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ABSTRACT

,Thenthe longitudinal reinforcements in a columnare initially curved
towards the axis of the colur.m,they tend to hend 'inward and .induce a lateral
pressure'on the concrete core cnder load. Advantage of the confintmg

pressure may be taken for partial ,elimination of lateral ties in a column.

A theoreti cal study 10tad'ladeto derive expressions for finding optimun
amplitude of initial curvature of the longitudinal reinforcement with respect
to other parameters for partial elimination of usual ties~ and minimum

~equil:"emehaf ti es. in coLuinrisit> suCh'reinforC~ent .o

Tests were madeon the columnreinforced with initially curved bars,
and tied and untied straight bars. The results of the experimental works were
tabulated and the behaviour of specimens under load' described. n Comparson

between theoreti cal and experimental values ,lere madet,1ih special emphasis

on the effect of initially curved bars, concrete str~ngth and p"rcentage of

reinforcement on the structural behaviour of columns. The laboratory investi.
gation showsthat for developing ultimate load, the column’,reinforced with
longitudinal bars having adequate initial ct~vature require ties only at the
ends.

Hethods for determination of modulus of elastic foundation and tensile

bond strength between steel bars and concrete has been suggested e
g
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CHAP TER-1
INTIIODUCTION
GENERAL REN.AR~S
F:x.@ the earliest days c.i' \~inforc{~d concrete desig:l, much
rese'lrch activity h,,~been directed tOllarosa bet.ter understanding of
the behaviour of concrete llolulmil.”  All this ,10:"'1<hO>lever,limit8d its
atr.ent.io:1tc coluransreinforced "ith sted rods '.hich were str'llight and
s~ported laterally bJ relatively widely spac(~ ties or a continueus
clcsely spaced spiral. It ;2.s ohserved by JaJ1"~&. Pfister (1) that in
adeqYat-::lytied colLrils the concrete stre~s at ultimate strength of the
collW'J~gsas between 12-'5 p,"r cerlt high'T th~..rthe value for the columns
\.rith no intenncdL:.tc t.i—in betlleCm the ends. Tnis incrcas~ in strength
is mainly due to the: I'C.teral support giVC!1by the tics. [h8 t.ics prl3vent
highly stressed, slend"r longitudinal bars from bucl,ling c'ut,mro bursting
the thin concrztc cover. Still the ti ed cciunn  failures suoii bulging of
concrete 2nd buckling of the rods. Bresler (2) ~d few ether researchers
cJ.rril:;;:d C".1tinvcstigaticns on concr.:trd c(.ll~mns reinforced laterally only
ITith end tics nna no inter.m.8di~te ti— hl ou at:,...mptto alleviate the
dii‘ficultir::;s in c2sting  CJIWT'11H'ith conv:::nt.io;~Q.l ti;.;s su."pplied in
ac,-:orct.:nce'll ith 1957 AeC.l. cede. Bases..0n thi2ir. work:: rind subseC{\l~nt
discussions 1963f;..c.1. cr)d~rcauc(;cl nl\.Ilch the usc of tiss. But the ties
supplied ncc.):iuing to 1963 A.C.I. cede: still pose prohLais relating to
G8t.:..ilino cI.TIdixing  o~~citlforcC.:ll,.;nt, 2nd c¢;)mpaction and scttlcm(;;nt of
concrete during casting of cawuUls. Inv8stify,tio:ls hrlvc so far been
made towards reducing: the CUir,,;;;nticaal use of :.i(~s. But none of them
wosdirected to find 21 ;;lt,,,rnative or rcpL1CC'rli<¢fit the latera!

reinforcem,:nt.



statement of the Probl™l'l

IE 311 s:irly inves'rig:-.tlon n:~(> by the Quthor at cmpt HaO nade
to prevent prem:_tu~~0 buckling of tre longituain2.1 bars by giving aT),
ini ti2.1 curv2.turc to each of t.he irn—-—;;to,;ards tL~ axis of the column
31ld p:'ovidinu ties at the sngs. The c(lumr,s snOT-icd NO such suddea
failure as observed in no:nally tied ccl\tllns. The study, limited to
testing of fetor colt;mns indicated th t thc: initially curw:d bn.rs serve
Doth as longitudinal and lateral reinforGeme~t. Plrtr.cr studies, it

is believed, "ill prwep.t f::J.iluresres,,:'Ung Iron instabili ty of the

longitudinal bars D.lldhelp the engineers avoid t.he difH,cultics arising

from criss CrOSsl:lgof th,<coltlrl!ldection by too manyties necessary to

posi tion aid hold cUI straig!lt  b<\rs Cw¢c prC"\Tcent thcimi from buckling.

n;1 invest.igation is ;.lzccssrtty to_h' ~.wvc s basic uncJ~rst8.nding

for dcve:l.opingtnathclil:ltical :lna empcrical rclat~.onship neccssA.ry to

enable engineers to design colwms reinforced I{ith b~~-lIM&'ling initial
“:lJ.rvature. To achieve this, ::-thcc;:-etlcal study is made arl:l an experi-
nl"'ntal L'vestigation o~ th" b"ha'Jicur of c:JI",-nn&.rith respect to ductili ty
and load c8.!'''ying capacity corl'espof!ldn~ to diffl;r—ntinitiz.l curvc.tures
of thB bars and 3. fCH' other para~et.c:rs IHt~ c(.In~=etc str—~ngth, and" diameter,
spacing and percent..::.gof th8 longi tl~dinc~l bars is conducted. The

analys is of tl-c test resul ts L:;ri~~dsto explore [I'81:J.tionships between

differ8nt parameters as 8ncountcrcd i~ this invGstio~tion.



Objectives of the research

It was observed by the author that under failure load the single tie
provided at each end of the columnsshowsa premature failure at its welded
joint. In thi s investigation several end ties are used to position and hold
the initially curved bars during casting. These ties offer restraint to

the outward movemenof the ends of the curved bars and lateral straining

of concrete. In structural frames the beamsand slabs at their level would

generally restrain lateral straining of concrete and end movemenbf the

curved bars. Henceend ti es are only required to hold the bars in position
during casting. The main objectives of the research are to investigate
into the USeof initially curved bars which are expected to serve as
longitudinal and lateral reinforcement.

The objectives of the research are as follows

1. Tomakea comparative studybetwee}l the behaviuur of oolumns
reinforced with initially curved bars and straight bars., The straight
bars ,are laterally supported either by usual ties or only end ties.

2. Toinvestigate the influence of variation of the follo;lin'g on
the structural behaviour of columns:

a. ini tial curvature of the bars

b. percentage of curved bars.

c. diameter and spacing of curved bars.

d. concrete strength.

Scope of the Experiment
The investigation was undertaken to find the effect of inward

ini tial' curvature of t he bar on the behaviour and Ulimate strength of

concentrically'loaded reinforced concrete Columns. The variables
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consider~d W2rC Qrnount Of initial curvature of the rods, size and spacing

of longitudinal bars, shape of colurrrn cress sections and strength of

concr8te. In practice concrct..; columns ale usually 1—hortl from the point

of design. ThGsQ:it~sts iigre, ther—fo:'c, limi t—d to short columns.
Five stiiries of tests wis conductid3d in t.'lis inv~stigzi.tion. The

series oi* tests werc classified ac'::ording to the objectiv~s of the res~3.rch

111" inv"stigatic:, included 40 specimel's, ten of Hhich""N plain and the
others r,,; liforccd -.

Compressive stresses wcrc evaluated on th'3bnsis of beth
ini Ual cr~cking loo.d rJldultin™,t" load. D"formo.tionof the coltnnnt.ms
measured at different st8.ges of loading. Finally o attC"7lIptwas made to

put fonr'-rd an cmperical (;"sign ,Tithin the limits of this investigation.

Outlin...: c<~ t,h~;research

An att.cmpt has been made to achieV'-'the obj~ctives of th~
project, tl:rough the following main steps

1. R"view of the pertinent 1iterc,ture.

2. Theoretical invcstig::ition to find math31haticol relationships
between different par21llleters.

3. LaborC\toryinvestigntion to ascertain physical properti,~s
of the materiols employedin the proj8ct.

h. Laboratcry ~nvestigation to evaluate the influence of
ini thl  curvature, di81lleter'l.'ldspFlcingof the bo.rs on the ultir:18.tc
strength and ductility ofth: cclumn.

5. Analysis of th" test results to Flscertnin the validity

of asstmliptic ~smndeduring theoretical investigations and finally

putting forward an emperical dcs ign.



CHur+t2 .~ |l

It 3.p;>~2rstll2.t no ~ro:clexsect, t~12.tdone by the autl)or ea.rlier has
been done L: 8..:;At:.801Dtto usc the ini tia] lir curved Dar as reinforcement
in Cf)ncrete sol'J.TLil. FOLl.r-TCVethere are mar,y Jilmlished ~J(;rks nn laterally
reinforced  concrete col .rriw.s. .Afej,~selectee r::apers on the pertinent  topic

is sUrltl~risej beloiT ;

fLLlc tions :Jf ~16es

Prof. R. H. Evans (h) reported th~..t t~le function s closely space:.-;
links in a colurm are to restr2.in the shearin; of the concrete and ts
limit. th';: buckli'l~ of the t:lain bars. C~'leimportant  f.neteion 02 ties is
to set up a st.ate of triaxial st.resses in. the cure 0; the colurlntthich

enharlces the compress ivc strcll,Jth  of t.=2 cgnCretei:l the cere.’

P..prelililinary scudy of tests on ccltr,uis ~18.Sr;;porte:1 by

J. F. Pfister (1) and th" fcllcwin'J conclusion™ :lere drawn :
1. As the axial load on th?-c9itic)n increases, t.he lecal
strains  0-: sl:,res::;es in the ()~lt.er CCrl.cr.~t~+tlcreas2s Il1til. they reach

a liziti tin";'1 v'"'-lue.

2. At this lirlitinfj strz:~.11 (.~~s~Il'css, th—;exterior cover cr~ck:3,
So that~ it carl no lor:9~~su;:r.'ort a~.nr2c:-.aOle I-a.j Or it spalls off.

3. The 103s of the cross ~Il-ct.L,nal area O te-. concrete covzr

imposes ad,jitiC'nal stres~.)es Q;1the rwiain~.ng concrzte core aild the steel

re inl:;,rce™ een te.
4, Th~ 5tccl reinforce~e~t under this additional stress

begins to yield.d or buckles outunrd.



5. Loss of stiffness of ::'hesteal due to yielding and for
impending bucklin] causes additional strain in the concrete area.

6. The core sub-divided into short prisms, maintains its
integri ty \mtil its ultimR~estrength is reached and then fails suddenly.

7. At this point the entire column fails aud load bearing
capacity is lost. Th~ above events occur rapidly and the failure is
often characterised as oCGuring instantaneously.

Pfister (1) further reported that the size and spacing of ties
influence the following factors

8. Local state of stress ( or strain) in the concrete in the
zone ne2.r the ties.

9. strength of concrete corc.

10. Buckling strengtll of longitud iual reinforcenent, particu-
larly 'lhen the concrete cover mayJ)e lost due to ir.1J,0sedoad or

accidental da~age.

Effects of ties

In non szismic are2S ties have trc,ditionally been provided "lith
a vie" tC\1Qr'jsrdlicinqg the possibi li ty of local buckling of the
lo"gi cud inal re infe)rceme"t um:zr load approac'ling the ultimate strength
of the column. To.this end, 1%3 A, C, I, code requires that the ties
of at least in diameter b(; provided at intervals not exceeding 16 bar
diarrreters, 48 tie diaCleters, or the least lateral dimention of the column,
In the square and rectangular colunn Ifith more than 4 rods the rods in
between the co~ners will try to bend sideways and exert a lateral

pressure "hich is normal to the straight SilleS of the bands. The



bulging of the c~ncrete dC'eslikeways. Hocreverthe bands are not
effect;ve ill\.rithstanding such beam action '-lithout bending outHard

So muchthat concrete [.laycrack. So;". C. I. code futher requires tmt
the ties shall be So arra~ged that every corner bar and alternate

long; tudinal bar sha'.l have lateral supe.c'rt provided by the comer of
a tie having an included angle of not mcret:I1811 1350 and no bar shall
be farther than 6 inches frem such a laterally supported bar, Where
the bars are located around the periphery of' a circ.he, a complete
circul2r ring maybe used. These re'uirements lead to tie arrangements
of the Idnd shotm in Fig. 2.1 uhich is taken from the 1%3 A. C. I.
detailing manual. James F. Pfister (1) reported thr,t the tie arrange-
nents involving several interior ties probably impede the compaction a~d
settlement of cconcrete in the col= core to a considerable degree.
Such interior ties decrease total column strength under practical

conditions. These vieus

Jimmn f .
]
| n,
- |
| ’ [| | ‘
4 hs.ls
2 b ._..;;)E;";' se t ~ -i.i~cs i-cel" sa t

(©)
Fig. 2.1 - Columnties . (a) Four bars. ,(b) <L'ld(c) b5i;: to eight

bars. If x is not over 6 in., the single tie of (a) is permissible.

are also supported by the follmring statements madeby E. N. Rensa(1l)
based on the information obtained from the references (12;13;14)

and his o,Ifi theoretical and practical vie~s and experience e.



Early iilvestigators showed that the ties has an influence on the
ult imate strength of reinforced concrete colt'nns and this influence
might be both positive and negative~ The ties will to some extent
hinder compaction of the concrete and its sett.lement in the form after
it has been placed. This condition c~,not be completely eliminated
regardless hOH Hell the concrete 1is placed and compacted. For concrete
of Het consistancy and badly conpacted, the "eakening effect is "1"-lite
high. The Sqgl.lareor rectangul:lr ties Hith hook anchorage at a corner
most often used seem to be one of the least favourable in bhis respect.
In addition, it does not give a complete anchorage, unless the ends are
bent very tight around the vertical corner bars. A column with such
ties and vertical reinforcement may 2v~n have less bearing power than
an unreinforced column of the same cross-section. A similar weakening
effect oilwalls \lith light vertical reinforcement has been found by

s, ledish tests.

Hajnal Kony (15) pointed the effect of links in low strength
concrete, na.mely that maximum measured strain of a column ,Tith links
is substantially greater tha, that in prisms of plain concrete.
Pro_f. R. H. Evans (4) 1is reported to confirm the statement. He also

added that at normal spacings the ties are relatively ineffective.

According to Soretz and Sturnf (12) it is uneconomical to use
ties as a direct means of increasing the load carrying capacity of a
column.  However, the ties has also the function to prevent buckling
of the vertical reinforcement and what perhaps 1is less known, a
reasonable amount of ties Hill increase the ultimate strain considerably.

This last condition 1is important if high strength steel is used and if
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a brittlz or sudden failure is to be guarded against. The unit strain
of reinforced concrete column at ultimate load is around 2 percent.

The steel strain at 100,000 psi yield point would, however~ be about

.35 pzrcznt. It has been for this reason held that high strength
vertical bal"s could not b8 fully utilized in tied columns. The
investigations of Soretz and Stumf indicate, however, that with proper
amount of ties thz cor,lpressibility of the concrete column will increase

to such an extent that vertical steel Ilithyield point of 140,000 psi

may be fully utilized.

Influence of initially curved bars

The nuthor(3) reported earlier that the initial curvature
given to the longitudinal reinforceClent induces the follolling
phenomena in the failure of colu-~s.

1. The column fails like spirCll Columns ,rhose failures
are characterised by spalling of concrete cover and high longitudinal
ultimate strain.

2. Buckl ing of the rods at the failure of the column is

almost absent.

It was also contended by the author that the use of ties can
be reduced by giving initial curvature tc" the longi tudinal

reinforcement.



C HAP T ER ttl
. THEDRETICAL DIVESTIGATION

The failure of.a reinforced. concrete colUmnmay start with the
huckling of the reinforcing bars~ crushing~'sPlitting or shearing of
concrete~ tension fallure of the ti e bars placed at the ends and the
yielding of toe main reinforcing bars either in tension or in compressione.

The inward curvature should be given to the long! tudinal rods rein-
forcing only those columns which are not subjected to edOGntrtc loadings
which cause tension in any part of the column. The inwardly cUrved bar.
stressed in tension, maymoveoutward bursting the thin concrete cover
and reducing the ultimate strength of the columns. An outwardly curved
baS"wllUbJeetetb compressive load would behave in the same manner.

No consideration was given within the scope of the investigation to
the effect of eccentricity on the colUlU#&trength. All the probable modes
of failure eccept tension failure of steel or shearing of the concrete was
considered.

The behaviour at working loads has been analysed by elastic theory
assuming that the ini tially curved bar and the supporting concrete behave
as elastic materials. The validity of these assumptions can only be
established by a comparison with test data.

Buckling failure of the r~ain Bars

Thesteel bars in the columntL"Iderload >rill be .subJected to the

fallowing:

1. The longi tudinal compressive force that is, the part of



the load carri ed by the steel.

-0 2. The laterally distributed load "/hich results from the
initial curvature of the main bars anj th2 lateral strain in the

concrete.

lithe spalling of th"™ shell concrete in the columnprecedes
th~ bucklin” of thc main bars, the bars uill be under a lateral load
due to tZIlSle bond between the main bars and the shell concrete~
After the spalling of the shell concrete, if any, the core con.c~
under load 'Nill induce distributed axial loads on the bars. Before
spalling, there will be produced little distributed axial load on the
steel bar as the core concrete is suv'orted by the shell cOllcrete..:-,
Tl,o0 cases, therefore arises, one before the spalling and the other

after the spall ing of the shell concrete.

It should be noted that as the initi ally curved bars 1Jill
have a tendency to bucv.le inuard, it will be laterally supported
by a farm elastic foundation rendered by concrete. In the analysis
of the'buckling of the main reinforcing bars, the-strains in the
concrete and the steel are assumedto be equal. On the basis of this
assumption it can be concluded that bond betemen concrete and steel
does not comeinto play. It is further assumedthat the ends of the
bars are hinge Supported. Tuo cases as above maybe considered

separately in analysing the mode of buckling of the main bars.

Case A Before the loss of the concrete cover

As stated in the above paragraphs, the mo@ of buckling of
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the longitud inal bars depends on the mugnicude of the follo\ling

() Part of the imposed lon~itudinal load carried by the
steel bars.
(b) OUcHaralateral load due co I'lteral strain of concrete

(¢) InHara equivalent lat<;ral loue; as a result of initial

curvature OI the bar.

(d) Cubmrd lateral load due t,., presence of t"llsile bond

bet'J88n the rods and the concrete.

The lateral loads encounter,,,d above are distributed all through

the length Qf the bar. It ‘fis experimentally found that the tensile

bond strength bet\leen steel b8.rs and concrete is betlleen 25 to 33

per cent of the tensile strength oJ~cemcrete. So even if the outer

shell dces not spall off, there Plight b" local failure of the bond

bet,Jeen shell concrete and the bo.rs. 1'11i3co",clusion justifies the
o)

use/lateral. load due to tensile bond in the arlalysis of the raode of

buckling of the bars.

As sho\m in the Figure 3.1, a s"glnc;nthaving a length 'L’ on

t\10 simple supports \lith continuous elastic support all through

the length due to core concrete is considered. The bar carries

longitudinal force P aTtda distributcc) laterai load "'1', represent_

1n!) those caused by the lateral strain o;* the core concrete and

aond bet\leen the concrete and the steel bars. If 'a" be the

of the bar at the mid height the initial sp.ape

tensile
maximunaeflection

of the bar can be represented by the equation (16)

e . X
Yo=asin | » and the equivalent lateral 1Qad due to deflection

is given by x  gp Sin ~
. L



The ueflection curve of the reinfE)rcer,ant c~n be represented

by the equation

Y =a si %+ L. +a Sj, ™
N L

1
L
oo (a)

In til;..: follo~,fin~ciiscussion, strain cnerg:~.method h-if, bBf.~n~~zd
for solving the buckling prohl.cm. According to this

0 eevenee (b)

W*lereDU = strain energy of bending of the bar and

8': dciom,::.tiCft of elastic ~nediumof conc!\;;te
R -
:.:. _ 6 W = tJor!fone by the oxternnl forces.
<—II:= :ClJ
o= =3
n = : ©
o N m
© g5 =
yo =
n Vt Fi:;;. j.1 - LDadncting nn an individual rod.
Th* 3trn.in cn81l"gy ¢! bend irrd of L—~-tlir i~ no: .
BI L d3 4-.[- = -Tor 4 ' 2
lt U, = ( L) dax —M T r
1 2 ~ N° 30 ... (0
~ dx 4_1§ n: 71

I P js the modulus c- i~last.ic f"'LUid3.tion, tlu~t is, the m.a9nitud~ of

thl;; reaction of the i.4d:ltic.'n pC:' unit length (~.rthe b:1T if aeflcGtion

of thG bQr is ~,ity, th2 tot~ energy of deformQtion of the clastic

medium is
, L
J e \ o1 )
o "
The ucrk coue: by Pis Llw, =-"" 2
a (e)



In calculating th,; work dent: by the I"tc:rol 10:>J l. it is noted that

the later'll 10'10 on an cl<..'1I""tn.nfength (;x is cr.dx and the

corruspon.ding ~1Orkdone by th;; lat.::r<ll 10:.:3 i—

JrL ( o n =d",
~ | I
oy dx N 1/ Chi Sin __nic x dX

JO n=:t L
r-- . —L
. ocs DX |
|_ —_
0
n~cE.
= N\ 29L"n

fin ...
L n=1,3,5....

The \mrk dcme py the ecruivalent 1at*rCl' 10'ld r=ap gjn .- is
L L L
oy g Sin U (U sin-) AX  verens ©)
L > L -
. ItX )
since /Sin ~t . sin  NMEX ox = 0 when nr 1
.0 L
L
aflo Si% X ox ""_ -
IL )
0

all the terms of the 1bovC integral, except the £irst, dis"ppear

L it do
Al ) Y s (h)
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As for values of n.

rcinforccmc;"t, ths

buckling.

oth<;..

i.iti ~lc. ;flcctf.(.n

n = r—:- n=-CL
2 2
Lo + - —

th3.n 1 th8 last

N

tcnn of eq.(i)

c()ntaining

oo (lt)

2
2al " =
nn; n* 2L
n a.lll
FL a
[ - N al
| B | | |
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Long prisms Sl:.bjGcted tc; cc\mpressi en, or short sp~~cimens :.-dh
fri cti on ot the crClo;greatly r"duc"”.d or elimin:lted, fnil aleng plains
parallel +tr: the lor.gi ri-jniz.a —~is, ~:s s-Qin

-:I:r’_;,:l'z:’.! o
[ 1\

| 1T
Wi o
) | ITo fr:.c tiyr2
d !.Q |
Ml
1/>11
[

F'ig.5.2
fnllur—. h-)

T~JCstr~nGtll  CGrrcspend ing tc; th;.;; ICYIS it.1~ih?il spl i ttinr;

is gener:;;.].I;1 fotL."1din ~~hl'rt Gcmpress:.on  sp-:..cimc:ns latcr2..1ly  r'~str;J.in(;ci

. . . 2' .
at thB ends of ch;,; te::.~tin9 t:li.;.c:linc iL . T(: cht:-;,In the: mr-XimliTIl affcctivl:11v;;3

thrnuoh the lo.t.cr..l rjif Hinzien  (.f th—~ cijr..m11~ c;ividinu it in ttJC' p~rt.s,

of (1) stress (Juctc L:tcZ'~l strflin just h8.for~ crusllilw n:t tin: ccncr..:it;,;;,
multiplied by t~c arz~ f)"ui6c by th;,;;1virth of th~;ccitzilg P~1:Unit
longitudin8.J. lengt.h ol+t:h;: cchn inu 6ivl~-;;d by the nt-nb...r of the stsel
b~!.rs on one sicJ<-(—,fthe: splitting ~L5olC, c~.n-@Gi)  the tensile bond

stress between £tecl b<1rs:.ind concrctO r.lultiplicc] by 11(.:Ifof th8

circumf~:"8ntiQl u.r\;~cf tho; w.r pCl' unii:;. 1:;1Uth ». 4.ccordiltgly t:~C



m2.gni tude O.!. Irl7.ernl load q |I;; fliv-n by

00000000 (L)
where Mis es ';X!3.ined c~rlicr.
f'c' « The str~ss dc.;veleped il Gonc:t,;tc du.:. to L7~tc:::ral
str':.in just be:"crc cru:~hi:lgf3i lure o1+ concr;.;.;tc
A ~ Jtrcc. fHT.1cd IW the wridth OF th2. ccltrn p-r un! t
spli tting pLtrrC
t= o tensile bond ::;trcss hct:-:esn steel b:II'S 31ld concretB
11sc » hnlf  of the cir"::Ulufcl'zntial ari.,;~cf thc;.;h'lr per
C2se B :i.ft.~rthe loss or th,z concrete cc;rer.

1,.,;terz~1103.d ~:lus;.;d1Jy th2 Gcnsil8 bond b-u-;i;.crn the b,:rs nne the concrete.

The ::J.agniud C "nc] dis tributioil )£ the distribut~:d n>121 load rcsul ting



very smnll, the 2f:fCCt of distriLutca ;~Xi~lI(;:ld is n8glGctt,c] in th(;

w 2L 4 . L2
L SR Y.
e LL | LL
+ 2~-J (N
1C
q = e LI Y Y YY) (m)

DETERMINI:~TICi.Df THe TIE SIZE

The siz:: ,,1't;>..s pl:-;ced :-tT.th:~ vi0 ends 01~the coltiril is

curv~~tu:te,os in the prcviou:J 2.rticlz, it. tn;s nsi~U:lca th':"™.tth(~ lateral

tlo ends of the )):1:was negligible.
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bond strength.  twv.,rever, .1.~Hli~'m;i,");1 Gn :;he:lr str.;;ngth  of cC'ner~te is
avail.'IDIt:": 10 d:ib.—.

(iii) Thctalsi le ;.)OQn:i5tr.nntll i—:,.i\I:Cti en or sur.f:1CC rou~hn(;;SS

part) g smp 151 cL) oM e g oo b tFGOE '-!..S.-Io"’é".’i._(;- ns

‘were not. fuudc in. th(: d\~riwtticn 01" th~ cJnciaoilTiul:1.

LD

where

L = 2prl.':;'~ 100.0, Ihs.(inclu:-]Jina  equivalent ~"":;10hdu~
t.o I(~v(~nru:1 dead !1ci~Jht)

0 . I(lv(;r arm, in.



CHAPIE.R \Y
LAIGCRATCRY DV,.:r:GJ.T.c

ThE; 1~}0roi.tory investigat.ion \12.s ca::'Tied out in three distin,ct
phases. T-~1Zirst phase {-12.Sc(rlce-med  uith t.,e detemination of
physical  properties oJ:"fll:.:;.t.erials  used ii. t;-is id'Jestig;"::.tion. These
include specific gravity and abscrpti.)" cars.ci ties of coarse and fLle
agqgr2gates, yield strenJth of steel, ccmpres'live and tensile strenDth
of concr.ete, tensile bond stren.gth bett-Te2n coO:tCI"8ts ,-1.ndsteel bars,
moduhlS of elastic fOUJ.'loation  rulc! pois-30nf S 1"2fiit) Of concrete! The
second phase consists of !llacing cu.ring sfid te—ti.f'.g o[ cc,ncrete

coltLnlls.  The second phase :-las s'.1lbdividced L:to :i:'iveserles of tests

involving a total of forty colun.ils of s.;'u? rc~Ind rectat~g'llar shapes

having corss-sectional area e~;ualto t;-~rity six ~:-::uare h,ches. Each

Coluz,1Jl''as identified by tuo let:.,8rs 8. a nUrbcr. The :~ir—;tletter
identified the givours t...e secOilrd Ist;-.>31"th::: WP8 of rcin.forcemcnt and
the third the: scr—al nurilier in t1C ::lrollp. .411tests uere perfonned
i:1 the structural a—ijconcrete |4Jorcte.".""J —)fci.vil Engineering :;
department  of east Pakistan  Univ'rsity 0.0 E.n:~ineering 8lld Tecllliclogy,

Dacca..

Cnncrete

Jrick aggregate and sui-Hers used for concreting. First
class bricks {.Jererushed tc: conton;. tJ t~e J~.3.'t.E~ gradation
recruircffiznt. 1 Clcal Savar sand 'TaS used ws :c~i'le aggregate  2lld screened

befcre use. Th'2physical prcperties 0:" r.~1~2.D~?J.~zgates are shot.m

in Table 4.1 & 4.2. Crdinary porrland cCo,"8ntof Gilpak and Five Ram



brands were used for concreting. Nominal concrete
2500 psi and 4000 psi at 28 days were used for the

of the mixes uas done by weight of the day materials

strengths of 2000 psi,
columns, proportioning

as gieen in table 4.3.

TABLE(,l - PHYSICABFDPERTIE®F AGGREGATES
---f,roperties Brick Aggregates Sand
Eineness Modulus 6~08
Unit weight, Ib.per eft. 59.00 102.00
(Dry loose)
Absorption *x 14.00
(per cent dry weight)
Bulk specific Gravity 185 3.87

*x Absorption at the end of three days

Table 4.2 - GRADINGF AGGREGATES

Sieve Size Coarse Aggregate
(per cent retained)

3/4 in. 16.3
3/8 in. 85.0
3/16 in 97.0
No'8 99.91
No.16 99.92
No.30 99.93
No.50 99.95
No.100 100.00
608.01

Fine :Aggregate
(per cent retained)

0.0
0.0
0.48
0.48
8.48
42.92
81.48

97.28
230..007

F. M. ~ 2.307



Design.Strength Proportions by weight
~ 28 (LY.

.Ceuent-""  ---Saiid---"BI:"i~ iJaterjcement
Aggregate ratio
2000 1 4.0 4.5 0.65
25m 1 3.5 4.0 0.:>8
4000 2.0 2.5 0.40

Reinforcement

Properties : Nild steel plain bars 'l,~reused for longitudinal.
and lateral reinforcement.  T"o specie,lens of each bar size llere tested
in tension to find its vyield point strength and modulus of elasticity.

Tensile properties of the bars are tabulated in Table 4.4,

Initial  curvature For large numberof tests the rcinfcrce-
ments ,lere given initial curvature at mid height. (‘'lhichvaried behreen

the range 0.0625 iochi. to 0.500 inch.

Size: The longitudinal reinforcement consisted of four bars
of dia"leters ranging from 0.500 inch to 0.875 inch and 0.25 inch
ties Here used tG hold the longi tudinal reinforc€:lent t-rhich t-lere in

sone cases welded to it.

Fabrication : Proper initial curvature was given to .the
longitudinal reinforcement by tieing tilemcloser at the middle.

Studs were ,,,elded to the reinforcement to fOIx.:.two:-i.llclgage length

and~help}tlithe:.measurenent oi* the lateral movementof the steel bars



during test.ing. The studs Here coated by plastic bmes during -casting.
The removal of the tubes lel't a space in bet"een the studs a,d the
concrete.  This system ensured proper ",easureme,ltof longitudinal

strain and I2.teral movementof the steel bars. The studs "ere placed
at a distance of 15 inches from the ends and mid~height of the column.
Studs t,ere used also to hold the reinforcement in position during

castirrg.

TABLE: 4.4 - PHYSICAL PROPERTIES OF REI"FOR:EH.IiT

NOffi[naf(jG:-'~Y-I~'e-l~d-s.-t-r-e-n-g-t-h-*- ifitf!llat:e----- Youn-g'sHodu-jus

inches Ib.per.sq. in. strength of' Elasticity,
- psi_. ",Hlion psie
.250 49100 70_8(;) 30.90
500 49200 70700 30.00
.625 46000 69200 29.75
.750 1+4800 68250 29.99
.875 45450 67820 29.97

Formwork and casting of coltunns

S~ne previous investig~tors like Professor R. H. evans (4)
observed that columns in llhich end surfaces Here given a finish
.al'ter castin;] for evenness failed at loads "hich average 10 per cent
below the theoretical loads. In this investigation attempt was made
to avoid preparation of column after casting. For uniforrnity, colUl:Ins

of each group tere cast from one mix.

Formwork of col"™ms  Form,lorks Hith hoppers mounted

at the side near the top of the ",old as shotm in Pigs. L.4. & 4.5,



were used for th" vertical C<lstinSof s':u;>re colurms. Each of the

two sets of Lhe forN Hark Hit:) hoppers C(l-ISist.cu rlainly of tt-JClve

21 ft. 6 inch long, 2 inch by 6 inch challr!2lsnd 0.125 in. thick

four 10 inch by 60 inch plates. four inch sc~are D-~rts of the uppzr
channels Here removed to ;:ICCOModate tile hopper. A top plate and a
base plate \lhose planes ,Jere perpelldiculm<to the longi tudinal a'Cis
of th2 for'ls ~Jele fitted t(" it. Assei;lbly of the fonn t-Jas made by
placing the different parts arotmd thl? reinforcement. The outer t.,ralls
had h~les of + inch diameter in the pr(Qp'~rpC'stion to accomodate the

studs coated by pl2.stic tubes.

ret'lsquare and all rectangular columns "ere cast horizontally

in forms as shownin Fig. '4.6., Nainly 1 inch thick woodenplank

and 0.25 inch thick steel plates formeJ the molds.

Prep2xati()il of concrete Concr2tc for all the specimens
was prepared in s nontilt'tnU drum type concrete mixer 'lith a capacity
of mixing 6.5 cu.it; of concr2te at a time. Practice recoll'nended in
A.Cl. standard 614":'59 'laS follmled in measuring,. mixing and placing
concrete.  The concrete ,ms vibrated in the mold by a vibrator having

long flexible shaft.

Cast-ngof colu-ns: | the vertical casting of square
colUI11lIl ttinr; the form by parts a'ld fi lling them 'lith concrete
follO!led each other. ,Jhen the m”IcJlJas ;"illed nearly to the Ilull
height tOF plate ™"as placed and conerete "as pushed through the
hopper by iaijernal vibrdion tc' fill up thz space left below the
top plate., Alter 24 hours th" parts of the hoc-'perand overhanging

parts of concrete were stripped gradually.



In the horizontal castino tho:~top surfac~~ of concrete was

finished ;lith a trNJel to give a unii'orm and plane surface.
Fabrication of Test blocks

Fabric2.tion of specimens fo!" compressirjn test: Hethods of

casting, curing ard testing of 6 inch cubes Here lellowed as per

specifications made in 8;S5.1881:1952.

The casting of 6 inch by 12 inch concrzte cylinders t.laSmade
by tHo di.fferent methods. Cne method \Jas fe,llolled according to
A.S.T;N. C-192-57. The top surface of a standard cylinder finished
ClJith a float is not Smoothen~ugh fot:, testing and renuires further
preparQtiC:ils. ,;eat cement p2.ste is generally used for finishing.

To alleviate the diffic"J ty, inves:..ig,lthn [I'laSmade to use an al ter-

native :.11'2an®f casting cylindrical sF(~cimens. After the top surface

of the cyldinder "as finished by a tcowel a Olate Has placed at the top
and the Hhole mold was inverted upside d8~n and kept for 24 hours

before the ffi':llcwas stripped.

Fabrication of test specimen for
modulus 01 elastic f:JUildation"

For determining the modulus of elastic foundation, tHO steel

bars 'Jere e",'lededhalf diam<:ltcrinto each of tHO OF'osite faces of

a & inch by 4 inch by 12 inch concr'2te prism. The mold and specimen

are sho<min Figs. 4.7. & 4~12. The ste.el. bars Here embeded half

diameter into Hoaden tlall of the mold oUl'in;: casting and llere

exposed after stripp ing off the mold. TJ) specbens Here prepared

along 1;Jith each group 0 f colu'i.lns.



Fabrication of specimens for
tens ible bond strength:

The first met!llod f—i' the detcrdn:..tioil of tensile bond
strength a~ th" interf"cc o!-concrete a.ldstelll bars is similar
to spli t cyl inder test for telsile str2lgth r:: concr2~e. In this
r.tethoJ th:: rod having Snl1C diPI2nsion cis used in coltt71flS Lias
grip”ed along central axis 0™ the 6 inch by 12 inch cylindrical
mold by thz use o.f holes in the b~tt"m pls.te an:j top pl—ite bar as

shot-fn in fig. 4.8.

In th.z second I:1ethod, on™ 2 ,,,Ch long i"od I{elded to [I2 inch
by 3 inch lly 3 inch ailgle Has e,:beded half dia"leter into the top

of 6 inch cubic Cglticrete during casting.

T~IOspec ililenS of each type vwre pre~~1.i"1--ajong with each

group :.f colwnn.

E.achcowuriny  t-"d test bledr "™"r~ rcCllvd from the nc.ld 24
hours after cast inn aild Here curcd viitll "jet jute bags for 7 days
after "hich they "ere zxposed to the air fc,IbC:ing th"™ comr:\On

practice in thz construction wOrk.
Test Speci..:.cns

7118detai Is of the test specimens of columns w~re prepared

in tabular form i:, Table 4.5.



"Group

Cal "
No.

TABLE 4_5_.- TE.STSPECINENS

I'ype  of Taroet gl ——
Rinc.t., it gy it 23 T Amount of Steel Length of
N str defleotl- steel 4 in pel" column in
-ength M MRYS  nos.of. . et o inch.
(psi ) bars wi tn concret.e
di.8f.letel' area.
e = - 0L - -
=T . yy_ e ot . -
our\leT Tnrs— 12 - T —
~tT"Lght bars 310" -
t cd v =i dicl
=G o [l C/C 2500 - 625" 3.16 60"

~t.raight bars

Curved bars

Str~ ight bars 2000 .125 .50" 2~17 60"
Curved bars
Str'-;".isht  1rC:'rs Moo 125 625" 3. 1~0 ¢ioil
Curvdd b;::rs 2500 .062 " n
C-lrved Di:lrs .125 -6?5 3.40 60
Curvr..d h:3rs .187 .9 1) 19
cu~"i~d :? 15 .25 ) L 79
~t'-ed :bars 5 y K] 1
Straight. bars 0 ', 11 y s
Cur led h]rs .0937 655, 3_’(; "’
CurJBO bars 4000 ~0937 ~75" 4_5)30 60"
)Jr,,:,.~dbars 0937 875" 6.68
2500 60"
2000 60"
4000 60"
2500 60u
400() 60"

Cross
scotion_

al dinwn-

sian of
column

5"x7.2"

6"x11
6"~11

10

12
10

10
10

J3



Testing

Testing of col~~s :  The lateral 7.10'Jememtf longitudinal .""
steel loars a,yl lateral bulging of concr .;te Here measured by deflecto™:
meters u''hich were put in cont2.ct iJi ell steel studs and concrete surface.
rr,_easurcr:l'-~nt of 10:19 itud in2.1 strain of steel bars Here made o:1 the 2 inch
spaced steel studs kept for the purpose, Longitudinal deformation of
columns Hel'’2measured at c[uarter and three quarter height by 10 inch
i"ihittemore strain gauge and at mid height by deflectometers fitted >lith
sides of a frame. Lateral strains Here :neasured by 2 inch IrThi ttemore
strain  gauge. A set of readin[J Irrere tahen for each measurem,::nt and the
average oJ all the readings ~Tere recnrdod.

The coll.ms <izre teste™ to failur'. in a 200 ten universal testing
machine. Beior2 each colurUl Has loaded, a completz set 0.:strain gage
readings l~astake" to cbeel: the presence cf Hny'mevenness. Hhen the
strain gage rC~<-ldings on the ttle OPi"rsitz fac2s did not tald.ly (-lith each
other, the colUPIn was removed from the machine, and ~'lrepared to remove
eccentrici ty prier to final test,ing. The load uss ao—~—li8din increaments
of approximately 500r 1bs. A comrletc set of strain observations llaS

I11adefor each load,.

Test 1ot compressive s..rengt> of cC'lcrcte: Fig. - 4.1
shm:s the re 1"tion between cube strength and cylinder strzngth of
concrete made of brick aggregates, i;pto a,Jpr']ximately 3000 Ibs.e
per sq. inch ol cylinder strength the ratic. of the cylinder strength
to the cube strength is about 8.75. 3eY(CI'Bo0o0 psi oi' cylinder
strength, th" ratio increases" anc!becomes at,.ut 0.8 for cylinder

strength of 4000 psi;



The avel"l.gestrengths of control cylinders of different
group of columns is shown in Table 4.6®. The strengths noted are the

average 0;" compressive strength of six cylin.derse.-

TABLE 4.6 - STH.U:JGTHOF CONTRCL CYLIIDERS

......................... Ko mmmmee eme -
Group of Design Average
Colulu1l strength Cylinder strength
A 2500 23~):
8 2000 2080
C 400 ~960
D 2500 2460
E 4000 4200
= o - _ i
Test for )-lodulus of elastic f0l.mdaUon The snecimen Hith

four rods half e:nbededinto OPFosite surfaces O the specimen Has
placed in between the platens oc th™ testing machine. The rods I-lere
in contact \Jith the platens of tile tes ting machine.  The strains were

recorded at intervals of load increaments of 200 Ibs.

Fig~ 4.20 shows the plotting of the load per unit length of
the rod and the deflection for the rleterraination of modulus of

elas ti c fou."lds.tion~



Split  cylinder test for tensile strength of concrete and

tensile  bond strength Specimens for tensile splitting tests were

6 in, by 12 inch concrete c)'li nders cast and cured in accord ance with
AS11'C-192. As the diameter of the top platen 01 the machine was
shorter than the length of the cylinder, a T inch thick steel'plate
stiffened by angles was placed over the cylinder, Rubber strips

1/8 inch thick 1 ilich wide and 12 inch long Here placed along the

;r1Q1t=, of contact of t he cylinder "ith the top plate and hottom

platform. These strips were soft and conformed to the small
irregularities on the surface. of the specimens, thus allNling a more
Uniform distribution of stress along the concrete cylinder. The
specimen then blaS loaded to failure, Hith the load a'lr,lied lit the rate

of 30,000 Ibs per min, This is equivalent to a unit stress over ~he
."<"

longitudinal ~ section of the cylinder of about 265 psi, per min. The

tensile  splitting strength  ,1as 'comPuted from the following equation
which defines the theoretical stress  distribution for a homogenious
Inaterials

T~ % Vihcre T ~ Tensile spli tt ing, s,trength,

reDL
p ~ Load at rapture, J,bs.e

Diameter Qf cylinder 5 in

V)
!

-
1

Length of cylinder, in,

After the failur" of the tensile bond speciHen the amount of the

expos'ed surface of the central rod nas lloted e.:

THOuUnit couplet method for tensile bond strength: This is

the second method applied in this investig~tion for the determination

ps i



of tens ile bond li.trength. The concrete cube in ", hichthe
experimental rod \las er;,bededwas clamped 1.Jith a heavy basement! The
free leg of the angle, welded to the experimental bar was connected
to a lever arm. Someweights around 50 Ibs were put into a bucket
from the other end of the lever arm.. Thenwater "las poured into
the bucket ul,til the failure of the teilsile bond at the interface of
the rod and the concrete occured. The weight of the bucket with water

ano "Jeights inside was measured by a spring balance.

Table 4.7 & 4.8 show the tensile bond strengths by two methods.
The tensile bond strengths detemined by both the methods increased with
the increase in the compressive strength of concrete. The strength
determined by spli t cylinder method l.Jasa bit 1OlJer than that by two

unit couplet method.



Compressive
strength

psi

2300

3380
3600
3960

Cylinder
Strength

psi

2300
3380

3600

Load P Load P1 Tensile
Strength
Kips Kips psi.
30.10 28.76 260
38.00 36.40 337
49.00 46.76 433
56.50 54.00 500
TABLE -4.8
T8ISILE 801D STPJ::JGTH DETCRNIJATIQN
BY NJe' UNIT o.~'UPLN{Il-TEW
L, Value of A, contact
appl ied load area,sq.in.
Observed Average
~ - S S ——
129,131 130 1.25
152,156 154 1.25
.- '160,164 162 1.25
171,179 115 1~25

3960

TAl'lLc -

4.7

BYSPLIT CYLINDEREST

Tensile Dond

Strength
psi.

100.2

120.0
128.1
133.1

Average
Tensile
strength,

bond
pSi.

104
123
130

140



CPAPTER - V

TEST ISSULTS

3umma8ryof Test Results

The',test results are present<ed in Table 5.1 and load-strain

curves are given in figures of Appendix - A.

Table 5.1 shows that the maximumlong itudinal strain  observed in
tied column WdSabout 0.0015. HOHever, it ems not the ultimate strain.
They were in fact measured™"hile the column w:is still holding its ultimate
load and was the last possible observation made before it collapses. A
decrease in load of about 4“percent of the ultimate load was usually
observed before the column with longi tudin:l rods having initi al curvatures
failed. These hold their ultimate loads for a minute or twoO, during which
time a cons irierable shortening \,ms observed. Lf the ul timate load Has
reached Hhen the load was being increased it ~as only possible to record
the strains  just before or at ultimate load.

The hterccl strains measured in the columns \lith straight b"rs
are sho\ffi in Fig. 5.40. The poisson's ratio \1aS deten-dined by refering
the lateral s~rain to the longitudinal strain  for the same load. The
poisson's  ratiOs \lere found to be \lithin the range of 0.15 to 0.199.

The strain  measurements could not be made acr.urately because only 2 inoh

strain gages having a least c"unt of 0.0001 inch 'mre available -«

The bulging of s'JU"re and rectangular columns are sho\m in
Figs 5.20 8.11b030. The readings indicated that the rods in the top

part of the col<",mmoved I, terally a short distance. The bulging



occured similarly in square and rectangular columns under only small

lo'adS.

The longitudinal strains measured in columns of Groups A and
B are shown on the unit load strain curves of Figs, 5.50 & 5.60, The
strains in concrete and stecl at the different heights of the column

were observed to be similar, except near the failure load.




TAILE5.1 - SU,~'AEYs EST RESULTS

- - - -
= - —_
L] L] - 1 I —_———

ColuOin CylLlIder Load at Strain .T-iax.load  Stl-ain

streilgth 1st at 1st I~ips at max.
psi crack, cracl~; load

Idps

AS 2380 120 .0011 142 10i)32
AC 2380 105 ,00065 120 100125
Al 2380 131 :00135 131 .0015
8S 20110 90 :0010 113 lom5
BO 2060 90 .0014 97 .0.020
rs 3960 150 ,0:111 180 .0030
SO 3960 160 .0:>4 164 .00135
DS-1 2470 110 .0016. 1h5 .0048
0s-2 21(10 100 .0017 133~7 .0029
DS-3 2470 120 .0014 142 .0035
0s-4 2470 115 .0019 137 .0025
0s-5 2470 115 .0J22 1l4c .0034
;)0-6 2470 110 .0010 117 ,0012
C3-1 4200 170 ,00165 246.3 ,002.75
ES™:"2 4200 190 .00150 216.7 .0030
£5-.3 4200 160 .001'1 17?S .0042

JJ1

Load Hode ¢
at failure
final
f2.ilure
Nips
82 Spalling

20 Spli tting

00 Shearcone

65 Spalllng

62 Spli tting

2] Spalling

00 Buckling of
rod

90 Spalling

10 Shearing

70 Spalling

15 Shearinqg

73 Spall i,,:.." 221~
rod Nuctl.:n~-:

00 Buckl in'J 01!
rod

155 Spalling

123 Spallino

105 Spalling



Behaviour of Columns under Loading

The column in general did not sho>!non-homogeneity or large

eccentricity of loading at any particular section. There ,laS no particular
part at "hich all the colunns failed. Figures 5.1 to 5.6 shoc" the appear-
ance of some columns after failure. The behaviour of different columns

during failure 19 das<lIribed,=~low;

Columns AS, 85, DS-1, DS.,3, Ds..5, ES-lI, ES-2 and ES-3 "lith

nn— ———.t~ .

ini tially curved rods failed generallY at the toPf Little lateral defor-
maUon was noted until the yi.eld point o, the steel in the column was
reached and no appreciable spalling occured until shortLy before the
ultimate load \las applied. After the spalling of concrete cover the
loading dial shol"ed a dotm>Ictrcitend and remained fixed at an average
of sixty per cent of the ultimate load and the colulnn \.Uldenlent high
longitudinal strain. "0 buckling of the rods was observed after the
failure  of the column.

In Columns':'AT,rith tied bars no craclC>!as observed on the
specimens until failure load =>!as reached. As soon as the first signs
of crushing app"ared on the lateral' surface, the specimen failcd lithout-
any warning. The concrete in thc' core of the specimen showed signha
of crus,"ing eliti) thc"charactel-fstic cones, typical of a compression
failures in a prismatic con'crete spCcim'en‘as "lLom in Fig. 5~1(c)."”

The failure snoced some signs of buckling of the'reinforcement.

HOHever it Has believed that this was a s8condary effect of the crushing
. failure of the concrete. The"ties did not shot,; any sign of tension
failure.

In one of columns CS :lith initially curved 'bars thc failures

started crith, a crack \lhich was inclined at an Mgle of about 3()O\l~th
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'longitudinal axis. Tile fail un' plan~ t.hen propagated dOflmrard by
splLcing alongthe plane o0J:'two rods. Only on" rod buckled within the
exposed length. Jr. the oth"r specimen ,.hich is shown in Fig.5.3(a) all
the longitudinal rods buckled.
In columns AD,.30,0s-6 Hith straight bar and end ties only concrete

1
<>ctlljJres!;ivestress at ultimate strengths 'ere O.76ft O.72fb and O.71Bf!i

respectively. The modes of failure al"5 s,'oom in fi(ijures 5.1,(b), 5.2 (b)
and 5)"if) In these colUMns "ithout internediate tie, longitudinal
splitting was observed practically over the I-ngth 01 each column. The
cracl, ap::oeared at the top and extended dQtffiard along the longitudinal
axis. The loading dial indicared maX;"lUljbpadin;J ,,,hen the crack reached
,the mid height of t he column. The splitting crac!, Hidened and propagated
until it came \Jitnin 1/5th cf height of the bottom part.. nle 'split up
parts beh:wed as long colUJ"ns Hith charaet'zristic buckling.

The colu'WIsOS-2 and 05-4 having ini tially curved bars and
3.4 per cent of longitullinal reillforcement failed ‘lith a ,,,edge formation~
These columns failed shortly after the form'"tion of an inclined crack.
The failure in Column DS-2 occur"j at the Q.idCle. As illustrated in
Fig.5.5(b) the upper ,ledge formed a s"at in beblCen tHOuedges and
splitted :the 10Her concrete along the csntral lin",. ‘fhe SplitU:lg \las
a secondary ef:>ect of the movement of the up,:er ‘'ledge. The faihtre in
column 0S-4 occured lithin the 101?2r half ot tile cDlunD. The plane oj[
failure made an angle of 30° 'lith the 1"ngitudinal axis of the colum.,.

~oncrete col\llOIflHithout reinforcement failed either by
shearing diagon::tlly or by shearing into a ,ledge which s,lits the

surrounding concret~. Failure uas violent, specially  for the higher



strength concrete, The plane of failure generally made an angle of
about 30 degrees with the axis of the column as illustrated in Fig.5.6.
The columns with J000 psi concrete failed abnzp-.t.:ly almost without
warning, In the columns with 2500 1b, concrete, the failure was

gradual,




CHKPTEH VI

ANIILYSIS AilID DIS;USSION C? TiST Rlo:;:;LILTS:

The uldmate  strength Oi tit" plain  columns at'ld their controi
c~'linders and the strength of t.he ColUlJUl§ated as a percentage of the
strencjth of the control cylinders, are SbOCffin Table 6.1 e. The average
strength of the plain COIUIOIISas found tc be ap;>roxirmtely 85~of the

st.rengtdl  Or tlic cyljnders.

The stress-straill curves for the cylinders alld the cclumns

tested ‘'ll'e given in Fig.6. 19,6 ,20 and 6.30 :cor the tl40 different  strengths

of the concr¢:te. Each curve is the average for all the specimens of its

kind; There is close agreement bett/een the curves for the cylinders

=d the columns tlpto a stress of 800 psi and ccnsistantly greater

defomat.ion in t.he colwlins s th8 stress is increased.

RESULTS K'R PLiJiJ CX:LHNi';;dS

UHimate load ‘COlunmstrength Cylinder
Cclumn (Av.of tt<o) CP Psi Strength CP
Kips. Cu, CW.of Cu
______ _ six)Psi
Al 78 2170 23fl0 91.00
SP 60.1 1670 2080 80."1
CP 121.3 3360 3%0 85.00
DP 74.8 2070 2460 84.00

EP 128 3550 420" 85.00



FiO.6.80 shol-fsthe relation bettfcen the str'Gngth of the reinforced
columns and th", sumof the strL'flgth ,—fthe<concret” and the reinforcement
used. All the rei:-,,,-orcedcoler,ns used in t,,is figure had 3.4 percent
IQngit.udinal reinforcement.  The sectional 8.rea of the concrete withln
the outer circUlJfer”,nce of the column, that ie, the total concrete
area minu3the sectional area of the 10:1git"dinal bars ~1aS34.16 and the
sectional area of the pi_ain colurnns™as 36. s'l. inch. The plotted valu8s
In the lower CUr\learc 34.'116/36.0 times the strength of the plain columns,
and .t'19rv:..:s;:;the strength of the concrcr,c ;n t—n;reinforced columns.

To these ~trcngt~:s have bscn adrled the cotal yield point strengths of the
longi tudinal reinforcement.  The strengths thus ohtained en columns
reinforced Tnth int.ennediate grades ~)freinforcement arc shown in dctted
lines.  Th" strengths of the CO11.illi® reinforced but having the
reinforcing bars liith an initial deflection of 0.125 inch at mid-height
nrc ShOMas Solid lines. Bas"'dupon the assL"llptionthat the 10ngitudinal
reinforo'lll<-:ntis stressed to its :(ielLipoint stl-Cil[Jthin the column, the
vertical clist8llce b~b!cen the solid a.,u the do:;te-Jlines for each grade
of steel represents the sCI',cngthadded by the cUl'vature of the reinforcing
bars. The indication of th<'foregoing paragraphs is that the strength of
the columnhaving initially  ::urvcd lor>git”,dm,l bal's "as madeu;) of (1)
85 percent of the cylinder str,-,nqth times the cross sectional area of
concrete (2) th2 yield point stress of the 10ngitt~inal bars times their
area and (J) the strength addcd by the curvature.

It has been assumedthat the st,;c-1 stresses 2.1-dnitially zero
but there will be somecompressive stresses caused by shrinkage of

columns while drying out. Shrinkage has no efiect on the ultimate load
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of " c~lu,'nnand t.he strains r .corded ar,~the strains measured during the
tests.

In Fig. 6~4', to 6.7" inclusive, the average deformation are
plotted 1.'0.th" different loads on the columns. In addition, the loads
correspond ing to the strains in the steel are re"r"sented by a broken
lire. The assumption m"d" a\s tll<'t the concr'te, the longitudinal steel
and the confinement to the cencrete by the initiaUy CUt'\fedars
contributed to the 1nad carrying capacity of the cnlurm. The assumed
division of the loaJ carried by each of these factor ;. ~~wn on the
diagram. The above data has been presenteel in s tabule” .'om in Table 6.1.

Table 0.1 sho'.ISthat over the sU!",  tionof th"™ loads carried

by the concrete anelsteel, Group A (square with 2380 psi concrete)

colu;"ns ShO1Gh increase in caracity by 7.63;, Group B (rectangular 'lith
2080 psi concrete) columns 9~2%,Group C (squal'e 'lith 396'{psi concrete)

col=ns 3.[6;06coluranES 1 (s:Uare ,lith 6.68 p;c. of steel and 4200 psi

concrete) 7.'7,1colurmES-2 (scruare "ith 4.9 precent of steel and 4200 psi

concrete) 7.1)%s8nd coltltUliOS-3(squa;'e llith 3.4 percent of steel and

4200 psi. concrete), 8.8%.

The percentage waS 10lJest for the colum;>:pf group-C probably
becuMe of the 1~lil\lre of the ties at the ends end the violent failure
of the concrete.

In the colu=s DS-1and ES-3 in "ili"h there ,ras no failure of
the ties and only spalling of the shell concrete occured the increase
of capacity over the load carried by steel and concrete ‘'Jas observed
to be the higrest.,

It is observed thac in case of straight bars with properc.nd



Toble 6.1 DIVISION OF LOiUIBI'1I/EEN CONCRETBNDREDJI'DRCENtNT U8

Group p,lJum.lini  ti all ~rlind zrl Perc~~t-I Load card ed by the -

No.. deflec...  strenst~ age of column —_ | — J(:?ad k_carried by 1 Irllcrease/ Decreasz I Failure
; : . n Kkips) of capacitv above f ties~
}A%?]esm steel <ips 1 ﬁﬁengtra@?"e Stﬁp.g' Concrete. | Steel  columhs tJ&9 or Hes
bar & ties. KlpS I Percent
1 2 3 4 5 6 7 8 9 10 11 12 13

A AS 1o 23n0 4 142 118 78 75.0 57 110 7.6 NO
AT ~ '<3£0 3.4 133 111 78 75:0 57 1.0 0.76 NO
i 2330 .3.4 120 100 78 75.00 57 -12.0 -9.1 NO

B as 125 2000 z.18 113 116.5 631 65 38.5 9.5 9.2 NO
00 2080 2.'8 97 100 63.1 65 385 ~.5 ~-3 NO

C CS 125 3960 3.1. 180 110 121.3 117 57 6 3.45 Yes
0J 3~0 3) 164 100 121.3 117 57  -10 -5.75 NO

D D5-'] 0625 2hro 3.1. 145 124 74.8 72 5/ 16 12.4 . NO
D5-'2  .125 <:1;70 3), 133 114 74.8 72 57 1.7 3.65 NO
DS-3  .187<) 247'1 31, 142 121 74.8 72 57 13 10.1 Ycs
05-4 .25 X(O 2.) 137 117 74.8 72 57 8 6.2 NO
Dseb  .<)0 Z470 3~), 142 121 74.8 72 5/ 13 10.1 Yes
Ds-6 24'70 -4 117 100 74.8 72 57 A2 -9.3 NO

E ES-I .0937 4200 (.68 246 3 128 120.0 108.3 -18 7.9 NO
ES-2 .0937 ~00 1.9 . 216.7 128 122 79 15.7 78 NO
ES-3  .0937 4200 3.4 196 128 124 57 15.9 8.8 NO



ties the lateral straining of th; concrete -Jas not restrained.
The loss 0S'capacity due to the lateral str"ining of the concrete ,.as
5.75 to 9.30 perc'nt of the load carried ])\'t"e ccncrete nnelthe rcin-

forcem"nt. 7118 lateral ‘"trctining resulted in the premature splitting
f"ilur'; of the eolU: lllseinforced ,lith straight b~rs and end tie only:'~

In c~'mparison t-Jith colUrrLIlS Lrith straight h:l-s an.":lend ties
load carrying caDucity of columns ;. :it—init.ially curved bars and

ties is highe by about 10 to 21 percente.

In Table 6.2 an anolysis h"s been made\lith the experimental
data for the determination of the initial mid deHection of the

longitudinal bars) with its end tie reC(uirem~ntfor maxiuumcolumn
cap'city. ,~"alysis h,'s also been mackfor the tie requirement ‘lith the
supplied initie.1 curvature. Ill the 8nalysis it ',"Sas’;\1Tllethat "t
the maximurload, there is'no change Lo the maximuminitial given

deflection of the bars at mid-height due to lateral strain in the

concrBte .

The analysis given in the Table 6.2 shoW'Shat to s"tisfy the
abcve assunlDtioil.the initial mid-deflection: of the bars lies behTeen
56 inch to .093 inch "ithin the limits of the: investi;]ation, the
minimumvalue, being for the rect:lngular colullns. It is observed

that the supplied initial curvature (laSmore than the minimum

rr.quired in all the colur.—~s.

The tie requirement for t he minimunneczssary mid deflection
of the bar falls in the rang™ of 0.00-00% s':r.inch. Of course small

increase in the leflection over the minimunreciuired one results in



exeessiv~ increase il the tie rc~irem.~!1tirl-ich is in the rafl.ge of
.0170 to 2.48 sCi. inch in ‘his in'l'2st igation. N is observed that

('nly tHOcol\.L'lInglamely DS-1 and E5-3 are adequately reinforced , Ilith tie
for the supolied initial curv'tul'e of [,he 10nJitudinal bars. 1Jhen the
ties are distributed, instead O' being supplied at' one section, the tie
re(~irement fall in th~ range of 1~.25 inch dia. to 4-.25 inch dia. tie
@ li inch CIC near each end. These amounts of ties are necessary ,.,hen
the strain in the tie is e(~al to the strain at propertional limit.

If the supplied amount of tie is less Lh3JIthe required, the strain in
the tie is expected to exceed the yield ooint but does not ap~roach

the strain at failure of the tie. Before the strain in the tie approach
failure, the concrete will crack resulting in low load carrying capacity.
In t—,is investigation the end ties of three columns CS, DS-3, 5 failed

at the I",ldea joint probably bsc<luse of inpro'ler \-lelding.

In the Table 5.}. Hith theoretical a,lalysis it".is observed
tha'. excepting ths column DS-1 and ES-1 o,rith an initial deflection
of .0625 of longitudinal bars all the other columns are inadequately
tied. ;,11 the col.umnswere inferior in comparison to the columns

DS~1, and £5-3, probaly due to the reason that strain in the tie exceeded

the strain at proportional limit.

In the table of suwnary of test results, the load at the
first crack of all the colucms are noted. Th" loa,; was increased in
incrcaments of 5 kips and cracks "ere only observed in reaching a
definite  loading stage. Consequently the load at the first crack

might be as much as 5 kips smaller than the observed load.

For the columns reinforced elith initi ally curved bars; the ratio



TABLE 6.2-THEORETIQAL ANALYSIS OF| EXPERIMENTAL ___ DATA
folumn No. AS | Bs |cs | psi|Ds2| Ds3| Ds4 | bS5 ESI| ES2 ES3
foncrete strengLl, Ibs. 5354 (5010 |3060 [2470 [2470| 2470 7470 |2470 4200|4200 4200
DCT— SU— T T
Diameter of rod, Ibs 625 | .500 |.625 |.625 |.625| .625| .625|.625 .875| .750.675

1
|

£, md lion psi. 29.9 130.0 [29.9 [29.9 [29.9| 29.929.9 [29.9 79.9| 29.9 29.9

=t. million psi 30.0 [30.0 |30.0 |30.0 |30.0| 30.0 [30.0 |30.0 30.0( 30.0 30.0

e— Million psi 3.42 3.25 [3.60 [3.30 [3.30| 3.30(3.30(3.30 3.90| 3.90 3.90

L“S‘.‘pported length. 60 60 60 60 60 60 60 60 60 60 60

Incecnes

g 1

7 - 26.0[49.0 [46.0 [46.0 [46.0[ 46.0[46-.0 [46-0 454448460
_ <19.049.0 49.0 49.0 49.0 49.()49.0 49.0 49.0 49.0 49.0

Stralrl at proportloral

limit of tie bars mill- |1700]1700|1700 |1700 |1700 1700| 1700|1700 1700, 1700 1700

ionth

Foad—P— KPS 142 O 84142 14 2 14 2 14 2 14 2 14 2 27 6 196 14 2
" Lateral strai_. e ore 130! 100 | 150l110 [110| 110| 110] 110 169 165 165

Spir Ttaig, mefr o S

Toncs blo b =1ad Clyo T

rERSiye Do Toone — 1 100 | 99 | 140| 100| 104 100| 100 100 1494 145 145

Ib.per sq. ir.

Tﬁ)lsu q Lefore spalli:-"al,,05| g0l 1707| 1158|1159 1158| 1158| 1158 2053 2034 2015

%gzd g after spalling. | ,577| 70| 1532| 1032| 1034 1032| 1032| 1032 17")8 1°16 1875

B. Ibs.per sg. in.x106 3.75| 3.30| 4.05| 3.70| 3.7 3.70| 3.70[3.70 5.2Q 4.65 4.16

Total width, inches “ 5 6 6 6 6 6 6 6 6 6

Core width, inches 4 3 4 4 4 4 4 4 4 4 4

Value of m x 1 2 1 1 1 1 1 1 1 1 1 1 1

I, moment of ir,ertiaof

Longitudinal—steel 7z 5ol 3 o7l 7 59l 7,50 = 50 7.5 7.50 7 50 3.p- 1.5C 7.51

hundredth of in.

a._required __initial 067—05 oF 057 |- 057 . 057 057 _0b7 0" Q7 09

deflection, from Eq. (k) T T T 1

Necessary tie for requir| d

initial_ deflection Q038 002, oQ*" - - - - - .00D" 004 ¢ .005

sg. in. ,

Supplied initila deflect

ion of longitudinal stee 12 .1 137 063 1'125 1°f .250 .500 .1p*" .17" .1/:

inches




Et. million psi 30.0|30.0(30.0/30.0 [30.0(30.0 [30.0 |30.0 |30.0 |[30.0 |30.0
Ec—MiHHon—psi 3.4213.2513.60 (3.30 [3.-30(3.30|3.30 [3-.30 [3.90(3.96-3.90
Unsupported length. 60 - 60 60 60 60 60 60 60 60 60— 60
1TICTIES

’ T 46.0149.0146.0 [46.0 146.0146.0 (46.0 146.0 |45.4 |44.8 [46_.0

49.0 49.0 49.0 49.0 49.0 49.0 4<).049.0 49.0 49.0 49.0

Strain at proportlOnad

limit of tie loars,mill- (1700|1700 (1700 |1700 [{1700| 1700 {1700 (1700 |1700 |1700 (1700
1onth

Leoad—P- Kips 142 O 84 14 2 14 2 14 2 14 2 14 2 14 2 27 g 10 6 14 2
Lateral strai-__.efore 1364100 | 1501110 [110 | 110 110 | 110 | 165 | 165 | 165
prILLIllg, Mmoenn ad S

Tensile bond _stre 3 h, |05 | 99 | 140 | 100 | 100| 1200 | 100 | 100 | 145 | 145 | 145
Ib.per sqg. Ir..

E%;F q V:.eforespall i:-"9| 1,45 ggo |1707 1158 [1158| 1158 |1158 |1158 [2052 |2034 |2015
&ggg q after spalling, 1277 | 760 |1532 |1032 |1032| 1032 |1032 [1032 [1798 |1°16 |1875
B. 1lbs.per sg. in.x106 3.7513.3014.05 |3.70 |[~.7013.70 |3.70 [3.70 |[5.20 |4.65 |4.16
Total width, inches 6 5 6 6 6 6 6 6 6 6 6
Core width, 1inches 4 3 4 4 4 4 4 4 4 4 4
Value of m x 1/2 1 1 1 1 1 1 1 1 1 1 1
I, moment of iInertia of

lengttucHnal-—steel; 7.50(3.07|7.50 (7.50 | .50|7.50 | 7.50] 7.50| 3.r | 1.5 7.5¢——
hundredth of 1n.

a. required initial | 67 (56 080 057 .057 .057 .057 .057 .06~ .07Q .09
ucirrcooryulr, 1 UIT I:q. \i\)

Necessa.ry tie for requir |d

inltTial deftrlection, 0038 | .002 .0ool3 - - - - = [.009% .0044d .005
sq. in.

Supplied 1initila deflect

fom—of —tongitudimal—stee( 12T 121 127063 129 —10P 250150027379 —12:
inches

Tie requirement at one

section for given .112( .130| -193 | .053 | 125 -,284 _99 | 2.48| .1R( .104 .017
[defT1eC 1on . IN. |
|DiS-J i uted tie reCIUire— | |
menL for given deflect- g g g P " g q P " " P
ion NO.of .25 i1nch dia. - - - - - - - i - - B
at a rate of 6 inch CIC.

Supplied tie, NO.of

—25—inch—cHametet — —
ties 2 2 2 2 2 2 2116 2 3 2 2
Increased capacity in

percent of .85 f c A

+|7.6 | 9-2| 3-4| 12-ﬂ 3-6| lO'H 6-2| 10-H 7-9| 7-R|

8.8|

LA vl
S




of the load at th" lirst crack to the; ul timate load varied from ,770
to ,55, thus giving warning before /ailure. For the coltmns reinforced
'tith straight bars and end ties th'; r:~t.iiotrus in t.he range of .83 to
.95 and for the tied column thc r"tio Has as high ;:.s .98. The observation
of the cracking load and ultimette load Lldic:ltes thaf the b"haviour of
th" colu= reinforced Hith longitudinal rods having suffident initial
'‘ourvature and adequat” tie is superior to t;le columns reinforced "lith
straight b:u's and ties 1'«9'lrcl;ngthe warning befol'e failure; by oraoking.
Th" longi tud inal maxirrun oQserved deformation of columns
,Jith initially curved bars HaSbetHeen .0028 t<> .0048. For the column
reinforc'?d 10ngitudinetUy Hith straight bars and laterally ti~s, Ule
maximumstrain  was observed to ~ .0015 at whioh the stl—in dials had
to be removed because of sudden failure of oolumn.. In tJle column
reinforced ,.nth straight bars and end ties, the ultimate strain Has
observed tc be "lithin the range of ,,00135 te> .0020. The much higher
strains obse;rved in the columns rdnforoed Hith longitudinal bars having
initial ourvatur" and lettei'al ties indicated that the ductility of the
tolumns is increased ;rhen ini tially ourved bars are used. The; high
Clltimate strains also ensure n::uchenergy absorbing capactty of the
colWfucs. The energy absorbing capacity is im-~ortant in the design of
structures in seismic regions, The high ultimate strain of the colu'llJl

'is also necessary in the proper use ( by adequate straining ) of high

strength steel as 10ngitud inal re inforoe" ent,



CONCLUSION

The following conclusif'n:;maybc dra!mf romthe investigation

1. Theusc O1 ti cs in reinforced concrete columnscm bc
reduced by giving initial curavturc to. th? longitudinal bell's. The
characteristic  spalling fnilure of th" shell concrete and almost
absence of bucl<ling of the longitudinal bars indicates that the longitu-
dinal bars with initi al curvature serve both as longitudinal and
lateral reinforcement.

2. In all cases aolumnsreinforced with initially curved
bars was obserwd to undc:rgoabout 187-300 per cent higher defol'mntion
before failure than columns LJith strnight bnrs. At the S8r\etine
amplewarning of failure is given after the appearance of cracks in the

concrete in columnsreinforced \lith initially curved bars.’'

3." The initial mid deflection of the reinforcement is a

It can be determined by the usc of th~ following equation

n 2 e
\% e/ a2 3 n2p " } ||||||41?-|' — PTa#3 + a eccce ('0
( . ) n g
41
4, In order that the stress in the end ties does not exceed

the yield point,’ the cross scctional area of the tie nt one end of thc

columncan be rg>rcsented by the equation 1

Eazuz 29L
2q n
5. The ultimate load of axially loaded columns'reinforced

with initially curved bar and the cross sectional area of the tie in
accordance ,lith equations (1) and (2), showsan increase of about

16 per cent over the load carried by th~ concrete of equivalent cross
sectional area in plain concrete columnand the steel at its vyield

point.



It was f.;bserved in the an.alysis of the expcrinental data
for the deteminatior’. of aTTIl)Litud2 of initial curvature that only
two col'ltm:-J.s \Jere 8/lequ;-itzly reirL.foj"C(lc.~ i th end ti~s _~'or the given
initi:ll r.urvalLur8 O:£ thL'; rod.. )-s the oth..:;rcolumns I-Tere not adequately
reinforced ,.nth ties, the ties ~lere strained causing preMature failure
of th" colum..'1.Conclusion cannot be clrJ.,mon the basis of tHO adequately
designed test coiumiiz, Further rescearch s!,ould be I'l8.de"i th C01UJ:U1S
Hith initial curvature of th" bar "llldal""a of ties given in accordance

with eauatic>n (y) and (z) bdore drawinj naal conslusion.

The co,lclnsion stated Hcre limited by the scope of the research.
The efXect of th'<different variables stated in the chaptr 111 nal' also
be studied f)r a cGnprehensive k:'lowledgeaJonc the behaviour of colur.u,s

*-Jith initiall—-r curveu lonuitudinal bars.
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uhen thG rod 1'crJ.8.ns in the (“Jriginal pos ition un~jer the ultinil.te 10:ld.
AsIBrcpresents the nagnitudc of tih~r~o.ctL)nO1l th.:.:fOlli"l1datlon per tulit
length of th" bel!l'for ul'li deflection anGtil" Ir,tcral 10m1 due.:1:<llaterol

, g anci uy ussocialed Hith/;nd q will depend on
thl.:;: runount of I:::.t.,,;rnd. Ge:i'onnJ.tion of concrete I'lllich is pt...;ventc.: by the
initially  curv8d b:yrs.  In the .i'olloHin::Bnalysis iLq associated itJith  cun
g ,Jill b" r"present'd by "P and ay

fonned intu the i'olloHinu equ;;\iions 1! th\3 follclding  cqu:_,-tions O.r—~madu

o2 | =p- "itéll - @

2
— b J 9 =2 2qL |t4 cl a2
_ 2 o o I3
IICta0 I "
[ |
6
2095 x 10° psi., P u -l
f1 AT 6
a. £ rwL . "00013 x 342 x 10 x 8+ 1900 x - 1402
1277 1b/in, . 0013 in.
54
b4 in., |1 5ﬁx&4
. .0075 in.2

L « 60 in.
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deflection of the longitudinal bar is ebtnin2d as follows
Fren Eqg. (1)

| &
Substitutin[J the values, it ,is found

n2 [ ,_3_x]_42§2§2x~1.85'_ MW_ 1

41D0 1WO0:>iiCbh6o
) ZIIX|“6x6§ )x(.00013)2 + >ii !
4

from :'lhieh
a2 (1155 - 25 ) _ 095 + 7.00 . 7.95

S.ecumulutedTie f:tequirem-mtfor the required

Initial Mid-Deflection

AS, o 4 ese 00575
me a2 2-0x10 Ox2.9x10 x4
dpia? ) 3x14200x9.85¢. 0046 g o
4L 4 x 60 B
29l a ..  2x1277.5x60x.00013
" q 1t
R
- ] 429.95x106x,0075 x (0678)2 6
w..? 1WO:>iiCb60 B
. 275)10°60xe .00013) 2
4

Substituting the above values in Eq(2)~

a 0.0385 sq.ine.e



Accumulated Tic r{erruirc;;lentfor th,” giwn
Initial Mid-Deflection

In th~ columns of Group A the ini tbl deflection given to the rod

was 0.125 in.
with a = 0.125 in.,
< ' - 4 El a2
At - 000575 L %2 _29h.- g ¢ L pan
K 41.3

- 0.00575 [ 3X142004XX96.25XO.D156 2x12775 x60x,0013
t

97x29~95x106x.0075x(.0578)2
1Ix60Xx60x60

0.00575 ( 27.35 - 6.3- 0,394 - 0.95 )

l

0.112 sq. in.

Distributed tie Hequi!lzlllentm" the given
InitialNid Deflection

In an attempt to supply the required tie, only tuo rods arc assUlll~d
to be suppli cd at each end at 1 spacing of 6 inches.

Then th™ u:lsupported length of th~ her spccl'les 60-6x2-1x2 - 46 in.
and the 3lllplitudc of curvature is 0.125 - 0.1.25XSin180x7/60

With the above values of fal 3nu 1L

= 0.043 sqg.in. As At is less thlll10.05 sg. in. supplied by 1,-t in dia.

tie, so 8.ssuncd cistribut'i"n of tie iS' O.K!
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