding On application o ' 
ioodo and thir> to duo to tho Initial taporfoationo in 
tho column. 

From oquatio, (3.10) cro got 
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F2 
i0 Ea, (a + d/2) CAt .. 

Substitutint the value at / 	free equation (3.10). 
we c*tp 

	

t s * 2 E (acrd 2 	Ely tat+d2,/!) + GK 
o

t_ i J'sl7(a2+d2 f4) + GK ..(Pr+ 	 ) 

~r 2 	 Pr2 +2 	+% 

El (&2+d2/4)+GK •.(Pry+2 a) 
1 

... (3.17) 

	

Ho rn+~ 	has as'ueed the value of initial lateral 
di aplaceaent duty to iuitie,l inperfoctione for a colvas with 
unite ra moment a ns 

sy 	1 

Tc%kiag the aee initial lateral di qplaoamvat 
at the centre of thca un pported flange of the restrained 
CO luen. 

~ 	ffi 	o 
0 

s + df2 

a a 	a y + d/2)  

0.0013is 	T' a 

*in 7P ~&/1 
.., (3.18) 
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Substitettng the va7~ue of 40 Ia oquettou (3.17) 

2 0.00is 7r $ r, 	 p ¢ + 2" e 
to 

Iy ~' + d` /4) + ~ " (P 2 

0.. (3. 19) 

Th1t3 the value of re can 1mr found for 

given P and M . 

9 



Trio pares o'oro 1i)Qd croro cc ,' CoA1o:r a s* 
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(a) oc o 	t i 	x 	p EV-4 	a lien. 

(b) End cooflttlo oos ha tb onto troro froo to rotato abut 

tho no jo s onil tzi c r c to o fat sao t fro o to ro taco 

ut ut to 1oinauaX tango or dicpbaoo 1z torca11y. 

(c) `paciC3 of cipttor o 	3' Do I.o. nor t oouh co 

that buc!zIinr ocouro by 4-oluran twtctin cb it 
so otr inod ai i a pa j rinj tiro ugr tho po !,nt o of 

rr~po x~. 

(d} 	Recoatricity of Intorai cu portn = 3.0 

(0) 	aorrIon[3a fiau~por' proVI d by Iatorc11 cuapporGo c•Ni1. 

4.3. UU~x NUtXIi . F j;1 TT 1.110 

A tortin r:Lr had'o T cooc rod o moot 

tho. Sol1oszinn ro uirotiout i for tc c:tiu - roctraiaod I--cr► .urn to 

(4) Loa th of 	tho column 	t 0'0 

(b} Ii4 load uriio 	0 *toac« 

td) Ii 	an 	o a. oo upt* to In t*ao• 
Cd) Ani .L toad and tho major onto boflainr3 a non 

Could to UOpt 	conxtaat t=d tho Qinor o 	o taicadstea 
toaont cold bo rarior1 ft dopondontly. 

(o) `2to c r out c about bob tho axon to bo uui,forn 
a1on"I tho xo it h of tbo colu n. 

(Q} dud Condit:f nr 
Ci) 	Co1uan to froo to iato about both tho 

taJor and minor arson. 



Eii) No lateral dt.placOmont of the c~►lumn is 
po alibis. 

(iii) Ne rotation about the longitudinal axis 
of the column is possible. 

4.3. T19&T RIG 

4.3.1. ladtng Arrangesnt 
The cola nn was to be aihJacted to constant axial 

lead and major axis aaa*ent with varying minor axis moment. 
This Was acbiswe4 by fixing levers to the ends of the culua*. 
and applying load* by tuxbackle to the lovers by tension 
Inc rediv passing through the levers 

For this purpo so s a 4" c 40 box .ectioa was 
obtained by welding two 20 x 2" Channels. Two t- eo s (S'x2'4" ) 
were asad* out of the box sections by welding as Mhown in 
Fig. 4.1and photograph I . The toes had 7/00 die holes 
at #" c/c ♦ the first hole being 5" from the centre of the 
tee. The two tees were welded at the two ends of the 3' 
long I-Peoluan so as to provide levers. The tensioning rods 
paxoing through the throe lowers were 7/8" die. Those rods 
w e ire secured art o ns and o f the c o luain by a 3" tong hexagonal 
ended nut of 1.5" die. and at the other and., the rod could 
We tightened by turning another sinilar nut . which acted 
as a turnbucklo. The rods were secured to the tees 
at both ends through a *pecial ant at 1.3" external die and 
i" in length resting en a groove in a d" x d'" plate 
separstind the turnbuckle nut from the tee. The details of 
leading arrangement are down in Fig. 4.1 and Photograph I, 



a 

For *eeeuring the Lat,d in the taudaaing rod* e 
special load aeasu,riner davrtce was Connected to the rod in 

the contra as shown in Photograph 2. Tie device consisted 

of a i 0" long s 71$" dia mi 2.d steal rod tapered to 3/410  
dia in the central 101  of it i length. The ends of the rod 
we threaded as that it could he connected to the, main 
tensianixs rod. 

'lo btrain gauges Wore pasted diametrically 
oppe site on the central port on of the rod and a calfbra-
tioo chart was prepared by taking strain pteuge readings r ben 
the rod was tested in a univereal ,testLag richins. Fig* 4.2 
gtvps the celihr ►tlon chart for the load mea.uarirg device. 
Thus the toad In the tensioning rod could be measured by 
directly reading oft from the calibration chart. 

4.3.2. 	rag ''"'sports 

The lateral supports wore pravtded at the ends of 

the co luau and at two ether squally spaced points in the 
comas. The lateral Aports were provided in both flanges 
of the co2uan at the ends and in only one flange at other 
lints . Wo restraining rode# 3/81' disaster were connected 
to a 2" x 2" plate voided to the colusin at the ragnired 
point of lateral support at a* eccsntricttg of 3.3" as 
shown in Fig. 4.t and photograph 	3. At 	the other end, 
the restraining rods were alLawed to slide in a 3/4" groove 
on testing trap. aado by welding two channels i" x 3" at 3/4" 
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pp ac ied. The spacial nut securing the restraining rods 

to the channels had a recess cut in It so that the nut 

could slide vertically up sad dove. 

Thus the nechani of lateral support pirovided the 

fo Hewing feature s:. 

	

tai 	No horizontal nevsnent of the column at the point 

0 f support 

(b) Vertical aovssc+sat of the restraining rods was 

pSxai ssibla at be th snd E. 

(c) At the point of restraint the column could rotate 
about 2$ without tutert*reac:e from the restraining 

rod. 

(d) No torsional restraint orss provided by the lateral 
support. 

4.4. TEFTING PRO CL I E 

The als of the testing was to sea sure the stress 

at various sections of the free flange when the coluon was 
subjected to axial land and ter*inai momenta about major 

and niuor axes. As the stresses were to se:ain in •el*stic 
region only, the yield stress e•i the column material was 
determined by taking out teoslo w specimens from the web of 

the ao luna and to sting then en the tensi! n testing :shrine. 

The axial load and to ra in*l moments were so ebo son that 

the total stress did not exceed i0 ► of the yield stress_ 
of aaluna. 
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The ra straining room were ti;hteod and zader 

horizontal. Lrnads wer• applied to the tensioning rode 

by tightening the turnb sculoo The mina r a*i v assent 
could be varied by varytag the load on tie two to wtatoaing 

rods passing through the horinorital levels of the too. 

Ftraias were aen cured lros *train gauges at various 
sections for the selected loads on the column and the 
total stre si at the centre and other secttoaa was found. 

The brittle lacquer cant applied in the tree flange of the 

column was constantly o irservad to ensure there were no 
cracks thereby keep ins the atro f- ss 8 tirell within elastic unit. 



cIt-? X1,1 o 0 

~r+~arMt 

o'r.tc flow COa UO2tO3t t1 ;~tO a tozi mloCSi` 

o f Cho r 	aiu ' I 	1unn In thO oir Rio as o only 

'ih c*lunn trop cubioctO vo Zbo fo1loTrla .oado and 140vvO*ca 

t 	& adirk oo zO 'A' • 	c d Tone. 

tt 	l.Oftdtnj Caen +36 9 P  

(a) 	Lood .nc' caco C' u P a 5.0 bra►nc. 

in Oach 1oadina ca c3 tho xaimo r ant cj como~at o 

cross vaZ$.ad foe C*►o oao vaiuo of raJo7 anArs cncaso 

an oaf toct. 

Tba giozd ctror :: of clntan from tho 	on ' r 
vas found to 4o 31.D 	no/i n . `tea valuau oS tho tot o2 

1*na .tadt 	rtroort 'ox 1 sr oL c3 cs Of Loado in oc► 

10 dtnr aoct, naVO boon 	 to Toblo o 
c.ad 3.3. Ibo valuoc° or tho thoorotic al ctm oa hrnvo 
alto Won l l u O1 1za fiOr hoc 	 ab10 r. Cr c+ as 1o3 ttia 
mV latlo n of toCi1 ctra r.:i Go,)orkd1m, oo tho vtct1oo 

In n .M0 7 asst o ooat cTa 1VC -i in `iL . 0.19  
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TABLE 8.1 
WADING CASE *A* F a 4 TONS 

• Actual *f • 
` 

Theoretical 
Test No  

Eia tonal (3s tans) (ton /ia) (tone/in2) 

0.o 3.8 8.3 
1.0 7.3 6.2 

5.0 T.. I 
 

2.0 0.4 to. 1 
3.0 10.0 12.0 

T. 2 ,.o 1.0 0.4 10.5 
2.0 1fi.Q 13.2 
3.0 14.4 15.0 

0.0 0.1 0.8 
T..3  4.0  1.0 14.$ 11.4 

2.0 13.0 13.2 
3.0 10.4  1s. s 

0.0 1.0 0.4 

too 12.3 13.4 
T.4 9.0 1.5 14.0 15.4 

2.0 18.2 17.4 
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To atr . 

To.5 

T-4 

Ti? 

TABLE .• 5.2  

LOADING CAf ,,&  $fl 	P 	 NS 

Actua3. 't'  Th es rat icsi 

(iii ton.) (in tone) 	(tc)ns/i:t2  (toas/in2) 
0.0 	 8.1 	8, B 

. f 
 

	

8.1 	9.1 
5. C► 

 
2.0 	10.0 	11.4 
3.0 	12.0 	13,7 

0.0 	8.0 	8.4 
1.0 	20.08 	11.7 7.0 
2.0 	13.5 	1500 
3.0 	16.6 	18.3 

0w0 	8.8 	0.3 
1.0 	12.2 	13.4 8.0 
1.5 	14.1 	L 	15.5 
2.0 	10.0 	17.5 

0. 0.0 	10.3 
T..S 	9.0 0.5 it.8 	12.0 

too 14.0 	*5.5 

2.5 180 	18 ,1 s      



w 4T so 

TAlL►' .. S o 3 

WADING CA : 'C' 	P M 3 TONS 

x Actual 't' Theo retia 
ToTest No. + f • 

(.try tons) (is tons) (tome/Ln2 (tons/iu2) 

5.0 1.0 0.1 14. 2 
2. Q 1.3 '13.0 

3.0 14.Z 15.8 

8.2 • 0.0 7F. + 

T..10 5.0 1.0 10.5 11.5 

2.4 13.3 14.8 

3.0 18.' 18.1 

• 4.0 8.3 8.1 

t.0 1.0 1.0 '13.3 

1.3 '13.7 

~1: 

 15.4 

15.5 ' 17.5 
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In all the tests, the actual values of stress 

are much less than the theoretical values. This is due 

to the attual and conditions in the experiment being 

different than theoretical •nd conditions, The lovers 

are welded to the ends whereas the eo'umn is taken as 

simply supported. This tend to reduce the stresses. 

The strain gauges also do not give . accurate measurement 

of strains throughout the experiment. 

We cannot take into consideration the exact 

effect of the Initial crookedness of the column on 

the stresses when the column is loaded. Horn('  has 

assumed the initial imperfection so that initial lateral 

di ep Income nt 	 S 

u¢ 	0.0015 -1- 	Sin 	Ir  z  

	

ay 	 1 

and this has been u s d to find the stress due to initial 

imperfections. Tha actual effect of the initial imper-

fections in the column under test however cannot be 

exactly considered and this may cause variation in the 

theoretical value of the stress. 

The variation of the total longitudinal stress 

along the length of the column was found for the same 

set of loads. For sake of comparison the values of 

the axial load and minor axis bending moment were kept 

constant and the value of major axis bending moment 



tTao verlod for OaCSI 1oadLCg cac3 co as to a1vo $3$2oitoa~,' 

naGnif icatio ao got tho ate cu. at tho ri .&o► tar. Tho 
rocult.o aro rizrnuricod In Tablo i.4. 

Chart o Utz inrj trio variion of ;, io a,'31' udlna . 
otrof r, dtio t3 nio r arr$o tOI dlnr a1or~3 tho lonath for 

oach 1oaainr taco ai?o drarrtt is Pico. $.d, 3.6 and 1.A 
I to clear that tho thcnio is tho okra oflovol t o rooa 

tho contro of tbo *oixunn and tho tend oR tbo column 
i s adungy, and RoUow o a pattora . Alm tho rtro c 

i o ,oa at tao canto to do,oactoast on tbo as ~nii" .cat o a 

p roducod by tbo axial load and major o to b a41n,- oornont 

or caallor volooc o R axtiai load and siajor oxio bonding 
QO lO at (Pz~,̀ 	+ 2 LISa 	' p tho ct?o D0 lovol at 
00atro 1e. to use than at tho ODOM of tho column. 

..a tho cniai load and tao major ante aoDc to 

Sno?Oa coo tho aaani '1c .t5a n Ractxo ? a3 co Lncioacoc 111.1 
ho otro oc lovol at tho contro lG bi or than at tho 

and r (peg + 2 to ). Q) . "tun- tho a ial load and 

tho Qajor axes Manonto Oro tho tan paranotoro shtch 
affoct tho n 	~ icat a oR rtaoor loyal at taco cantina. 
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C O t~ C L Y/ 4 1 O N i 

T h al a o to 4fobov our o f a roc 'a loo d X.- eo luc 

ar #fit latorni cupr o o at cno aeconns'iatty in ©no 'lc 0 

and cbjoctod to O*L31 load and tort3inal ciont c afoot 

major and miro r axo a van studio 4 by co nduc is to t-t o and 

cacsparo4 er „tb tho ooiatctia rO cult a. 	olao(ic t3othocl 
o e dorir n or rontvain.od columnLich c an dory ttio oSe~at 

of latorol cuppb"a on' o ofroarca hac bon doccrlbod in 

Coxopto7 D. bia is a Lattano.1 iot3od of alactia dooian 
o2 ro c~trainod oo tt n. A p ro caa : thoro In * ctittatl o 
oo tbo d oxsi Gt inrj for Ito cl .iaj i'o of ninod co ur,n ii x. 
latoral rp,art r is ciao 'lanr*,o• io pwo nt practico oq 
u cinC tho intoractio n CO MU1a (15 Coda aoo.. i902) tO ) 

lanoven o off oat o2 lateralsup,orta and is thoroforo 
note Co a c3 Wvat ivo . 

ho to nothodo havo boon onparad In Apoadln 
'2 and tho ToilactinrJ no. union can ¢ dra,a *- 

(a) 	Tao a act ivo I ongtb of tho r otrair►od cola n 
for fitidin Cost tho 3loudornooa ratio io uuoc 
C Oatot than tho act al off'octivo ton . hioo 
vo It v i" 	uettirj tho porx t Z iliblo avo'a o 
coDI.ror'"stvo otroco F and the donlan bopdoa 

D3ra gnr:o Tt t1,7o. 



(ti) 	Thera is a magnification of stre*es duo to 
minor axis bending when the axial load and 
major axis asnent s are applied. This magnif im 
cation at moments is considered in the aethod 
evolved vh4raas In the Interaction formula it 
La neglected. 

(a) 	The initial iaiperflctiians in the coluan cause 
stresses rhea the load is applied. Thee. 
stro s+a a are neglected in the interaction 
formula whereas t lay are taken into considers.' 
tlon in this net d. 

(d) 	The nagnification of minor axes banding stress 
is dependent an the magnitude of the axial had 
salt'ties major axis noaeat. The magnification 
is greater than, equal to or le ors tbau Unity 
depending o n i s Pry + 2 ii a 1. greater thc~a 

aIX"O a4uai to or less than the torsional 
rigi4ity 	( of the oolunu. 

lewover the siegniftcation is taken as 
. u ui ty for design purpose  is case  it is lass 
than unity. T'hi : is rwrs conservz tive and on 
the safer side. Alto the value of sere sw'e s at 
the end of the column is automatically Checked 
when 14, is taken as unity for values leas 
than unity. 

Cs) 	The tnteractlon #orating app roach for design of 
rostt'ai*sd e lu*ns nogiectes the atf.st of the 



1atora 	Ot? (J and in Moro concarvat.vO. 

Tha £or C1 moth,+ ov ivod con iiaro tho 

benovLo i affoot of tho iatoral cuDnortc. 

r o to t za r nit c. conCuotaa to verify to near 

do,4rjn a?-)roach v °o cat 	actworr ai- this tscival ntroc.coc; 

o aaarrjnZ at tILdI Cpan %7ou a 10 rl- tbAA tCO tlCCLI OUT) L.c 

c.bioh ti on do iaCoµ c.id3. S?iuroc Jol t 9.3 anc 3.3  

to VarjUtj ca of tot& l toLtuiizii aat£oori ti Ltb 

tho L1iL z? i U r} TG`ft iA3 I QDdflt• lto do cian iiotI'!o C 

ovolvaa ii thoafore i i rs uo a port 	.a appoaC5t to to 

do  

its of o tOsrO co nduc a d to doto v &r o tho vo lat 2 

c t lotirjjtud ,n3 c{t7o..:t tic Iuo ' o t i l;' 0311 =  

thoo I ont th of tho 4c* I .in i i th bo va r i nt io n of MI M3 

4 Lc taa taalrtocon4n . T!a variation of tboc-a z4roc c3c 

along tAo iamb war found to ho Gradual and ooth. 

T sa Ocilmillcat ,om of 	o c iovo1 at tho oontro gran 

t'ound to dopcnd on tho aniai load an tho tiajor ati€~ 

QQfCV t tJ and tra£- C;roator than OgUaJ to 3&01,O than 

dop ondL.r 3 on Z c1 	:+ 3MIc %!a r arou for than equal to 

or to r, (, Chas rho tow l-Io gal. rlkyidAtvr GN * 'ia. 0.4 an 

0.13 LILOWA to vasIaUO o? t 0 rAV !uc vith tho niaar 
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pEGIX 

COMPARISON OF METHODSFOR ELASTIC DEGICi4 OF 
RE ft%AINZD I .' COLUM 

A 1.75 " x 4" K J of length g* Barrie. an 

axial load of 0.5 ten* and cad aensat s of 2 in tons 
a1 uxt major axis and 1 in tone about minor axis. The 

ealuau is restrained by► latwrai aupports in or* 

flange only at the ends and at two other equally spaced 
intermediate points. The lateral supports are provided 
st aa..*cautricity of 3.8  .' and give no torsional rest. 
taint . The end coatttloass are such that both ends are 
tree to rotate about the major and minor axes but vat. 
tree to rotate about the longitudinal axes or displace 
l at trsl l-'y. Check the rsarsty of the as lu*a by a si 
interaction .forsula (IS Code 8Oo 1R 2) sad by the al&sti* 
design method considering the effect of lateral restraint.. 

Method of D sign Bed on Iatereotioa% Formula(IS Cod* *OO. 62 

The interaction to rnula tar a ca lura subjected 
to bonding about both a e s is given by 

+ b. + 	A i 
IFa 	FQJ 	1rti2 

Where, 
1`a 	 ze Average conpreesive stress 



Pa 	s 	Alloxabl• arara . so p rs s ivs stress for 
concentrically loads& members as daiox~ainod 
by ■axiru* slenderness ratio. 

t#~ . 	- 	Actual bonding stress duo to 	moment stout 
major axie+. 

a 	Poraissibl* compressive street* for bending 
about major axis talking account of lateral 
stability. 
Actual beading stress due to moment about 

minor 	axis. 
Fb 	Peraiss-ibls cos<pr►,r*ive stress for bending 

stout srivaar axis 
Yield 	point stress 

Faster of safety 
From the steel tables, the 	sectional properties 

t of 1.75" x 40 RJ arse. 
A 	t. d7 	 - 	0.31 in 
d 	3.70 in 	r-x 	1.3* in 
t 	'a 	0.24 in 	b 	- 	1.75 in 
Zx 	a 	1.83 	,U2 	tt 	0.17 1n 

x a 	3.86 amp 	 a 	0.21 In 

1 	 0.34 	tons/fn3 
1.47 

ibt - 2/1.13 	i.*Q toas/iaS 

0 4.1 tons/is2 tb2 - 1/0.21 
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Sloadsrss ss ratio a 	id/4.36 	add 

From Table II of IS Cads SO4-id82 

Fs 	: 	127 	Kg,/a2 m 	O•$1 	toga/in2 

Tereioasl content i it3 

0,0211 

C s 	a 	1.2 	x 17d i+  .......__ 
2 zsi 	 1 	d2 

ifs 	tone per sq. tn. 

Whsrs. 
C e 	Critteai beading stress at which lateral buckling 

d caurs. 

Frog Table TV 	of 1$ Cods 	80 0.1912 	for the a'Isa v* value 

of 	C 	• 	Fbl. " 	734 	Kgf cry 	4.7 	tat 

Yield Point str*e■ 
Factor of safety 

Now. 
t$ 	'ai Fb2 	0.34 	1.1 	4.1 

-__•_ 	+ 	.....~ 	+ re ----- + 	--•-- 	+ 	— 
Fa 	Fbi Fb2 	0.11 	4.7 	to 

0.42 +0.23+0.48  

"Thus the soatioa is un 	f• for the given 	loading ueing 
the IS Coda spproacb of interaction toraulr. 
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Method. of Elastic Design of Restrained Coluan 

As shown in Ohaptar 3 the design + iter.ia n !o t 
the re strained column is given by e, 

P + I + N,~f y + ~ < f 

0.5 

 33 0s 34 tr of 

1 fr~ 	a otl / 1.50 0 a a t. 

From too Obart given in Fig. 3.1k 

x 	t.Ot (Say 1.0) 

=2 	Pr: + 2M 	GK 

SIB,(e2 + d2/4) 

pro +2)'L 	a 21,5  ton is 

OK 	a 	i ts. 0 ts~tk 3n 

2 A. 	 ~a 	t 	nt 	witl b negativy► a d 

N1 	See  
2 

	

We will w. N 	1 for the purpose  of design 

as it is more aon.+r ►attvo. 

• Pr 	a 
1 	F 

Iyla + d/4)4 t ..(Pr2 + 2 	 ) 

a 0.11 tat 
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LOADING CASE "A" 
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Photograph •. i 
General View of t ►e testing APPaDat18 

Photo #re.Ph - 2 
The Land riteaeurinE DDVLCO Connoctod to 

the Tonoioniat Bode 



Photograph * 3 .  
Vier of the Lateral Support and its 6onnection 

to the 	iange or the Column 
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