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CHAPTER 1%
ADSTRACTS

1.10  Quotgtimms:
"Lateral tics con be offectively utilised 4o o much better
advantage in the reinforcement of short, axially loaded, rectan—
gular colunmns thon tho prosant Nigurian Standard Colc of Practice

far Reinforcad Concretc Structurgs recormends”. :
}
"4 noaro intensive tmnsvorsg roinfarcenent and less of L

longitudinal bers will prove to be more econamical in tho lcng run®,

1420, Koy Words!
Sheort columns, lateral tiocs, cubo crushing and gylinder
strongths, yield stresses, previous works, analytionl equations,
testing, defarmations, failure modes, dectility, buckling

phencnenon, Polssons rotio, ultinate loads,

1,50 Synopsist

This thesis brings into focus tho knowns anl unknowns in the
host of fechnical informations available on tho eff'oct of lateral
roinforcemant on the performance of reinforcod concrete columns.
4 critical roview of the MWigerian Stondard Code of Fractice and
of previous researches and their rocommendationgs on the subject was
made and aress of disagrocment discussed. 4s & basis for theoretin~?
annlysis, equations put formwrd by previous investigators to
dofine the ultimato load of roeinforced consrete colunns with lgteral

tics wore studicde



1e40.

An exporinontal progrome was designed to imvestigste the
complete load~-strain relationghip of confined concretce under the
influence of certoin factors that e¢ruld affeet this relationship.
A total of twonty-seven cclumns ware tosted to destruction; the
foilure loods, nedes of failure and stwains heing ncoted.
Variable parameters in the tosts were: tie spacing, nunber ot
logs in one link of tie, ccdlunn size ~nd sidofwidth retio, por-
centage and nupber of longitudinal reinforcement, Tho results of
this experimental work is comparced with eguaticns derived fron
analytical considerationss 4n oquation wns rocoruended fa possiblo
adoption by the Nigerian Standards Orgonisaticn in 2 reovisod

Vigerian Standard Codo of Proctice WeG,P1.

Introductions:

4s 1 result of the innbility of plain cemergta 4o absorbd
tensile punishments caused by dffercnt types of londing or dis-—
turbances, it is usunlly reinforced with a prodetermined quontity
of congitudinal stecl bors. Also, adequote transveorse reinforcenant
in the fornm of latoral ties or closcly spaced helix or spiral
binders is incorporated to nrovent prenaturo colunn failure due
to buckling of the individunl leongitudinal bars o splitting of
conereta. These reinforcenent s increcse the load bearing cepacity

of reinforced concrete nenbers.



With respect to colunn desigh, the Intermstional Codes of
Practice I:.’.dj specify a lower and upper linit within which the
oross=sectioncl area of longitudinel reinforcements siwuld fall for
satisfactary column desigh and necessary consistonoe¥ of comerete,

Por axiclly loaded short cdlumns reinferced with longitudinal
bars ard lateral ties, the Nigerian Standerd Code o Practice,
HaCePe 41 1973 !:52:] specifies that the permissinle axial lead should

not exceed that ;iven by the fdllaring equation: }

Fo = Poohe * Dy gy - -==(1)
Vhera: ‘ '

P, =~ is the permissible axial lond on a short colunn,

Poe = 13 the permissible stress for the cuncrete in

diregt cuempression.

A ~ 1is the crogs=sectionnl arcva of the concrete

excluding any finishing materigl ami reinforcing steel.
= is the permissible conpression stress for colunn bars.

dge ~ 1s tho orossesectiongl arcs of longitudinal stecl.

o
In cddition, for axinlly loaded short columns with helical

reinforcements, the Codo rocommends tho following equation fur

caleulating the pormissiblo lood:

®Applies to the traditional eoncoption of _
"workability" as preposed in [50] |
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Py = Dgo A + Pao hgg * 27000 &y --'----------—-—:(2)

Where: &) - is the cross—-scctional area of concrete in the core

excluding the area of longitudinal rcinforcerenta.

Ly ~ is the equivalent area of helicol reinforcenmont(volume

of helix per umii longth of the column).
Also, the sun of the terns p,, 4y + 2'{’0()01,1“iI shauld not excead .
0.5 Uy A, whore U is the 28-day cubo strongth of the ooncrete. |

Bquotion (2) shows that for columns with helical reinforce-
ments, the axisl load is shared by the throee materials which
canatitute the column, nanoly: the concrete in the colunn core, tho
longitudinal steel, and the helioal reinforcoment, .

Tt is staggesing 4~ vk shes casdion (1) 1s completel;r
innccemt of the term defining the effect of lateral roinforcenent,
Thia omissicn is common in all codes of practice. TFeor instancae,
the Anerican Concrete Institute (A.C.I.) Cods tzj gives the following
equation for colculating the ultinmate load of axially lcaded columns:

1 4 1
Pu = Olsﬁc I—]c + fy -As

%#The author considers the torm 2'?000_;1,b an obvious error sinco
the factor "27000" nuplies to P.S.Il. units only whereas the

code's gpocifications are in N/imz, 27000 &, should read
189 A'b sinco 27000 Pe Sel = 189 N/m]:lz approxs

[ A.W- .
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Vherc:
Pu -~ is the ultimate strength of column
£ - is tho 28- day cylinder strongth.

~ is the croass-secticnal area of concrate excluding any

finishing material and reinforcing steel.

' - iz the yield point of longitudinal reinforconent.

A, -~ is the total area of longitudinnl reinforcenent.
whilo the Pritish Standard Cole, C.P. 14 (1969) [7] sgives
Po = Dgo fip * Psc bso

411 theac oguations do not include the of feet of transvorse
reinforceonent s The ecwmon onmission is thareforec deldberate but
not nocessarily proper as shown by the theoriticol and experis-

mental findings of tiidls thesis and those of previocus rescarchers.

4lso, the National Code Dzj spccifies that a reinfércod
cuanprete crlumn sheuld have transverse reinforconent "so disposed"
as to provide restroint ocgainst the bupokling of each of the .
longitudinal reinforcements. The phrase, "so disposed" creantes 8
loop=~10le in the grecification and suggests that nore imestigations
are still necessary., lersover, tho stipulation seens to imply that
the only funotion «of transvorse reinfarccmotis is prevention of
buckling of tha longitudinal bars, The stipulation therefare ends

with the rocommendation that the pitech of tronsvorse reinforcements

!
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should not be more thon the lenst of the threc following distarcoes:

1«  the least lotoral dimension of the column |

2, twolve tinos the diameter of tho smllest longitudinal
reinforoement in the column.

3¢ 300ma.

Bxperinental results have shown that the presont code squations

for ultimate leoad calculaticon is fairly sotisfaotory if and only if

tie spncing is not loss than the code's requirements, For increased
tie spocing beyond the present stipulations, the ability of the ties
to prevent buckling of the longltudinal reinforcements is very nuch
reduced. 4 heavy transversce reinforcement, however, definitely
produces a significant change in the lwad=-strain relaticn of short
colunns, increasing the load carrying capacity to an extent that ..
negligence of its off'ect in the pemmissible or ultimate load
equaticns becones intolarably . unrealistic.

It seens tharefcors, that sitce a nore intensive lateral reoin-
forgemont increcsses the lLoad carying capacity o a short reinforced
csoncraete colunn, snd inproves its ovarall performonce o raviow o theo
code stipulations on transverse reinfecrecements is necossary. 4An
increased percontage of lateral reinforcerant should be recommondod

and its effect introduced dircetly in the load egquations,
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CHAPTER 2

OLJECTIVE AND LIMITATICHNS

(b Jective:

As discussed in the proceeding chapter, equations in the
Netiomal Dosign Codes of Practice for onlculating the copacity of
axtally loaded short reinforced conerete colunns do not contnin
terms expressing the cffect of lateral reinfarecoment, To compensate
fa this contingency, tho codos recommend a moaxioum value for the ¢
spacing of latorsl ties which offers o very low percentuge of
transversc steel. For such low percenteges of binders, the effoct
of tics tends towards nogligible and the codes recowendations ure
thwrefore fool=proof.

Hosever, o decrease in the percentage of binding steel must
be compensated for by o corresponding increase in the percentage
of longitudinal bars sinco in that case the load has tco be carried
by only the longitudinal bars cnd the conerote. This method doos
not ensuro full utilization of propertics of all materials and will
not, therefore, lead to econcny., Resulls of experiments oarried cut
in different resecarch comres as will be dlscussed in the noxt
chapter have shown thit intonsive transverse reinforccenonts inprove
the performance of reinforcod concrete colunns DO, 4y, etc:]

Initially, the objective of this rescareh was to find out

possible effacts of variation in latergl tic spacing on tho cepacity
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of axially leaded, reinforced conorgte columns. It was also intended
to find ot if a modification of the present code stipulations is
necessary so as to include any effects of tie spocing,

Howover, after the preliminary stage of tho work which was a
careful study of related litterature on the subject, it was found
that so rweh has beon done already. The topic in its different
forris has been subject of graduate rescarch in different Universities,
Roscarch centros and Technological Schools [_11;., 19, 22, 24, 26, 30
33, 45, 48 ote. | The findings, nore often than not, are that
modification of the prusent code equations for ultinmpte load is
necesslry 8o as to inslude the effect of transverse reinforcenents.
In addition different researchers have recomended different for-
nulae and proposed adls vi wie oypveecsus, Lhis imwvestigation
storted as for back a5 the 48th century and up $il1l todgy there is
ne fimal ruling in any country.

The author {therefare sincerely folt that as a positive stop
forward in the search for a batter desipgn procedure, time has comr
for critical reviews of 241l the proposed formulae with a view to
approving one of then for adoption in design codes of Froctice.

For this exercise to¢ dmprove design procedures, objectivae and bittor
pruning is incevitable., The author therefore re=dirccted his
objective which in a broad view can be summarized os follows:

A eriticol review and investigation of sone proposed

formulae for ealcoulating the capacity of axially leoaded
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short reinforced oonerete columns with a view to

recomnending onc of them for adoption by the

Nigerion Standards Organdsotion in a rovised

Natiomal Code of Practice, N.C.P. 1.
4 formula is to b selectoed aftor theoritichl ccnsj.dnraticns and
then subjected to experimental imwvestigetions. & solected formula
my or moy not necd adjustments dopending on goonomic factors,

possibility of use in design of off'ices, and experimental results.

Slgnificance!

The abwe objective is necessary so that the anomaly in tho
prosant Gode oquation for reinforced conarete column capecity will
be roctified to reflect the contribution of the ties and ensure
that the propertics of all colunn constituents arce fully tapped
to the bost cconomic advantoge of building materials. In the light
of the foregoing discussion, it looks unnecessary to continue with
tho imvestigation on whethor lateral tics have any material effect
on the load=atrain diagram of short colums sinco tle results of
such imwvestigations more ofton than not hove been "YES".

& change in method of facing the prcoblom is not only important

now but urgent, Time has cone whal the rocommenditions made sg far
by previous dmvestigators should be critically reviewed and areas
of disngroement resolved by carefully cmtrolled tests with a view
to improving design and construction procodures. This thesis lays

the founddtion upon which further investigations will be based.
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Linitations:

45 will be scen in the next chapter, over twenty different
imestigntions Mve so far boen carried aut to examing the
influence of transvarse reinforcercnts on the performance of
short conerete colunrs and at least seven different formulae have
alrcady been proposed by diffearent researchers. It will not be
possible and, in fact, not advisesable in one progroume to aim at
experimental imwestigations of all the proposed formulae especially
as some of the equaticns are less likely to apply to genoralized
canditions and meny will be too cumberscme to use in practice.

The sizes of colunns tested in this imvestigation were linited
by the maximum capacity of the available testing machine and by
other factors like the volumetric capacity of the available
«concrate mixer amd sige of the vibrating table. Ef forts were made,

howaver, to simulcte prototype sizes as much us possible.

Scopes.

A& cereful study of all the available litteraturc on the
subject showed thot most of the proposed fornulae were extracted
fron particular experimental results under specific conditions,
Unfortunately, 21l the tests to date were carried mt only on
square and relatively small specimens and withaut rogard to the
nunber of legs in one link o tie. 4ls0, most of the equations are
charactorized by use of arbitrary constents. Typical examples are

these of King (1946) which expressed vith familiar symbols will be

as follows: EZJJ
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- I f r-:-‘z-&t-
Py = &y uc + 0.883 4, T + o + 0384 £y Ast. fyt
5¢
and Bumd (1964): [34]

* ¥3
Py=0e5 2 + 0,928 Xs + 0,013 -—;1'2'— (x2+ 115) -

ke

= L
156 %y xp xy %5

o
)
! x,

and others discussed in tho next chapter, It is not likely that
oquations extrocted frun experimontal results along vwill urgently yield
unchallengoable formulae since no single oxperiments can consider all
necessory parameters and all other conditions discusscd later in chapter 4.
It appeors that o nare brilliant nothod of attack is to face the
problen from a purely analytical point of view based on acoepted assunpticns
a8 was the case for beuns and then to confirn the derived equation with
experinents. In this thesis the Nigerlan ccde egquation as well as the only
three equations dorived through theoritical considoraticns alone were used
. as a basis f'or anglysise The three other oquations are those derived by
Dlume, Newmark ard Corning in 1961 exprossed as follasss
£, = 085 £1 + hobhy T,
a S‘t
The equation will of'ten be referred teo as the "PNG Equation™ in this thesis
and wts recciended for adoption in the fmerican Gode by K.F. Sones EAB:I

in 1970. The noxt squotion was derived by S. Qesgkiewicz in 1973 [:33] and



expressed as follows for all stngos of lmding:

&
i T
P o= sl (2 -8y ) oL+ (6 nhsgay) B E

bu S‘t

Trom this load-strain equation the ultinate l1oad was exprossed thus= to

give the last equaticr used in this thesis:

P o~ AR Jaf s Ml g

u c 5 Vv 8y vE

Thoe last two oquations woro investigated by 8harifullah Wajib ot the Tochno-
logical University of Cractw. Differcent researchors nmay find different
foarmuloe mare fuviting ard interesting.

Three eclumn sizes of 10cn x 10cm; 10 x 15en and 10 x 20 cu were
seloctel to give side—width rotiocas of 4:1.0; 1:1.5; and 1:2,0. Those
dimensions were dictated by 4t livitiations discussed in 2.20 and to
saticfy the requirements of th. prrli-Srawr a-leplations that the ultimate
loads will lic within the 100-ton maxinmun capacity of the availuble
testing machine and at thc sametine be fairly large enough to sinulate
prototype column sizos provided 1t will be possible to rdix and vibrate ench

group of nine colurmns at the sone time using one nixer and the mould

fitting propeorly on tho vibroating ftabla.
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CHAPTIR 3

SUMMARY OF PREVICOUS INVESTICGATINS

3440, Ae Oonsidere of Frunch (189=1502):

The study of the eoffect of tronsverse reinforcenent on the
capacity of reinforced canerete colunns started in France in the
last century. Betweon 1899 and 1902, L. Considere carried ocut a
sories of tests on helicully bound cclumns and from his rcsults
arrived at the following conclusions:
1s Helienl reinforcenents increanse the strengti of plain

conerete oclunns considerably, This was beotuse the

helical reinforcement acted as o lateral support to the
conerete and so decreised its lateral and longitudinal
deformation,

2 Tids type of rcinforcenent prevents latoral buckling of the
lengitudinal steel armd therefore increases the ultinote
strength of the oclumn.

He surmorized s findings as follows:

"Hooped corcretc s a nigh ductility, its

orushing sirongth is vary ligh and exceeds

the sun of the resistaonce at the ccnorote used

used for it, the resisttnce of longitudinal rein-
foreing rods stressed up to their elastic linit" [24]

Fornula proposed for caleulating the capacity of cclumns with

helicanl reinforcenent based on Coensiderds findings was of the forn:

LOD = caku + fasfy - kﬁstfyt
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where:

C =

|~
i

3
i

at

fytz

20

o constant which vardes fron 1.5 according 4o Considere
t0 Q.65 according to Building Research Techinical Paper
Nce23 of thg D § IR.

The area of conerete inside the spiral binding, that is
the core area, |
Tho ulticote cube strength of the concrete.

The cross-seotional area of longitudingl steel, =

The tensile yield stross of longitedinal ateai. |

a canstant varying from 1.5 to 2.5 according to
Universitics of Lehigh armd Illincls "Jourmal of 4CI,
Feb, 1933" taken os 2.0.

The volwie of spiral n»er unit length of ¢olunn h'
usually colled the equivalent area of gpiral re-
infarcenent, |

The tensile yicld stress o the spirel steel,

In tho gbove formula, tho contributicn of the spiral is taken to be

a functicn of its equivalent arca, independently o its sctusl size,

the piteh o its turns, or the presence of other stoel.

Talbot (1907)

In 49507, Talbot DOJ tested 18 concrete colunns which consisted

of sevon plain, five reinforced with anly longitudinal bars ard six

reinforoed with lateral relnforgement in addition to longitudinal bays,
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In cross-section, the oélumns were 9" x 9V and 42" x 12¢

(23.0 x 23.0cm ard 30.5 x 30.5cm) and the porcentages of lonpitudinal
reinforcement wore 1,215 and 1.52¢ while the percentage of latoral roine
forcenent variod between 0412 to 0.22% The spacing of the ties wero
the sane as the lateral dimension of the ¢olumns, that is 9in. and

12in, respectively, The concrele cube crushing strength varied
betweon 1472 cnd M 72 1b/in2 (o8 kg/emz ard 178 kG/cmz).

In his tests, buckling of the longitudinal bars occurcd hetween
the tics and the conclusian he drew wos that lateral reinforloement
hod no offect on the ultimote load of columns,

The basic weakness of his test was that the spacing of the
Boteral ties wus too Luch and he even aduitted that such very low
percentage of ties would hardly be expected to affect the colunn

ultinmate capacity.

3.30. Bach of Stuttzart 1905 amd 1M 3]
Frofesscr Bach's wark on circular and rectangular columns E}O:]
confirmed the findings of Mr, A. Gonsidere. His conclusion was os

follows:
"The decrotse in the pitch, increases the failing siroess
of the reinforced ceoticrato colunns’.
340 Petwaen the yoar 107-1927, several investignticns were corried
ocut in different parcts of the world by Grof, Withey, Van Lmpergor,

Van Thullie, Rudolf ami others.
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In his Ph.D. Thesis tendered in 1927, Talbot agaln
re—oxamined the offect of sguare binders on the ultimate strength
of colwins.

' Ms progremne included tests on 78 columng with lensths
}anging from 340f%. 40 740ft. {9240 40 21440 on) and square
oross—section of L4a5 ine x 45 ine. (114l i1 x 1144 on), while

the core section was 275 in. x 2. 7% in., that is 7.0 en x 7.0 ona
Four %" (6.35 um) diepoter bars consisted tho longitudinal
reinfercenents, . |

As 4 tyansverso reinforcenent in the form of binders, he
used wires of croess-sectional dimension varying betwoen O,04" ard
0,188 in. (1.0 i and 4,8 mn) with spacings of 0.5" amd 5,5"
(1427 cn and 14 en)e The concrcte crushing strength was kept
constant as much as possible throughout the imvestigation,

His oonclusions werc as follows:
9¢ By inarensing the size of loteral reinforcencnt fron

0.08" to 0.125" (that is 2,0 nm to %18 mu) the load

caryying capacity was increased by 8.2%

2. By deocreasing the spacing of the lateral reinforcenent
fran 5,5" t0 0.5" (1440 on t0 1,27 cm) the ultimate load

of the colunn was increased by 337



5'60-

23

However, Tulbot failed to record both strain reasurements
and coucrete and steel strengths for each colunn tested. This
constituted & weakness and the effects of the lateral reinforcena t
cculd not have becn trully deternined, is conclusi ns were mere
conparisons of ultinate londs, Moreover the parcentage of the
longitudinal reinforcement wns rether teo low, i.e. 0,970 which limited

his investigetion to a very sicll renge o the problen,

JuWeHe King[4945-1949]

In 1946, Jeffrey Willian Hitchen King [22, 23, 24, 14]
subnitted the result of his tests to destruction of ncarly 200
sinll columns with varying reinforcemont wivdch the author
considers, for practical purposes, the premier proof thot the
ordincry horp forn of binder gives any materi~l contribution to
the ultinate strength of the column, contrary tc the normal

forpula which is of the form:

i 'LIC 3 f
LD by * A .

where
1.0 is the gross concrete aren

e

is the ultimate cube or cylinder strongth of concrete
is a coenstart which varies fronm 0.65 to 0,85
is the area of longitudinal stecl

is its tensilc yleld stress.

'4& ull-'-- (o]
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Mr. King's results showed thot the normol binders, if
placed ot a sufficiontly sinll pitch, can contribute considerably

to the lod earrying capacity.

Frorn the rosults of Lis teasts, Mr. King evolved o formula which
fitted the observed volues of ulitinate load of the coluins within )
percent. Tho columns from which the formula was derived were o
standard size, 11.7 in. l.ng x 3.5 in. square, having longitudincl
bors, four in nwiber, arronged as & square of overall Ainensions
2.5 in, x 2.5 in. and binders of the same internal dimensian.
Working with a conerotc giving o cube strength on L irn, cubes ot
2B days of about 4,000 1bs. por sgqeine, and o range of longi=
tudiml steel froun L— in, bars to gero, with binders of pitches
fraz & in. to 11% in. of 44 to 4 gauge bright drawn vire, the
cohclusions were:

1. If at close enough plich, romal bindors appear to lave a
moterial effect on the atrergth of reinforecced columns, and
tint such of fect is a funetlion of thedir yicld lcad, their
pitch, and the strangth of the loangitudiml stesl.

2. Thoe mamer of failure o the main ateel is influerced by the
anount of lateral steel, which if sufficiently inportant
may cause the main bars to fail by direct compressi-n rather
thon buckling, in whioch cose recovegry of the column acf'ter

werlond is present,
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The effoct of all factors within the range of the
experinents cbeyed the law
LOAD = Asw +Px + Coy + Dez
where these have significanco as fellovs:
w = Concrete area x cubg stremgth = lc.u
x = Total tensile yidld lond of all main steel = ¥,

y = Yield load of bLindors atee],/pitdF = 'fb/p2

z = Product of xandy= ¥, ‘fb/pz

A = & factor which varied fron 0.8L to 0.94, and averaged 0.865.

1.‘) = 0.88}’ G = 1.5’ ﬂﬂl D = Olm.

The effact of the main steel oan be apparently increased to
well above its yield load if binders are sufficiently closely
spaceds Owing to the practical difficulty o reinforeing tcoo
heavily, and to the fact thot bindars are naturally nare
expensive than the some wolght of mein bar, it would not apnear
to be a really proactical propositicn to make such columns for
normal work, VWherc the property of recovery nfter overloand
is desiradle, it ria be useful tc heve such heavily bound
colunns, in wihich ctisc it is folt that the bimer offect
shiould be allared on the lines irdicoted, 1In colunns as
norcally constructed todgy, it is insignificont.

A heavily bound cclunn will still sustoin considerable
percentage cf its erippling lond, even immediately after the

application of sucli a lond, tc such ¢n extent as to cause
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a .strain of over 4%, wherens a lightly bound coluun is mugh
rmora 1lable to £il completely with such treatremt.

6. Provided the binders are adequately secured at zll contacts
with the main steel, it does mot apiear ¢ be important
whether they are welded, just ticd, or arce in the form of
& continuous helix, square in plan, instead of being individu:l
binders ut cioh pitel.

7+ The terms, sudden failurc, and gradusl failure, osvilied to
brittle or semi~brittle specinens tested o déstructicn,
have 1little significanco, unless all factors are known, since
it is much mors likely to be a fuctich of the testing maciine

than of the specimens The resilence of the machine itself

appears to play a most important part in 2Ll such tesis,

S. Mackey [1954]

In 1954, Dr., S. Mockey EZS, 26, 27] published the resulis
of s series of investigations on 4 in. sguare colunns reinforced
longitudinelly with four bright stecl rods, £ in. diamcter and
blnders of 8 gauge soft iron vire welded to the longitudinal rods at

1% in, centros. 1lis expressim for the yiold or cracking load for

a short practiceal colunn wos as follows:

P, = 0.68.{',311 + k Aafy T T T T o i e e e 4= r_l;-]
where
Pu - yield load of colunn

A = cross=sectionnl arca of concrete in column



u = cube crus.ding strongth

A = cross~sectional area of compression steel

y = yield stress of compression steel
X « o constant, the value of which will depend upon the
quality ond arrangerent of the lateral reinforcemnent
and the strength of the cover concrete.

If the ultinate colunn load (W) is in excess of the yield
lond and is obtained after the cuter cover has spalled off, its
value nay be estimated by substituting the core aren Ak for the
gross ares .ﬁc in the obove cquation and taking 0,77 times the
conerete cubc strensth to allow for the lateral restroint deve-
loped by the binders, The facter k should be reduced slightly
below the corresponding value used in dgtermining the yield lomd
to allow for the loss of support afforded by the cover concrete,
bat this reduction will be offset by the substitution of the
ultinate stross fy; for the yield stress fy in the abwe eguation.

The final expression for P is then given by

P o= 077 h + 1445, - [2a]

The values of k and lc1 to be adopted for practiccl design
purposes oén only be obtained from z& comprehensive series of
column tests and until these mve been carried out ower the range
of variation cf lateral reinforgerent pernitted in the code of

Practico (CePe 144), Dr. Mackey suggestcd o tentative value
of k = 0,9 for estination of the yield lcad of axially =loaded
short reinforced caucrete tied columns,
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In another serdes of investigations carried cut by Mackey,

[26:] with varying spacings and sizes of lateral reinfarcenent

and slenderness ratio, lie arrived at the following geneml

conclusionss

1.

24

4 marked increase in the strength of reinforced columns is
ohtained with decrcease in the silenderrmess ratio within the
Yshortd column" renge. This incrense is not very significant
as the /D value is reduced from 45 fo 412 but theronfter
any further reduction yields a noticeable inprovenent in
cclumn carrying capocity.

Determimation of the extent of the "short cclum® roange
from tests on plain ¢olusns lends to conservative design and
if full) value i= to be derived fra the additianal strength
found in reinfor¢ed specimens, a modificetiun of the proesent
ruling on this ratter is desirable. |
Tied concrete columns require 2 certoin minimum guantity of
lateral reinforcencnt to develop the full yield=-strenyith of tho
longitudinal stoel, Tho actual quontity required is a function
of the laad-bearing ocgpacity of the concrete and stecl, and
of the ratic of core arca to gross arca. In all cises
exemined it appears to be well above vhoe ndininum requirerents
for latoral reinforcement lafl down in tho Pritish Staniard
Cade C,Ps 114s Ainy incrcase in the quantity of binders above
this mininum value directly ineveases the ratioc of ultinate

column~10ad/yicld 1ond. Such increases ecounct be used directly
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fur design purposaes, sincs in this insgtance, the_yiald

lond must bo regorded ns the critical loads They do, hovever,
give ndded security aghinst ceollapse and cnn be utilised to
reducc the foetor of safety based on yielding to o pragtical
minimum,

It is Qoubtful whether large increases in the quantity of
lateral reinforcement will be employed far economic reasons,
since spirally reinforced columns having a circularcorc are
inherently better than cclumns with square cores and
individual binders. When high tensile steoel and stesl
baving no defined yield point is used as main reinforcement,

any inorease in the percentage of binder steel will contribute
directly to the ultimate column 1load due to the greater

sclunn strein developed before failure occours. In

detormining the reilnforcenent for such columns it should be
borne in nind that the critical binder percentage necessary to
develop the full cclumn yicld load, inwreascs with decreasing
main stael percentage, indiccoting thet the ma jor function of the
Iateral binding is to inereasse the carrvying capncity of the core
concrete by restricling its loteral expansion, In golumns
having eight longitudinal bars symmetrically placed about the
axes, o narked increanse in load carrying eapacity vwill be
cptoined if altornate binders are placed parallel to anl at

45 degrees to the polumn facos.
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T. Szulcgynski of Gdansk [1961]

In 1964, kr., T, Szulczynski prosented the rosults of his

tosts on comcrete prisms under axinl cmpressioncjo:[ s

findings on the offcet of rectilinear transverse reinforcoment

on thae unit stirength of concrete in the specimen wis expressed

as follows:
= R gr - e 764
£, st AeB T, 6.1
and
£, = 24 T 1 +h P T
2 -n--st ﬁ E = yt A A s e e A E6.2]
) + b
M5 1@ B3
where:
iy .
a = Unit strength in compression
Rc = Unit strength o prisn witiout roinforcoment
56 = cross scetionsl area of transverse reinforcerent
Y = widih of the onclosed secticn
h = depth of the enclesed secticn
8% = longitudinal spaeing of the transverse reinf arcenent
p® = volunebtric rotic of the tronsvaerse reinforcement,

in compressivn zone of beams with compressim stoel indicates thet

the combined acticn of longitudinal reinforcement with the ties

Saulcoezynski alsc indicates that "the behaviour of concrate

ney improve the ductility considerably I:}O:l



3.9  Plume, J.A. Newmark, Neil., Corming L.ie [1961]]
The equaticn putl forward by the above authors from their
research results was on campressive strongth of confined concrete

and expressed as fcllars: [4.8]

Lel &
AR e L J—,

{lst

vhere

fl = oampressive strength of concrete based on 6 by 12 in.
cylinders

= ylcld strength of hoop

Agpy = area of crossmscction of a leg of hodp reinforcement
o = longer outside dirmension of rectangular hoop

St = gentre=towcentyre spaging o hoop

3,100, Roy, HeBlils and Sozen, Meds [1964]

In 1964, Roy anl Sozen subnitted o papor capticned "Ductility
of concrete" for discussion at the Internationnl Sympossium on
Flexurcl Mechanics of Reinfarced Conorete [k, 49, 51
Their primary objective was tc cbtaln data on the load-deformation
characteristics of concrete as related to the rotation capacity of
reinforced concrete comncctions, in other words, to find cut the
effect of rectangulir transverse reinforcerent an tlie strength and
ductility of confined concrete. 1he progremme cmsisted of tests
to destruction on 60 axially loaded columng of 5 by 5 by 25-in,

pr’.‘.ms.
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The varisbles in the experimental programne were the spacing of
the ties anl the goount of longitudinal reinforcement, tho
volunetric rotio of' the transverse reinforcenmt being kapt
cangtant af 0,02 and the target cylinder strongth was 3500 Dpes.:3
The centre~to~centre spacing of the ties was varied from 2 to 8 in.
in 2=in. incremonts, |

The conclusion dreawn from the imvestigotion was that the loads
carrying capacity of the concrete in tho cxially-loaded spocimens
was not improved by the use of re¢tilinear ties, but there was

o consideralile increase of its ductility,

N.G. Bunni of Englond [ 4964 ]

In kugust 1964 Bunni [ 30} submitted his Ph.D. thesis on
"The Effect of Lateral Leinforgenent on the Strength of Reinforced
Colunns® to the University of London, Qusen Mary Collcege,

From the reswlds of his inwestipaticns, he recommended the
folloving equaticn for galoulating the ultimate load of axially
loaded colurms. |
¥ %

X, &£
= 4 "3 -
Zo = 0.715:(1 + 0.928::{2 + Q.03 ——— (x2 + 115,0) =

4

=
EX

T 7
766 e X3 %

2
10!" xi;.

yA = is tho ultioote lood in 000 1bf

,-.:‘L - 15 the congrate lond in 1000 1bf calculated as the net
aron of concrete times its 4 in. cube strength
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Ig -~ is the lood in 1000 1bf, calculated as the area of
longitudiml steel times its yield stress.

is the binder load in 1000 1bf, calculated as the ares

of cne binder timos its yiceld stress,

X - is the smecing of the lateral reinforcement in incheas,
|
X5 - is tho slendernesss rotioc,.

The constants C,013; 115 and '?.66/1.0'lk hnd the following
dimensions: inz/'lbf; 1bf; and inj/lbf respectively. This
oguation consists of four terms, the first represonts the load
taken by ¢oncrete, the second represants the load takon by
longitudinal reinforcenent, the third gives the effect of lateral

rainforcenent on the conorets and the longitudinals, and the fourth
term indicates the effect of the slendernoss ragtic on the ultimote
strength of a colwin, DBunni notedt "The last tern shows clearly
the factars upon which the effect of the slenderncss ratic depends.
The most inportant reinforcement sirce it raised tc the power of
three which indicetes that this effect docreases rapidly with an

increase in spacing”,

. 3.300, Tred. ¥, Hudson (aubuminiversity, 1965]

In tha early 1960's a progranne of test!s was carried out at tho
AvbumUniversity, Aubum, ila. under Professar F.M. Hudson [19] °
The first programme which was initisted 8g a subject of graduate re~
search consisted of two investigations by two graduate students as

follavs:
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1« Franeis, R.C., Jr. "4n Investigaition of lateral Tie Spacing
in Short Reinfarced Conerete Colunns",

2. Petrelis, C. "in Investigation of Iateral Tie Spacing of
snall Reinforced Concrote Columns Eccentrically Loaded.

MeSce Thesis, Anburn University, 1962.

The above twc research works were experinental studies of 4 in.
square columns in which 46 specirens were tosted in the axially
loaded series and 46 in the eccentricelly loaded tests., In
progrenme IT a total of 32 columns of cross—sectional dimensicn
6 in, x 6 in, were tested, 16 loaded axially nnd 16 eccentrially.
Tie spacing wns the only variable in programie I but in progromme IT
the additional variables of concrete strength ami percentoge of
longitudinel reinf'orcement were introduced, Tie spacings were
L in, (Nigerian Standard Gode of Prectice Maximun), 6 in, 8 in,
and 31 in, for each series of 16 colunns in 4 grpoups Of four
columns cach, The findings were as fellaois:
¢ The influence of lateral %ies on the ultirnte lomd is

negligible,

2 The ties exerted a strong inf'luence on the male of failure of
the axially londed members.

3«  Axially loaded colunns (nax. length wes 4 ft.) with only end
ties failed almost invariably by vertical splitting almg or
close to tho centre line, The finel feilure occured at a load
roughly 20 percent greater than the loed at which the split

appeared tc be conplete,
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Norman F. Somas tJuly, 1970]
In his irwestisations published in July, 1970 in the Procecdings

of tho American Society of Civil Engineers, Dr. Somes D,,.Gj cOon=-
siderod only the following two variables, keeping all other factors
consbont:

1. Spacing of hoops

2e Cposswaactional ares of hoops

s selected tost specimen was & prism of square soction L in,
by L in, and height 12 in. with a2 concrete caver of zere, Within
the limits of his cxperiments, he drow the following conclusions
fron the results:

1. The abovoe factors, nomely the spacing of the hoops and the
cross~sectional area of the hoop influence the shorg ternm
strength anl ductility of conerete whan the huop spacing
dogs not excecd & certain value, This spacing was appr.oxi.—-
mately 6 in. for tho prismatic specinens reported in Dr. Somes'
publication for spocimens of seclicn 4 in, square and which
were roinforced vith squarg hoops.

2¢ The increase in strength over that for plsin concrete wns
bshown 0 be proportional to the croasessctional area of the
hoop and imverscly proportional t¢ tho hoop spacinge

3s His results corfirm the fam of the equation put forward by
Blume, Newmark and Corning :.(see article 3,90) in which the

direct compreossive strength of conerete confined in this



way 1s given by:

1 be1 T
£, 0= 0485 £, 4 omgpi (Aab)(g')

in which the parameters in parentheses indicatce the variables
whi ch wero studied by Dr, Somes, Dr. Scmes showed thot within
the rarge of lds irvestigations and for the variablos considered,
the above cquation predicts the strength of concrete reinforced

by hoops with satisfactory eccuracy.

34500, M. Sargin, S.K. Ghosh and Dr, V.K. ienda [1971]

In June 1971, Sargin, Ghosh and Handa all of the Undvarsity
of Vaterloo, (ntario, Cgnade, submitted & paper on "Iffects of
Laterel Reinforcencnt upon the strength and defarmation properties
of conarcete" to the "Magazine of Ccnerete Ibsoamh“ D;B] » Their
paper discussed the effect cf rectilinear lateral reinforcement
as interpreted from exporimental findings ard theoritical
considerationse In the cnalysis of t{heir test results, laterally
reinforoed specimens werc treated as composite menba s consisting
of core and cover. The parameters of an analytical stress-strain
relati onship which was found to describe the mechanical propertics
of plain and laterally reinforced congrete adequately, were
determined from a regressicn analysis of the test results, The
experimental reosults werc compared with the strength of confined
concrete as predicted by (1) a formula besed on a theoritical
analysis and (2) an equation which unifies several proviocusly

proposed formula giving the strength of laterelly reinforced concrete.
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In their investigation, a total of 63 specimens wers tested
in four & ffercrt sets. The specimens ware 125 x 125 x 510 mm
oconcrete prisms, none having any longitudinal reinforcenent

» The principal variarles in their imvestigativn were:

1. stroength of concrote;

2. type of lateral reinforcement (tios made of plain or
deformed bars or nloin sheet stecl emvolopes);

3« bar diameter or sheot ithickness;

Lba tic spacing;

Be  fype of steol uzed as latoral reinforccmant;

6, encloscd core size or covar thicknoss;

7. strain gradlents and

8. casting position,
The conclusions arrived at from their study are summarizod as

follows:

.1. 4 laterally reinflorced conarete member should be treatced as
a coamposite member consisting of a confiied core and
unconfined corce |

2, The emount of confinement provided by lateral reinforccement,
and hence the effcets of lateral reirforcoment upon the
forea=deformation characteristics of bound concrete arg
depondont not only upon the volumetric ratio of latorals,

but also upon the tvpe of latoral roinforcoment (square or rectan—

gular ties, spirals, envelopes), etc. the spacing and grade of

lateral reinforcoment, and the quality of confined concreta, ‘
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Spacing is the nost inportant parasneter, becausc the chaico

of bar sizes, and of qualitios of concretec and stoel is
rather linited in proctices The coffcet of transversc
reinforcanent decronses considerably with incrensing
spacing and beconcs negligivble for spacings larger than
the dinensions «f the core.

Iateral reinfcrccment fnproves the strongth ond ductility
of confincd conercte, it s a detrinontsl ef'foct upen the
cwwer. Depending upon the arrangenont of loterael reinforco-
nent and tho rclative arcns of core and cwvor, the over—-all
load=corrying cap2eity of a leterally reinforccd concrete
nay well be less timn that of an idontical plain concrete
menbers In all cnses, harever, the prescice of lateral
reinforcenent appoars to improve the over—-all ductility of o
nenbers

It follous fron the above that the ductility ~nd honce
rotation capacity of the so=cnlled hinging regions in
reinforced concrcte members gan be inproved tc n large

extent through the use of lateral reinforcenent.

Sylwoster Oleszkicwicz | 1973

Iz 1973, Sylwoster Oleskziowicz[ 33] approached the problen

annlytically by considoring the prossures and intermal forcos

of an extermally londed short rednfarced concrete, cclunn,

Basing his analysis on Madrit's second degree parsbolic equation
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for the stressestrnin disgrom of ordinnry conerote, ue derived
the follaring expressi ns for the leoad=strain relation and wltinntc
losd of shurt axinlly londed reinforced conerete colunns.

nligy o4
1, N, = + Ae T+
" By T sy Vo Sy

For o stress anelysis of cclumns the following equotion nay

ba ugad. $1 €, - )
2 N = by R (2= fou) Fou + (8g ¥ ""gz“‘?') £g 1
Conclusively, he added:
"The transverse reinforcenent of short lighbtweight concrete coluwms
should be stipulated by an inferior linit of lateral percentoge
of binding stcel® !:33] The minimun percentage of lateral

reinforcenent is recumended by the formula
23 -
Ja Py = 0,23 g fy‘l:

ant #dditicnzl stipulations for binding steel ore therefars
cangidersd unnNacessHTy.
Notaticns:

N, = denctes the ultinagbe capacity of the columns

Ay - denctes the oross~secticnol area o the colurnsg

Bg -~ denotes the charnctoristic strength of concrete

s = denotes the sectional arvo of longitudinnl reinforcenent

fy -~  Qdonttes the yield strength of longitudinal reinforcement

n ~ denctos the log number of one link -

Ast =~ Jdenotes the nres of e leoy of $.e link
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4% = denoctes tho lateral dimension of the colunn core

v ~ denctos the Poisson's ratio

34 -~  Qdanotos the link pitch

fyt = denctes the yielding strength of the transvarse
reinforcement

B = denoctes the cotunl load

€1 -  denctes the actual longitudinel unit defernaticn of

the colunn

Ebu -  denctes the ultincte unit feformation of concrote

reached in caqupression at the posk load -

s = HNodulus of oclasticity of reinforcing steel.
The relation (2) is valid for n ronge of longitudinel defcrmation

1 from zero to the lower of the two Lollowing cnlues ), or

g
Ey

and the core Arec 4; 1s assuned os equel to atz

As the above formulae form a base far theoritical considerations
- and edgperinental investigaticn in this thosis, it will be doalt
with lengthily during diseussicn of results. The derivetions

will a2lso be presented.

J. Oleszidevicz {4 973j
In 1973 J. Olesszkiewicz DO-_} carried out tests on 34 short

reinforced and Tlain lightweight conerete columns of size 15 e by

15 cnr anl slenderness retio of Le - Iorgitudinal reinfcrcenant
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consis.ed of 4 {'b 10 anml &4 ¢ 14 defoarned steol while hinders
of 445 rm in dianeter ot spacings of 20,0 om - 12.5 ¢m and

5.0 cm were uscd. £ suwnunory of his conelusions aro ns follars:

1. The loteral reinforcament of columns increnses their
ultimate strain, moking then mere ductile, thus avoiding
a rother undesireble quality thoet is brittlencss.

2. A riciwr lateral reinforcenent i1s nceded for o proner
ductility of keramzite concrete columnss 4s it s beon
testod, heavy binders incrcase the strength o coluuins,
this fact may be taken intc ageount when considering
dependence of columns bearing canacity upon {their stirrups.
The bearing capacities calculoted according fto the famula
given by Polish Code of Reinfurced Concrets, differ
sigrificantly fran the test results cbt?ined by the author,
The differences were as ligh as 16.5% on the behelf of the
tast results because the work of stirrups had not heen
sufficiently token into consideration,

Sharifullah Najib | 1973]

In 1973, Sharifullah Majib [ 30] submittod his doctoral
thesis un "Annlysis of tho Influence of Transverse Reinforcaaont
on the Shoart Ceoncrete Colwmn Capacity*s 1In his work 76 colunms
of 45 em by 15 o cross-—section with a slendernaess ratio of &4
were tested. The percentage of transvarse reinforcement was

veried bvetween 0,059 t0 1468+, and the percentage of longitudinal



reinf arcoment wms varied from C.0%F to 2.75%,.
His conclusion are as follows: |

1. 4 heavy transverse reinforcement decresses the lateral
deformation of the colunn under a given axial load and
increases its ultimote longitudinal siroin as well as the
bearing capacity. Within (lic range of his investigntlons,

his result confirmed S. Oleszidewiczs' fomulne,

E.].: E.l nist 04 E
B - A R (2~ Fou) €bu v ay BsE1+TETT B0
and N m Agy 84
u - —FA f LR e e
b fo = daty + V.54 3¢

vhere the terms are as given in 3,500,

2+ &n inftensive tronsverse reinforcepent prevents the o onerete
column ngainst promoture foilure and sudden collapse. He
@stablished the inforior limit fur transverse reinforcensnt

of square short refaced conerete coluun by the relation:

P Lovfat. By R’
t min ag St f = Q
2,

Tyt

3« When too intensive transverse reforcement is applied, the
conerate may be daestroyed bofore the ultimte cepooity of the
eolumn is reached. To avoid this phenomogg,, he established
the upper limit I‘nz- transverso reinforcenent of axially

londed short concrete colunns hy the oxpressiong

o Medeg -t
Pemex = op St V R fyg
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Le For the infericr limits of longitudinal reinforcenents

reconmended in Codes of Practices amd for the inferior
limit of transverse reinforcement recommended abowe, he
recommended the following formula for determimmtion of

an inferior ccgefficient for todal reinforcement:

Ny = Ag Ko c f
Kpnin = "';."'b 'fy - Pran+ ¥ r;;'t Penin

5 The ultinnate lengitudinel strain of short Re.C. columns

mey be caleulated Ly:

1
E =¢ + 0,05 (n.!‘ s z

0

while the ultimeate 1lateral deformation moy be calculated

fran

i R
Et‘ o= Vv ﬁlu + 0005(?:2%)&

The above formulae may be used for determining the

moxinun yielding strengths of reinfarcement as follous:
fy « otBgEpy

and fyt < U’..Ess-tu

whero is the level of loading by widch the yield
strength of reinforcement has reached, In his investigations

reached the values of 0,85 to 0,90 in columns with
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closely spaced bimders while the value was much higher

for cdums with widely spaced binders.

For the established k. 4, that is for lein; Piring

fonax; Tytmox and Rg, Najib suggested the fallaring

design prodedures:
= To assume k values and find the required cross=—

secoticnal area of the column from the expressicn
B
=
‘kb ];: + kfy

or reverso to assume Ay and find the value of k.

= For the given or assumed k value to determine the

required percentage of transverse reinforcement

corresponding to established P] in, fron the expression:

= To deterndne the number and size of longitudinal
bars as well as the diametor amd spacing of binders.
These should mect the general structural requirements

of the codes of pmetice. Minimum size and spacing of

binders should not be less than that recommended by the

codes far spiral columns.



CHAPTEX 4

DISCUSSION OF PIEVICOUS HECOMMENDATICNS

Discussions in the last ohapter show that as far as the author
is aware, asbart twenty different investigations and perhaps many more
have boen carried out to determine possible effccts of transvorse
reinforcements in concrete colunns, Tho conclusions as prescnted
by different imvestigntars are ofteon confusing and contradicting
and generally fall under cne of the following two ceotegaries:

1. Interal reinforcement has a sigiificant effect on reinforced
concrete columns,

2. Interal reinforcement has a negligible effoct on reinfarcoed
concrete colunns, These two will be rcferred to in tlis thesis

as "Conclusion I" and "Conclusion 2" respectively.

These conclusions are not hypothetical but becked by experi-
mental findings, and yet anly one of them is prcbably fool=proof and
may be applicable in design procedure, This means thet & particular
conclusion depends greatly on the test procedure, interpretaticn of
results and method of manipulating the salient parameters. For
ingtanc e, researchers who arrived at conclusion 2 woere mainly those
that used very large spacing for the lateral roinfarcenment [19, 30, 4]
while those that used smnll spacings or relatively large percentages
of binders arrived at conclusion 1. E?.E, 24, 26, 27, 30, 33, 45, 48 otc.j

It means then that the value of results cbtained by ony investigator
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is errogantly dictated by the test arrangenent. Secondly, it is

not yet very clear which paramcters 2re inevitable in experiments

since therc =re up to sixteen and perhsps many more that would
possibly affect the results, namely: (1) Spacing of the ties;

(2) cross-sectional area of the ties (3) strain gradient accross

the section; (4) the momer and rate of loading; (5) stress-strain
cwrve for the hoop reinfarcement; (6) effoctiveness of the tie in confinin,
the oconorete; (7) area of conorete cnclosed by the tie (8) shape of
the enclosed area (9) conorete cover to the eclosed area (10) pre-
sence, size and location of the nain reinfarcecment; (11) oampressive
strength of the concrete; (12) mexinum size of aggregate; (13)
slenderness ratio; (14) casting and curing procedures; (15) nunber of
legs in one link of tie; (16) side-width retio of aross-sectional
dinensicn. No single imvestigation oan consider all the parameters
listed nsbove and this problem limits the rarge of experimental
deductimns. For a gereral ultimate load equation to emerge from
interpretation of experimentel results alone, & wide range of the
problen must be explored and the effect of all parameters investigated
For instance, the "short" and "long" column ranges must be
investigated and different cross-sections of the square and rectangular
typos must be tested and so forth. To crown all, the investigation
shauld finally end with tests on normal-size prototype columns ns
encountered in practice because all the tests to date have been carried
at on relatively small sections without regard to the area of oconercte

enclosed by the hoopse This proocedure of purely experimental approach
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will be veary laborious and in some cases impossible to achieve,_ lika
tosting very long, full siged, heavily-reinforced cblumns; as
machines with onough capacity to crush such columns may be difficult
to come by.

It oppears, therefore, that a more clever method of attack is
fiist to mpprroeach the problem from o purely amalytiecal point of view
based on unchallengcable assummtions or established facts. For tuls
latter procodure, the only possible source of error will he in the
method of vicewing the stresses within an glement. But tiwa the
nossibility of hitting tho right target at first trial is still there,
but a finel vordiet must be backod by rosults of carefully controlled
experiment 1l programmes using rendom or arbitrarily sclectod cross-
scetirns and coverdng all ncoessary paranciors.

This approach presumos that a conplete structural anglysis of tho
forces insida and outside a londed reinforced concreote column from
theoriticol considernticns alone my be possible.s I this is so,
then the resulting cquation muet be confirmed throaigh o systemontic
programme of exporiment s.

The author is not elone in thils schocl of thought, The first
attoupt to derive a compressive strength oguation vas made in 1964
by Llune, llowmark and Corning |:J+8:3 in whicl they axprossed the

compressive strangth of confined concreta ns follows:

hel hgy T

y c— —22,
fo = 0.85 fc -+ Qe s
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Where the torms hove the definitions given in articlo 3.90, This

oquetion is one of those relectod for experinental investigation and
will be reforred to as "tho BJN.Ce oquation " in 4:is tlusise Its
derivotion is discussed during tho intorprotation of uxporimontal
rosults.

Dr. Sons E!,B] in 1970 rocamonded the form of tho BeNeCe
oquation, Soros' imvostigaticns kopt the conarcte covar constant
ot zoros, The veriables in his tosts wore spacing aml sizo of tio which
arc porheps the nost important parancters in this typo of investigaticn,
Acocuratc strain neasuraonocnts wero not nade rathor, 8omes recorded
tho overall contractionm on lis 12 ine. cclumn, aml this ovorall
contracticn dividod by 42 in. (total longth of column) was termed
"Nouingl Strain". Somes had encugh foeilities and his programme
we.a carefully planneds Ono of his three groups of columns with
sml1l diancter bind rs of 0,27 cn2 showed that the B.N.C. oquation
of'ten woer estinates slipghtly the inercasc in strength duc to the
hoops. Scmes' finding, howovar, wos that the B.N.C. oquation leads
tc o good estimation of thwe incrcase in strongtlhi due to the hoops,
Porhaps, o point thet exposos Somes test to chnllongo is tho
"Hominal Strain" procedurse, It would Iave beoen bettor t¢ record tho
stroin ot coweniont load intervels in wardor to understand fully,
the load strain relationships

On the other homd, the failurg of Professcor Hudson's progronmo
of oxporinents D 9] tc show any difforance in tho ultimate locd

of golunns due tc veriati.ns in ti¢ spocings lics in the design of
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his tost spocinens. Tic spaeings in Hudson's investignti ns woere
4 in. (Nigevicn Standord Codo of Prectice maxinum), 6 in., 8 ine,
and 31 in. (ond tios cnly)s Dofinitoly, as tic sipeing bocomos
too large, the offoct of thu thos bocomes incReasingly negligiblo.
Hod Hudscn deerensed instend of inervasing tho tio spacings bolow
the code mrodmu:, he could hove cbsarvoed some changes in the load-
strain curves.
Yoreovar, he failod to obtain the actual yidd strongth & the
stecl usod in ds oxporinents; thus, tho ctleoulated ultimete loed
valuos arc wly approximnte, at bost.
in irmportant aspoct of tho problen whioh has hitherto received
little attonticon is the possibility of imposing not only o lower
lindt but alsc an upper linit to the anount of loteral reinfaorconent
roquircd in any particular design. So far, gs far as tho outhor
is awarc, Majib's irmvestigaticn is the first to deal with this
aspect. Tiw author is also intercstoed in finding wut whothor tids
aspoct of the predblan is necessarys Najib's oquation E}Oj will
thercfare, be further dealt with during the discussicn of oxporimons=
tal rosulis. |
The investigations of Hoy and Sozon (articlu 3.100) coﬁfirm that
conerete is a "ductilc" matordal in that it can undergo larjoe
comproasive strains, but contrary to tho behaviour of stocl, ineresasing
stroin beyond mnxdinun stross is accompanied by o docrense in stress.
Tho invostignticns of Vitelno, V. Dortero snd C. Folippa 61] on

S x 3 x 412=in. boans fonfirmed that widle tho presence of longitudinnl



reinfopcement olone does nt seem to enhence the ductility of
conercte, ties without longitudinal reinfopccnent considorably inprove
the deformaticn capacity of confinod concretes In addition, haosaver,
they noted:

Muse nf langitudinal redinfopcoment vdthcut tigs does not

af'foct tho strength of the econoretes Tius with and vithout

longitudinal reinforcenont did enhance the load carrying

capacity, of the concrete in the prisns® E51:|
This contradicts Roy and Sozens firdings cn the eficet of ££05I§;
restrained concrete.

The latcst publishod nnd porhaps cne of the Lcst reliable
obtempts, as far as dh.¢ subher is aware, ot an snalybical derivation
of on ultinate load fermuwla for short axially loadod reinforced
concrote coluuns wus by Professar S, Oleszkicwicz,‘:}jl . Based on
the accopted stross—strain rolation fer normal concrete, ho derdivoed
tlhio foll wing load=strain amd ultimnte loed oquations through cone

sideraticn <of fho intornal forces of on exiuzlly loaded colunmn,

n hst 04
'.10 N'L.l: AbRc'*'Asfy'*“m-;—-“ fy't
%L- %4 ol Lgt oy

Ze N = Ab Rc (2 - &bu) gbu T (Lst + S ) BEg &1

where the terns hove the meanings givon in article 3.600,
The abor¢ formulag ore offoctively utilised ns o hasis for
intorpreteti n of experimental rosults am ¢s thoir derivations ore

discussed alengside the cxperimontal results, they will not bo prvsented
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here tc liidt dunlicity. This thicsis docs not assume thing
fornulacg reconnended by other resecrchars tihr ugh the intoprotaticn
of thoir tcost reosults erc wronge Perhops, futurc researciers naoy find
another cquaticn nre intercsting or perhaps develcp nowr cnoss. Thore
arc houaver, cortain lacp=holes thot shiculd net be wier leckoed
while considerdmg nany .prrposed equaticn for generalization and
possible adoption,

For instance, based on Considerc's firdings (sec 3.10), tho

formula proposcd for tlie copeeity of helicclly bound cclunns was:

Pu = lpuC + hg fy_ + Lt f:ﬂ:
whore tlic notations arc as givon in crticlo 3410,

The report of Comittec 105 of the Jnerican Concrote Instituto,
EZ&.] who were the indtictcrs of the Lehich end Illinsds work, suggosts
that all cclunns bo dosigned on tiwe basis of an ultinnte load arrived
et by toking C s 0.85, k as zerc, ond using A, thc gross concrote
argr instead of ly as sugsosted nbave, though a nincrity report

recomionds that the spircl coffeet shculd bo ccunted in as abovo,

with k = 2, for all spirel steel in cxcoss cf that roquired te give
a strongth cqual to the conarcte shell cutside tiw spiral.

In the above fomulee, the contributin of the spiral is taken
tc bo a functicy of its equivalent ares, independently of its actual
sizo, the piteoli «f its turns, or tic prosonso of dthor steel. Such
an effcct can be thooriticolly vicwed by considering the spiral to

be transfornod irt: a cylinderical shell having the sane volunc of
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sveal, and censidering the concrete te hohave as o sand pile.
Considerc, in utilizing tids justificatiin stated that the cornection
betwoan the active proessure anl the resulting pressurce in a parpondiculaor
dircetion wos tanz(gfz), whorens Renkine's velue is tm'.z(rr/k -9/2).
However, ho subsequently made uso of o figure of L8 for itls
reciproenl, wideh e stoted wos en experinentel valuc, ond thus
arrivod at ¢ figure of 2.4 for ke e 1ater claimed thot Lis oxporinonts
fixod this figurc at 261, widch figurc was appraxinctely confimed
by Leihgh end I1linois Universitics.

Howover, those findings wore lator criticiscd by Mre Jo'i.He
Kirg in 1946 {24) . ¥r, King belioved that tho main contributicn
of the spiral is in inpr vin: the rcsistance of the longitudinal
stoel rother tiinn thet of concreto, The fet thet k wns then found
to vary fron 1.5 to 2.5 w uld hardly appear to be & Justificaticn
for a figure of 2, under theso circusstances, ULlso Considere's
corclusions appear t¢ be based n the results of only 13 tests widch
weuld not appoar to heve bean very rcliable in theso days,

sncthor formula wiich is loss bulky than tiizso of Szulezynski
and Bunndi is Dr. Mackey's formule vhich wes extracted frou experinental
results and givon as:

v

1

cr W

1

O. 681’.‘313 + k.‘.c Y

Oe7liqu  + &y Agw
dopending on the econditicns outlined in article 370 It is @ aubtful

whether this formula can stand the test of goeralizati n ns provision
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is not made for possible action of binders alanoe, Rather, tho

influonce of binders .'is ° intoprated into the offcet of the

longitudinal steel with a frctor k or k, which also depends on the

1
strongth of the covar concrete. The value cf k sug;osted by
Mickoy tentativoly is 0.9 (loss then unity) wideh inplics that
the bindur docreasos the yiceld loud of the columnse The conclue
siis of his loter oxperiments, F26) howover, centradicted this
iplic~tion. He later obscrved:

"Liny ineretso in the quantity of birders above tds

mininun value directly incrocses the ratic of ultinate

colunn lcad/fyicld lccd®,
Porhaps, it may n t be in the intorest of knowlcdge tc doal further

with Mackaoy's farmula.
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CHPTER 5

MATIRILLS LND CONGRETE MIXGS

5.10 Matorinls:

&1l natoricls used in tds imvesgtigation worce handled and
storod in swh a4 namor as 4. “rovent danngoe, dotoricration or
oontamimti n as puch s possible befare Loing utiliscd.

5¢14  Lagrogatoss

Yntorials usod as agegrointos verc kopt froe fron adherring
ccatings, clay luips or impuritics thnt Loy dnpair tho strength
of tho conereto. GConpcogitions vore batehwed by weight using an
"vory" woigldng macld o, typo 3205 CCE of moxdnunm capagity
250k, ir 1 kg. divisiinse
Ping hLgoregate: Rivar said vas used as fing agirosete and wos
froo from silt, clay and coagulantod lunpse. Thoe sand was obtaired
fron o logal Zaria stroan. The gzrading was such that tho
naxdnun size wves thnt whigh passod thyough nesh No,7 of tho
British Standard (D.S.) Sioves fittod t¢ E.Se410.

Goarse Jggrapgatae: Thoe coarge dgorogate gonsgisted of crushed
rock kept alncst frce fron fine perticles cccuring oithor in o
froe stuto ur as a lcosg adhweronte Tlo preding was sugh that
the sizo was kopt witlin tho lirdts of 9653 o (") naxdoun enmd
4o 76nn (3/16") pininun. The grushed rogk was obtained fyom
Kabnala quarry 2t Kaduia, 7The stongg verg sieved to tho roquired

sizes bofurc utilization,
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5¢12  Coront: : :
Ordinary Portland comont, the "Eloplent" brand manufactured
by the "iest sfrican Pertland cement Company Lids" Ingos at
their Ewekuro Factery in /beckute, Western Nijcrioc and delivercd
in pajer bags was usod e thoe tosts. The excet age of tho
cenelt vns unknown but consignnents vore used it the <rdor of
deliv ory.
5013 Reinforoerignt
Stecl roinforoenments wore plain round nild steol bars,
The pleco of namufacture wos ot knowm and 14 ves not pessiblo
in the case of lorgitudinal nrs te obtoin bright picces but
211 reinfaroenonts vore ns nuch as possiblo kept free fron
looso rust, groasc, edhorring onrth cr any naterial that ooy
dnpair the bond hetwooen coneroste and the reinforcencnt. Tho
sizo anl percontpgos of Loth longitudinal and tronsvorse
reinfarcenonts aro as described in chapter 6 (article 6.31)
and shcwn in figeds
514 The "2very" Univarsal Testing Mocldngs
Tle colwe:s were Husted by loading to failurce in o largs,
olectricnlly operatod tosting machine siow: in plote 1.(py56) -The
m;ci.uum capacity of tho naciine is 100-tons oud it was despatehed
to J‘.hmb.dti Bollo University Zaria froa: Bngland in 1967. The
moline is fitted with electricel autogrephic rocorder, load

pecing goar, autauntio load oontrol ard is of tie type 7104 DCJ



PLATE 1: THE "AVERY" SELF INDICATING
UNIVERSAL TESTING MAGIINE
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rupbor B66200 nade by Jvery in Dirpinghan, The dolivory nunber
to flmadu Bello Undversity is:

ADU 263/65~66/29/802501 ; AHM..DU 6/21804,/
The pacline hns fdve lond rargzs of 5 tons in 0,04 torn dAivisinne;
50 tms in Q3% ton divisions ard 100 teas in 0.2 fon divisioms,
Tho lcad rarge usod throughout wos 100 tns in 0,2tun divisi ns
and the seloctoed looding rote wos 1 1 por nimute but sinco
the dureticn of the tests ranyed fron aliwt 12 ninutes t¢ 30
pdnutos depeiding on the capacity of odcn cclumm, it is cludr

~that the lcading rate coutrol of the rocline was foulty,

515 Tiw Dondisin Coppression Tosting Maclins

Tho 45424 cn (6") cube crushing and 1524 x 30.48 cn
oylinder strangithis of the cencreto nixes worc:tested with rl.x
Dénison Conpressicn tosting mocldne of tho type shuwn in plate 2.
{pe58)  Tho maximu: cepocity of the nmaciine is 250 tais and
it was nade by Senml, Doumiscn end Scens Litd, Hunslet Foundry
Leods 10, Englond. The model nunbor is Ne. TuToR/Ce and tho
Mecliing No. dis 29206, Tho spocifiod mexinun copncity in

transverse is 10 tons.

+ Be16  Strain Gouges:
Longitudinal anl lateral defurnations wero noasured with
THL temporature compensated strain gaugos nonufactured in
Takyo, Jaran, The tempersture compensations aro accurnte within

~6
approxinotely + 1.8 x 10 /° « The typos selected were the



PLATE 2: THE DENISON COMPRESSION TESTING
MACHINE
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P=L types for moasuronunt of transverse and lorigitudimi dofor=-
pmaticns and, in atdition,, tho nen column strains weorc neasured
wer & 10.5 en gauvge length about pid=height of onch colunn with
dial pouges. Theso arce nechanicnl geuges and crly give approdnate
results. Their readinzs wore thorefaro neant to save o8 a cheok
to tlhose of the clectricnl rosistonce wiee strmin gouges.

The specifications of the Tf‘fIL gauges used are as follows:

1. TYPE FL-20-11

Gauge length = 20 o
Gaugo width = 3 nn
Basc = 3 x7 m
Gouygo fagtor = 2,09

1t

Gaugo resistonco 120 + 0.3 hns.

2. TYDPE FL-5~11:

Gaugo length = B nn
Goauge width = 3 an
Base = 15 x 16 mn
Gouge factor = 2.09

Gauge resistonce 120 + 0,3 ohns

The sulffix ™1" added to the gruge tyoes shows the coefficient
of lincar expension of the tost objoct (mild stecl) ani for
waleh tooperature compensation was nmade. 411 1L gougoes are

efficient within an operati-nel tanpereture range of

-200%G to 80°¢,
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Baforce fixing tho gonuges t¢ the roinforcements, the bars were

anrefully sand-paperod with cmery eloth to got very smooth

and bright surftices and fhen thorow nly dlooned, 1:0'
renove all dirt, Tio types of adhessives wero usad for tho
attachnent. Initiclly, a two cenmpone:d opoxy resin/hardncr
nix cnlled Lraldite standard adhessive made by Ciba-Geigy
Yimitcd, Basle, Switzerland was used for b=t /2 and T=8/1
cclunns. Tlds was very carefully utilised to ensure ex-
cellent lunidity resistomo. Tie rest of the gouges were fixcd
vith P=2 adliossives as recommended by the THL gauge nmenufacturcers,
=2 adhossives aro preducts of Tokye 8ckki Konkyujo Go., Ltd.
Jopoan and is gpecifiod £ Inve excollant hunidity  rosistonce.

For ngasuronont of longituldinal defornations $we PL type
wire strein gauges of gouge length 20 nn were stuck ongch ot
rnid hoight of longitudinal bars logated at opposito cornors of
gvory colunn. Decause of amall spacings of binders of group
4+ culuins, FI~5 gauges vors used. for neasuring the longitudinal
defarnations to onsure adoguatc contact with the main bars throughe-
out the gouge length.

Strain gougos of gauge length 5 nn were used for neasuring
0ll transversae dofornptions of the eolunns. The gauges were
attathed to one binder at adjacent sides ¢cntaining no hooks in
sorics A and I! wixile throe gauges wore stuck to cne binder in
sorios Ce Fer group 1 and 2 coluuns with 4 em and 8 con tio

spacing, strain gausos weore sinilorly attached t¢ twe adjacent
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" bindors abaut nid height of cclunn widle only one binder at

md height of eaecll coluwn wos g.auged in group 3 colunns.
Two ddal gauges wore used war ~ gouge length of 10,5 cn cn
two fecos of cach colurm. & totel of 42 Pl-20 goupgos trore
usod on 21l the longitudiml bars, 105 PI=5 geuges on all

the latoral tics, 21 on the longitudinals and twe dial gouges

en eneh eolunn,

Moatos 3 ond 4 shoy the arrangonents o the reinforcononts
with tho Plestrain gauses.

Concrete lMix Design
The cuncrete wos nede in the concrete laboratory of the
Departnent of Civil Engineering, Alrnidu Bello University using

an "MAuto Mopoto! concrotce mixer the speficaticn of wideh is

given in the next article. A fairly lov concrete strength was

aimed at to cnsure that the ultinnte strength of the G=4 columns
will be accamedated by the 100-ton Universal testing Maciine.
Ihe ~mter=canent ratio uns therefare snloctoed te give o target
ouhe strongth of 24 N/m.rﬂz (34 22 pasei}s This strongth wms
selected fron a scrivs of prelininary 28-dey cubo crus.ing
strongth tosts on 15 ¢m cubes using trial nixos of varying
vtar cenont ratlos, |

Thoe columms of otcli bateh of concroto ins 0..2‘lr:3 which is

a little less than two-thirds of the naxdinun volunetrie cgpacity



- — —
— — -

- - -.- EA s K |
s@eniNNen

- <
=
-
-
b
LA

-
-1
by
.

PLATE 5: MRRANGEMENT OF THE REINFORCEMEMNTS

WITH THE STRAIN GAUGES

J



PLATE 4: REINFORCEMENT CAGE FOR GC=8/2 COLUMNS SHOWING
POSITION OF THE TML STRATN GAUGES
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of the avgilably concrete nixvr. I'It was intended that the
nixer should rot he filled dbeyond twowthirds of its totel
voluno to onsure officiont norfomeance during nmixing operation
The total velune of the mixer wes Q.29 m3 and two~thirds of
of tlds volume 15 Osi ::13. The solectod voIuno of 0,1 213:5 for
aach bateh is also n little greator thon the total voluneo
of all the columns of cach group plus the volunw of three
15 em control cudbes and threo 15 e x 30 on contrel c¢ylinders
witch anounted to 0.1.081,15. Tl allovance for contiguncies wns
tiwrefore 11% - whidch is by no neans oxtravagoent — oxcluding
total volune of the reinfarcerwnts widch agailn »rovides
incroased socurity agninst under-ostination cof batch violuge
Tho astinat.d woight of 0.121:‘3' of goncroto wing 288 kg, basad on
& conarate density of 2,400 KG/mj.

The composition by woipsht of the ingrodionts of each
batch was as follows:

Elophant DBrand Portland conont 3280 kg,

Fino 4 roctes 81480 kz.

L

Coarsa dgsropntos 147.20 kg;

Watcr = 26420 kg

The mixing procedurs woas as fnllows:
The nixing drun wns thoroughly cleaned and placed on tho plat-
forn of the 250 kg. wolgling machine ond the pointar adjusted

to read zoros, Hiver sand was thon pourcd inte tho drun $ill

tlic pointor read 81,8 kie Elephant Brand Poartland Cenent
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was noxt added $111 the pointer read 114.6 kg, Finally, tho

crushed recks worc pourcd inte the contonts of the drun till
tho pointor rond 261,.,8 kg. The drw: was thoen properly ro-
Jocoted on the nixing paclhdne anl running was started, '

26420 k. of wator wos soparately weolghed out and introduced

~dinto tha ingredients aftor twe ninutes of running. Mixing

was continuod for further throo ninutes so tliat tho total

mixin: tine sms five ninutcs.

Method of Castinge

For sinplificaticn of forrwerk and casting, o2nd te ensuro
baotter unifornity of strengbh, all tho columns wore cast and
vibrated in a lLorrizent-1 position in a plywrod mould(sco figed
& plate 5) curcfully desigmed te ascormedate all nine colunns
of a group fron ong batche 3 No, 15.24 co control cubes and
3NGe 15424 x 30,48 on contr-l cylindors were also cast fron
tls batehs The mould was made in such 2 way that it vas casy
to take apport. Mixing wos foacilitatod by the laborstory
cancrote nixer which runs on trolly whecoels. The trado nork
of the mixor is "isuto Memota" 84 4DS scorics b, The coil voltage
veries frou: 380 =~ 440 with L - 8 anperes and 50 cycles.
The nixer is a product of fngland am) tho totel nixing tino
oS i‘ive' ninutas,.

Consolidation was by menns of o vibreting table ncde by
Mero Ltd, Engincors, Falkirke The serial nuer of tho vibrator
is 36452 and tho nould fitted oxactly on its platforn. FPlate 5

shars the nould mounted con fhie vibratine toblos
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PLATE 5: THE MOULD MOUNTED ON THE VIBRATING TARLE
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5«40 Guring Conditions.

Tho colunns werce renw ol frorn the ncul's 24 lrs, after
castinges Thoy wore then starced in vator for fifteon days
after which they wore rencead and kept in the lgoboretory
tc cure at rcom tenperature until the tine of testing, Tho
laboratary tenporsture varied between 25,2 and 25.8‘;0
throughout tle curing peoriods Tho tonperature of the
curing roon wcs checked thrice dnily Ly noans of a nercwy =
in plass thornonoter wuldcelh was sugpended in the naifhbourh:cd,.

The control cubes wore nanufactured -nl cured sinultancously
and in an idontical pmanner with tlw ovlumns, The ago of the

spocinons ot the tinc of tosting rangeld froo 33 tc 38 dayse
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CHAPTEL 6

TEST PROGRAMH

Voriableos and Footors.

The imvestigntion wes ained nrimarily at intrcdueing the

offeet of liteoral roinforccuant in the equatiins for salculating

the captcity of reinforced concroete coluns with rectangul ar

crcas=gooticns, There ore nwi loss than gixteon diffoeront

factors tint nay likely affoct thoe rosults of tio tests.

Thoeso bres

1a
2a
3e
be
Se
6e
Te

B 8.

Fe
10,
11,
12,
13
14
15.
16,

Spacine of tics

Oreoss—sceticnal arca of tios

Strain gradiont across the scction

The nannor and rato <f loading

Stross—strain curve for the lataral reinfarconornt
Effectivencss of the tic in confining tho concrete
Lrea of conercie enclossed by the tic

Shoapo «f the onclosed area

Cenerete coror ¢ thic onelosed arca

Preosenco, sizme and logati.n of the naln reinforoecront
Copressive strength <f ceonerete B
Maxdnun sizs of agsropote

Slenderness ratio

Casting and curing procedurcs

Nurber of legs in onoe link of %o

Ratio of latoral dduensicns of tho eclunn,



Tho lnst two factors huvo not yot reccived any attontion
froo previ us invaestigators as only squarc scoticns wore being
considorods. It will not be possiblo t¢ include all tho factors
abwveo in any single investigation anl so only tho f-llowing
havo been sclocted for consideration in this progrannc:
1e Spacing of latoral tics
2. Nutber of leogs in one link of tie
3. Yorcentaze and nw ber of longitulinal reinferecront
e iatio of lateral dinensions of the colurm,.

The prinecipal variable under iiwvestipgotion was the spacing
of ties which varded from group to group witiin oroh sories of
thio progrannme while the other factars varded fron serics to
serics.

Tho following were obscrved:

1. Tho longituldinal ~=nl lotoral strains
2. Ibdos of failure
3. Tho ultimate lo.dse
Thesc obscrveti ns emlled tho study of:
1. Load=strain &ingrans of thio oclumns
2. The effect of latercl tics on the ultimate loads
3¢ Theo ability of the ties tc provent tlo nain bars froo

buckli e
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6,20, Arrangonent of Syceinens:
Thoe reoscarcli i.8 divided into throc secrics, &, © and C
acecrding to size of golunn, and percontage and nunbar of
longitudinal bors., Lacl: serics is furthor subdivided intc

tiroe groups orray;ed accordin, to the spheing of latoral tes.

Ge?1s Cclumn Merks.,

For casy identificati-n of tho ¢-lunns, o~oli spocinon is
narked vith three figurcs. For instoneg "a=4/1", "3—3/3:'
0—12/2'. otce The ficvst figure in tho mork shogs tho scorics
te widel the eclunn belongs and tho socond shows the spoeing
of ties in continptorss The lost fipure aftor the stroko shows
the nunerienrl order f testing singe tlareo roadings avermged

tc sdve oagh prescntcd result,

6.30. Design md Déseription of Test Spegingns:

411 previous investigationg on the offeet of ties ware
boased on square spegcingns ns described in ghapters 3 and 4.
This investigation will bo extenled to gov@ regtansular grogse
sccti nse 4L sideewidth ratio of 1:4 (f.0. squere crossesogtions)
will bo used in serics 4, ¢ ratio of 131.,5 will be used for
colunns of sorics I and 432,00 for serics G. 7To acliove tids,
tho least lateral dlnonsicn weg kopt gongtant at 40 on wihile
tle adjacent side wns 10 on in serics ‘3’. 15 on in scries I and
2 on in sorios G. Leading wes Cosigngd te bo axicl henso tho

strain gradicnt aeorcss opposito socticns was narnally gorcs
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4 constant slondorness rotic «f 6 wes used throughout tho test
siileh nocns that tie oolunns tested £all undor thoe "short-oolunn®

eatogcry mth total langths of 60 en (23.6 ins.) ocche (sce fig.d).

K oo

Detrils of Ruinfarcomonts:

The sizc of the longitudinol roinforcorcnt wes kopt omstent
at 7,73 o (546") in #anetor but the porcentage and nunbor was
varied in serdes Ge In sorics & and 7, 4No. 7.73 mnn (BA6") é
Lars (.ﬂs = 188 r.uaz or 0.307 inz) wore used while in serics G, Ohc.
7.73 o f bars wore uscd ¢ sivo an arcn of 282 nmz (0. LEO inz).
Tho longitudinal stecl ratic wos therefore 1.88% for series 4,
1¢25% for scries D anml 1.41% for series G. 4 conerete ocovor
of 45 nn was used fur A1 bars,.

The transversc reinforoetents conesistold of lateral ties

noade up of 344 oo (") @ bars giving an aron of 7454 an’ par
link of tic and tle spacings were 4 cn, 8 cn, and 42 on, for
group 1, 2 and 3 oolumms rospectively. Tio naxinu spacing

roconnended by the Nigorian Stardard Codo N.GoPs 1: 4973 {32]

3510 en (4 in.)s The ties wore ccli! bent with an extaernal elosed

- loop dinmensicn of 7 on x 7 on for columns of series i, 7 ca x 12 on

for scrios B oand 7.0 x 8,5 on fer serios € colwms oml carefully

tiod tco the nnip bars at oreh eontoet point using = wire of

oross—-socticnal dimension 142 un f  Tho tio locps wore formed

. Q
" by ends hooked et 1807 to ouch othier (sec figs 2 and 3) Lefaro

bein; tied to the main lars sc as to chook failure of the jrints




3

ond ot tho sane tine avold tho possibility of the yield

strongth of the Hes Loing roduced if 1lap wolded joints wore

usad as woas observaed in an imesti:atlon elsawhore I: 2?:]

.'3“'1'

FIG 2: LOOP FORMATION

- —LATERAL TIE

~— LONGITUDINAL BARS

In an investizotics on the ultimatd strength of short axially

londed colunns, Dr. S. Mackey [27] corricd out tensile tests

on g ooingns of stocl used befire and oftor undorpgoing welding

DreoossCs.

His rusult shovel thet the modulus of elasticity

of steel is not affceted by weldin; but the yield stress of

the material is considerably roduced.

as fcllars:

Dr. Mackey!s rosults aro

Dar Dianctor | Nosof Tests | Yield Stross | ltinate Stress| Hodulus of

(in,) (1b An?) (1v/in%) Hlasticlty
(lb/inz)

; 4 2 74500 81,800 29, 200, 000

In 2 51, 500 | 29, 200,000

*Dgnctos bars subjocted to welding as in colunns



LOCATION SIZE TOTAL Ne! LENG . '
TH LENGTH BENDING
(ll'l) (em ) (m)
ALL SERIES
58 cm
LONGITUDINAL | 7- 73 126 58 73 .1
BAR STRAIGHT
7.0cm
E
", N g
SERIES A 3. B4 34 30. 22 °
TIES
12.0¢ E
o |
SERIES B c‘;
- J | 84 46 3s.?7 .
TIES ~
6.5cm E
" . b
SERIES C 0
3.1 168 40 67 . 2 .
TIES ~
FIG. 3: BAR RENDING SCHEDULE
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Also in an investigetion sinilar to the authars work,
nany of 8. Nejib's DO] smll ddianctor laterel ties cut
open frea tho lap weldod jrints Lefare the ultizote load was
reteiod. - -

Tho arrgngonont of the ruinforcements in tids imwostigation
waz such that the $lo juints woro staggored on all the four
ﬁornars of the speeimens. Schoepatie detail of the oyrangonent
of tho reinforeenents is shown in £iz,l. o

For oxch diamcter ~f steoel usod, six snrles wore to;tetl to
ohoek their strongths. Results f #hc Sonsile tests on steel
speginons used in this imvestigaticon are sham in sable 2.
hocurnte contering of tho reinforcing ctpges was offceted by
welding the nain bors oF ripght anples to their lonpgitudingd
oxis to flat stool platos 10 m (%) thick, The steel plates
alac served to onsure perfectly f1at ends and thus unifornm
distriluticn of lood over the full eross-socticnal crea of tho
colune 4t tho saie fine, it servoed to prevent the longitulinal

bors froi dmiaging the conerote ot the onda of the oclunns os

would be expeetod $o ogour if ordinory echnereto covar wero provided

at the ends of the colwin.

Soriss "4i" Columns.
Tids sorios oonsistod of three prows of 3 No. 10 on x 40 eon
oolurms ofel gith o sido-width retic «f 1:4., Tio spacings werc

L on for proup 1, 8 an for growp 2 and 12 en for group 3 colunns.

o

A



SERIES b COLUMNS
GROUP ~ |
4No. 7-73mm
BARS
Adcm
Gl
A A
STEEL END
PLATE . 1
1Omm Thic @
=
SYMBOL A-4
QUANTITY 3 NOS
SERIES “a" COLUMNS
R : ‘f
4 BARs of ¢ Neans
4cm "‘-";J'—" § 5
v v g
A AS A A
] ] e s _-..._-......__....._‘L.
J-lmm $ TIE 3-immé¢ TIE y
E3d ] |
symoL P v e
QUANTITY 3 NOS 3 NOs 3_NOS
SERIES b =g COLUMNS
1 «f f
6Ne. 7.73mm I Ll o - ohe 7.
¢ BARS E."—.‘ i} " qj:?ms. r::%-:
4 cm Sy v ; x
e - 3 ° I .
KRR ==l
lmmg T Mnn*'l’l! 31:-*1‘5
@ @ =
SYMBOL c -~ 4 C-12
QUANTITY 3 NOS 3 NOS
NOTE. COVER TO MAIN REINFORCEMENT ~— I(Smm
SCALE. | : 20

a = PL-20 STRAIN GAUGES
I = PL S STRAIN GAUGES

FIG. 4. REINFORCE MENT DETAILS




Each group was onst fram a difforent batch. of‘ oonarote but nll
batches were designed t¢ givo a uniform target cubo sirensth of
24 N/Emz (3422 peseils Tlreo control cubes and throo eontrol
cylindors wore alsc cust fron ench botohe Tho control ocubos
and cylinlers onchbloed the detarnipttion of tho acotual strongth
of the e¢onerote. Othor salient particulnrs ai‘o as dosceribod

> | in 6,30, 6,31 and showmn in 4oble 1. For oacli spaeing of ties
three oolunns -tere tosted and the avorape of tie tlroe realings

ocngtituted ono experinental result.

6s33 Soriocs U anl ¢ Cclunns, e _ . -

Serdos I' anml € woro node ns noarly identienl as possidle
to series &4 and the sasting en? curing prooclurus were cxsetly
tiic same, Subdivision imbo groups were as in serdes & an) groun
distrinetion wos ddctuted by the spaeiny; of tios vhich ware
axnctly the sane az those of sories As Thet is 4 on. for growp
4 aolunns, 8 cm for group 2 nnd 12 on Tor group 3.

Serdas "I" coluans wore 10 cir x 15 cn 1:1.5 cross~seotion
with o sido~wldth ratic of 432,0. Unlike series & and 5, six
bars wore usod as longitudinal roinforouionts in soriass G and
lateral tios omsisted of four leyds, 3e1 mn ddanotor bars instesd

of 2 logs 8s in & and s  (Othor dotails are as in table 1 and

e

£ige4. Plate 6 sliows the oppesranco of typicel ccluing just
.. Eof@re the tests. | | :
6e40  Tust FProcodurc,
411 the solunns woro tostod in a 100-ton Jvory sclf-indiope

tins universal testing; oneldne and n11 tho conbrol cubas and






oylindors in n 268-~ton Donison Ceoprossion tusting nacline,
A1l tosis wore nnde when the cuncrcte was ot lecst 28 duys

0ld an? sincc it teock six dys to test cach group of gclumms,
the actual age of the ecmereto st the tine of testing wos |
subjoet to slipght variaticns, Nero detailod data on the oxact
ago of conercte is given in tnbles 311, TIrior tc testing,
both tho stroightness of the colwans and variatiins in tho
widths were checked using a strotehed wiro. The rosistaonces
of all the deetricel strnin gavges were olsw chocked.

T Fop pesitioning the dinl gauge, twe domes points wers
fixed on cacr face of the columns; cach ot a Mstance o

10.5 ou from the othor abeut rdd-heisht of the specinens alang
the lonpitudinnl axis. Tho soparation botwoen tho grip
holders of tiwe nmacline was thon lowered =nd fixed at g positicn
where. the cloarance was Just oncugh to aocounedate tho

60 on lang; speoinons. The inteonded load range of 100-tuns

in 0.2 ton divigions was selocted by neans of o solector
knob, |

Aftor positirning the specinens in tlhe macline suwh thot

fln contrg ling cf cach test speoinon was in line with tho
sentreos of the 4.p and  bottm plattons of tho grip hdlders,
the torminals of all the miniaturce stroncel cables scolderod
to the electrical resistance strain jouges wore comeotod to
tho TML static strain mober os aliown in plate 7 ond all readings

were adjustod to obtaln a satisfrotery talances Ilate 8 slows



tho appearance of a typical olumm just aftor tho test.” (ne
stroin gruge wos used ns & dummy Slhrcuphoat thoe test and
sounlel inte the stnc bridse oirecudt with o cebive gaugos

in such & way that any dimensicoml chonge causod by tenporaturc
vayiaticn is compensatod. Longitudimel and Interesl deformttions
wore oecsurosd on thw nadn bars and binders inside the c¢slunns,
8 8 chwck to strain mousuromorts, longitudinal strains wore
olsc monsurcd on twe faces of orch colunn in denec poines
pounted owor o distancce of 40.5 en. about nideleiphit of ench
golwin with & Qinl gouge.

Lftor strofully positioning tliv spooimons on tho macidne
they wero proleaded to 410 tons and ap roxinato oguality of
strains on opposito faces scrvod as an indiention of true
ocngontric looding, Tl oclunns wero thon loedsd 4o failure
in 5=fton or 10=ton incrouonts dgponding on tho antisipnted
fadllure lood. &%t thoe end of oneh load range, o1l strnin
roadings icro rogordod,

In fov instances, loadin: ves continued nfter tho uldincte
loed was ronclicd resulting in largo post-ultimate strains,
4Llso, tlhe erushod oclumms were often re~loadod to cbhscrve what
perocntope of thoir crusiving Jead thoy couwld oorrye.

If wos oot possidble to pot o relishblo neasurement of
strains neor and at ultinote londs. Howover, o gool estination
of the ultimte strains were nade fron thoe macldne-rocorded

lowd=compression fraph.



PLATE 7:

ARRANGEMENT FOR iIE TESTS
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PLATE 8: APPEARANCE OF TYPICAL COLUMN AFTER
THE TESTS
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CHAPTLR 7.

PRZSENTATION OF RESULTS
O'bs‘ervntiu: ns:

The maximun temperaturc throughout the tost was 25.608 - B
and the maxinum variation was about 0.2';0. The tomperature B
during the tosts wans diocked by tho aid of o mcrcury-in-glassé
thermoneter, widoh wis susnended in the neighbourhocd. Such
a low variation in temporatury wos possible beonuso tho tosts
wér:'o perforimed during 6 soascn when rapid chengos in temperaturae
wore nct oxpected. It is necessary thrt the temperature in tho
test room be as constant as possible so as to mini__nizo tho
apparent strain produced by chaonges in tc:mpe.raf.ure. Tho
olectric”] strain gouges used, morewwer, have temporsture con—
ponsations that are accurate within approximately +1.8 x 10"6/00
which furtler roiuscd tho foer of gouge sensitivity to
tomerature in addition tco tle compensaticns of tho "“durmy
gouge" discussed in the last chaptor, |

In .ost ofsos, the apperrance of cracks on the oolumns
scrved 08 & yarning tint the ultimate load was Leoing approached,
the only oxcoptions Leing C=4/1; C-8/1; 4=12/2 and C~12/2 which
crushod suddenity witiicut any worning of foilure. In these
instonces of sudden failurs the ultimate load ususlly oxcecded
those of corresponding spocinonse Iin columna with 4 on tie
spacing, crocks appeared 8t abaut 7% of thoe ultimeto lond whilo

in oolumns with 8 on tio spacing, orccks wore c¢bserved at cbout
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80, of the ultimate load and in cclwns with 12 on tie
snaoin;, cracks aproared just beforg foilure ot adb.ut 9655
of tiw uwltinnte lond, These observations show thet heavily
bound ¢olunns give longor warning hofore collapse than
cclumns with widely spocod lateral ticse

It is a0t clear vhy Najib's investigaticn §30] showed
contradictory dhsarvatiins. In Najilb's tosts, cracks appeorod
at about 606% of the ultimate lwnd in eclunns with widely spaced
ties wherecas in eolunng with Lhoavy bindors, orasks appearad
at about 85% of the ulbtimete londe

In tests on 8" x 8" lighweight - agoresgcte (Lytez) concrota
ocolunns, OrangunD{S] obsorved cricks in golumns reinforced
with §" ¢ nain bors and 5/16" o ties at 75" c/c ot 764 of tho
ultimate load; in odlurns reinforced with " & main Lars cnd
5/A6" @ ties at 8" C/C, e cbservod cracks ot TA% of the
ultimtc load whilo columns with 43" @ nain bars and 546" ¢f
ties at 8" C/C crackod at about 5157 of the ultimete load,
Cransunts tests shrwoed thot ecluins with ld hier percentage of
YongAdtudinal bars gove longer notice of failure, Orongunts
rosults confirmed thoso of similar tests by Bvans ond Lawson [_-_36:]
on gravel sonerote colunmns, oven though in tie lattor crse

aracks wore recorded at 79% to (99% of the ultimoto land,

Modos of Fallwre:
" Tho goncrel nede of failurce c¢bsorvod was nainly diagonsl

failure though in some instonces, camprossion fajilupe oocurcd.
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The tostod eolumns are slicwn in plates 9 tc-;ih. | Gunerally
the foilure of heavily tiocd colunns was characterized by
spalling of tlo outer cobcerete covor thus exposing the latoral
ties and tho care comsrote ns siiown in »late 9, Inall group 3
oolurms witli wido spaeing of ties and those of graup 2 with -
8 en tios spueing, foilures woro clrroctorized by buekling of
tho individual longitudinael bars os shown in plates 10 to 13,
Spalling of the ocuter covear alse occcured in somg ocluung of
group 2 and 3 wlieh noy heve been saused by tho buckling
phisnurenon,

In fow instances, straining was continued after the
naximun logd had be.n reached to study tiie behavicur of the
reinfercemanta nfter nuch of the outer eowear had applled off.
It was found thet after g large post=yicld strain, the tivs
5till clicked buckling of tho lwngitudincd bars of group 1
sclunns with closecly spacod ties until the gpeeinen bent and
s suall buckling cecurcd beotween the sinll spacing of tlio tias
as gharn in late 14« I no case &d failure of tlig ties at the
Joints oocour as cbsarvod Ly Mackoy [2?j « Tiis moans ..the.;l': tha
pathod of lLwvoking the ties through an angle of 180° and then
adequatoly securing then t¢ the 0in boars with wiro ensuros tint
tho strength of tho tio is n t lost ot tliec jint anw’ is thus
8 recommendable process.

In Mackoy's imvostipgation with wolded juints at tho

University of Locds EZTJ , buckling led to frooture of weldod
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adjacent joints in six instonces. fis Lindors consisted of 8
couge  soft dron vire witlh butt weldod jointse

Alsc, in Najil's tests at thc Teclmologionl University
cf Cracow E}O] nost stall dienctor stirrups - about 3,0mn
diancter = got broken at the lap-welded Jjcints lending to

buckling of the main reinfarcerents in lheavily bound cclunns,

It aprenrs that in tliese circumstances, failure of the tics

wore caused vy rolucod strongt!: of the tivs at the weolded

porticn and dues not reprosent = gencral node of failure,

Test Rosults.
Conercte Strength.

411 cclurms of ¢-ell group wierc cast ot the sone tinmo amd
from tlie sanc bateh of conercteo. Tl mould was designed to
accamalate cll nine columns of cach group in scts of throe
differcnt sizese Fur encii batell of ocnerote, tlree 15.24 cn

(6 ins) control cubes and three control cylinders 15.24 cnf x

30.48 en (f 6" x 12") wore east, The comtrol cubes and cylinders

wore tosted aftor 28 2=ys nnd the results are included in
tablo 1, tho nesn cubc orus'dng strengtl: beins 24.9 Nﬁa::z and

mern cylinder strensgtii being 19 I-!/nmz.

Stecl Strongth.
Six secmplos of cach dicnetor of stoel usod were tested in
tensicn and the results are prosented in tcble 2. Thoe acturl

strengtly of specinen 3 of the langitudinal stecl o uld net be
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cbtained aélc; II"CSUlt cf nower f‘niluré durding toste Similarly,
five results wore ussd from the tensile tosts of the lotorgl
ties as spocimen 5 slippod fran the grip of the macidine dwring
tosting.

The average yleld strengths are as fullowss

+ Longitudinal Bars:

7.73 o (5/16") & rild stocl bars £ = 283.6 K/
Intcral Ties:

3,10 (") ¢ nild stocl bors, fyt = 36546 N/mmz

Colunn Defarmtions.

Strain moasurenents wore nado ot orell stage of lcading
and the necn of tho results nre presented in tables 3 tc 14,
Shrinkage strosses un steel roinfurcenents during drying love
been negloctnd since tlicso lave no significant offeet on the
ultincte cepacity of oslumns. . Compressive steol strosses aro
tlorofore assuned t¢ be zure before applicativn of logd and a
perfeet bond is assunied between conerete ~nd stecl but there
crull be very sall relative lisplacements &5 wos observed Ly
PuVe Jonsson in an investigoticn of bLond betweon reinforcemont
anl concreto l::?(ﬂ o dowever, the methol of testing ensured that
both ¢ onerste ond stecl were subjeoted t¢ the same strain.
Both longitudingl and lateral defermativns werce rocorded.
Sinee the eoluins wore testod ot the ace of abwut cne month,
no allownme was nade for any effeect of slirinkace hut thore

coulld be snall voriati ns in caopacity duc to shrinkoge as
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chserved by Samucl Pe Mouch anl lleJ, Holley in investigations

on the effcoets of creep and shrinkoge l:29, 28] e A&lsc orecp
off cots durdng tosting wore neslocted,
Telles 3 to 14 illustrate that deformati-ns of cclumns of
uncqual size but with equnl spaeing of tics wore not of the
sane mognitude bLut depends on the column gross~scctl nal dimensions,
Lorger sized calurns have sialler pro-yicld strains but greater
ultimate strains, T:is shows that Loth size and shape of
colums leve narked offecet on the nagnitule of deformationse.
ASocurete stroin measurcments could nct be made with the
strcin gouges up till the point of ocollapse as the load wes
rolocsod cutomatically by the maelidne as scon as the ultimate
was reaciwod rusulting in reducoed ultincte strains and noreover
sone of the gauges werce no longer functioning officiently ncar
the ultirnte loads However, ultinate doformtirns werc ostimmted
from the machine - reccrded lond=corprossicn grapke Fron the
readings, it was cbserwved tint for o partioulsr oclunn sizo
anl shapo tho ultinate deformati n decrecsas witii an increase
in lateral tie.pitei.. ¥From these rosults, it can be doduceod that
the magnitude of deformations depends hoth on the size of colunnc

and spacing «f tics.

Ultinete Dearing onpacitycs:
Rosults of uliinate lond oarricd by the colunns testcd in

this investigation are presonted in ta*le 12, Tle results arc

arrcnged acoording to sorics to cnable casy casparison of the



ultimcte londs of ony particuler cciumn si.zo vith variaticn
in the spacing of %ic¢s. Prem the toble, it con be seon that
for the 10 om x 10 cm columns of scrics 4, 2 decrenss in
1atoral tic spocing from 12 cme t0 4 CMa rgsulted in a
 gorrospyonding overage incrensc in ultimate lead of 3,52 tons
(35,4 ®¥), For series B c.lumns of 10 om x 15 cme latoral
dimensi ns the inorensc is 2.8 tons (27.7 K} whilc in the

" 40 em x 20 om. colunns of series ¢, the ineroansc is 7.7 tons
(76,3 K1),

For avary sories of columns tested the only varinble
naromoter is 1ateral tic spocing, cther prranctares romnining
constant, The nbove increasc in the ultimcte loods is thore-
foro due to the effvet of tie spacing alone ond will ke
discusscd in detail in tho next chrpter.

The purpose of testing columns of series B ard C is to
find ot whether column size, shapc, ond number of lengitudinal
pars affuet tho incrense in ultimte locds duc to decrenso in
laternl tie spmelngs Tablc 12 shows thet this inoredsc applies
to square as well as rectongulor orosswsocticns irrespoctive of
the sido=width ratio, the number of longitudinal bars, end the
pumber of legs in n link of tios

Tho obscrvod diff erences, however, shew that the rise in
_ ultimote locds for cclumns of scrics 4 and B are within the some
.neighbourhocd ahile the rise far sorics G is just nbove twice

these values. The main A fforenece between columns of secries C



anl theso of seriecs & and I' is the nusber of legs in one

link of tie, other factors varying in all tho tlurou scrics.
The nunber of legs in sorics C is dwuble thesoe of 4 ond 2,

It appoars thon firt tho entributin of the tics ia not a
function of the longor side of the eclumns but anong other
things, dopoends on the least laternl dimension of the colunn -
which is emstant for all the tlwec serics —= and the nunber

of 1g;;8 in cne link of tio.
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TATLE 1:¢ SUMN.IY CF IUIN TIST RESULTS

[ Gola | W] ¥oin | in- | Piton | Gol. | Cars |ive. |ive.  |Main | tindor | iwe s
Mark| Off| Dors ders of Sizeo | Size |Cube JCylin~ §Stocl Stecl | Ultinnte | (timate
2 Dia | “inlors (ez) | (um) {Stron- der, Rwtic ¢ Ratio | Load strain
() | Gu)| (o) cth £ (@ 1 () % 5 o
u 2 ﬁv.\\m N _ AH_QDm\ -ly
1 ) JAH/° _ x 10-
r - 1 1
i~k | 3 W4FT73] 310 40 | 10x10] =0 2 1190 | 1.88 | 0.536 | 28,02 2080
~8 | 3 " " ! 80 . . » " " o.mmm_ 26477 1886
r2{ 3 " " i 420 » " " " " o.:m_ e 0 1886
-4 | 3 " " 10 |10=5|x120f " b o | 1425 | 0.538 | 38..0 2431
ECRIEE A go ) " ] g o m " | 0,269} 36,9 2133
12| 3] " 120 " " " moiom 0a179 ) 35.60 1887
| _
o4 | 3{6FT3p " ;W0 {10770 " " 1440 | __.Sm_ 55¢ %0 269
b e ooh s | oo " " " | o538} 52447 2536
~ " " " n n " ., D-umw_ 48,20 1993
c~12}) 3 m 120 — x_.l —! !




TLPLE 23

— . ————— T — -

Longitulingl Dars 8mn (5/16") dias; Lensth = 580

Tonsile Test Results of Reinforeing lors

-

Diaf-‘-oterf irea ‘fiE;ld)lcaa] Ylold —[ timte [ Length
do (m) lig N. { stroess Lgnd
(s02) £ (N /on?) () L ()
1 7.75 47e2 | 13680 280 18650 583 i
2 763 L5e7 | 13680 299 18550 584
3 7.59 1 U4De3 - - - ) 58k
IR Te73 47.0 1 5080 281 18460 | 565 '
54 7.77 4745 1420 280 16850 586
6 7.77 47.5 13680 276 18260 582
moed 7 WoTh | 13,768 283.6 18,554 l 582,
- —ﬂ#:—'—'ﬁ.‘::irg:f-_ .‘.—_—_ﬁfJ

® Powor failurc intorruptel test of spoeinmen 3

#* Spacimen 5 slipped from its

crip length during test

Loteral Ties 3.4 nn (§") dis; ILength = 350 mo )
Noo | 2o(mm) *(*1-;:2) ‘f;i%ﬂ) :ﬁf‘f:ﬁ:s Winato Longth
Tyt (W2} () L (ur)
4 | 340 7.54 | 2471.5 330 L
2 3440 7.5, | 278 . 363 3870 349
3 3,10 Te5k 3020 | 400 3970 356
& 3410 7.5 | 24715 330 3670 355 |
seu | 3,10 7454 - - - %5
¢ 30§ Te5h | 3020 400 3970 358
Fo | 310 7.54 | 2,7546 36546 3850 35446
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TAELE 3: SULALYL OF AVEILGE SWi.IN DREADINGS FOLI
GROUP 1 COLUII'S IDENTIFICATION MinK:
A=hi 3 SPBCIMONS
’-—--l—-—-—-- . — ——— . — - --:—(— e e e e e -----—--i: - r-l--———-----
| ke J:amh;r@;ul stentn 200 | iotgrad strain x10¢ 80| 2]
Noal(Tons. €11 | €1-2 | £1-3 | €l-mean{Etv €4-2 |Et=3 Kt-neon P
b r e o a - ._..__-T_.._ t ...!_..,..__...‘ e e s - - ...?._.._.._,.....'...._. 1 .T-"- e I
1 5 252| 178§ 235 4 222 | 66 25 25 39 |0.176 10,179 |
2 110 | 520, 398 1 U0 | 459 {118} 50 | 58 75 (0.163 10,357 |
1] ]
3 |15 : 827¢ 700} 763 | 763 i477) 115 |103 | 132 0,164 ;0.536 |
b 120 ixzﬁo: 1190 I 1075 I 1172 {226 135 |179 | 180 |0.154 | 0. 714 |
* - £ .
5 |25 1920|1725 | 1530 | 1725 | 331 | 328 |325 | 328 }0.190 {0,893
6 _l_zme' 2103 l 1722 | 2080 | : : ! :
MNP, (i) fsisiiogl B BN . N P SRS .
Notes: i
L]
Age of specimens = 37; 37; 37 dayse i
Sracing of tinders = 40 mn,
Ultimate Londs:
: |
Yu-1 = 28,9 tons.
Pu-2 = 26,2 tons
|
I)u---j = 28,95 tons,
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TLTLE 43 SUNLLY OF LVEW.GD STRLIN ReELDINGS FOK GROUT 1 GCLUMNS
IDENTIFIC.ITIWN UiRK: D~4; 3 SEECIMENS

! ------s--h--...._.....T .

e e ———— 8 —— --l -— e

e —

- | - TS
| i) Load L:_ngitu%iml Strainx 10 Lateral Strain x_l‘:O V= o= | =
--:.-['-—---—--- W o T\__ l [ ) —‘—' tl ‘u
( OmI)El--1 €12 | &1-3 P en Etmt | Etm2 | E4=3; Eten
s - ...... I i_ . —— R
i
1 | 10 37 | 333 355 345 65 5 | 32§ 5 Oel4l | 0,260
| :
2 120 810 | 788 | 760 766 | 405 ¢ 75 | 87 89 0.113 | 0.520
: -
'3 !25 !108? 1008 | 41001 , 1032 i 140 ' 101 | 158 133 0.129 | 0,052
14 330 ! 2200 [1353 4363 1647 152 | 118 {192 167 0.407 | 0,760
! |
'5 | | 2595 | 2608 | 2200 | 2181
! L b - WIS, [ ot M| SRR S
| Hotem !
i ape of specimens = 38; 37; 37 days 1
Spacing of ties = L0 m.
Wtinate Loads:
P
U=1 = 39.2 tons
Pye2 = 36,0 tuns
) Py-3 = 40,0 tons
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TiPIE 51 SUMMLY OF LVERAGE STRLIN ASADINGS FOR GROWP 1 CCOLIBNS
IDENTIFICLTICK MARK; G-4; 3 SITECILENS
i e D" T T ol P
licel Load Iwrty%_lr_sg_ x40 | Interal strain x 4Q &| T
l(TC’“’)FEH £1-2 | €1-3 | €1en | Et=t | Etw2| Etes | Eten i
s b0 | 276 | 23| 469t 229 2r | 38| 76 | w7 Jo.205 fo.a79 |
2412 59 S54J 389 510 70 LS | 144 88 | Qe145 |0.358
3130 10Q0 903 752 885 | 116 B U 139 1 0,148 (0., M6 !
i
4 oy 40 2045 1645 | 4553 1745 | 248 69 | 345 211 | 0.122 |0.8% !
5150 32715 135 - 4505 - 1875 -
6 2N0 | 2YY5 | 2569 | 269
i
|
Notes; |
. |
Age of Speglmeng = 35; 37; Vdays
i Spaging of Binders = 40 mm.
Ntimnte Londs:
et 56aly tons.
Plyw2 Bhe tonge
plh} 56.95 tong. B —
i v/ 4
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TLRLE 63 SUMILLY OF AVER:GE STRAIN IE.LDINGS FCu GROUF 2 CULUENS
IDENTIFIC.TION ¥ iKs /~8; NC, CF SPLCIMENS = 3

::.:.T Lmd—i Longitudinal Strein x.10-6 [ Iateral Strain 1076 v,%. ._f_’,.:-!
1; (Tcns) 14! &2 1 €13 | Tin | Etet | Et-2] g3 |Eten J'
Iv 5 203 2251 2520 227} ss | w7 | 28 | u2 10.485 o.1c7i
| o | wsl a0l go2| w6} o | 105 | 70 | 85 (0475 | 003k |
R T s13]  e17| 27| 619§ 116 | 152 | 105 1124 |0.152 1 0,561 ]
' ! 20 12855 1078 1000 1121 ! 167 | 196 195 (186 0.16610.?1;13!
! : ’i 1925} 2030 | 1702 1886Ji ’

e

!3 !Ej"l -
Ape of specimens

it

36; 36; 36 days
80 mm,

n

Spaeing of Tics

——

Ultimate Loads:

P

u=1 = 27.0 tons
P2 = 27.0 tons
pu"3 = 25-8 tons
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[ m— W —— —

Ago of Specimens

Spacing of Tics

Mtimrte Londss

pu"1 = jBQO tonao
Py-2 = 36,7 tons
Py-3 = 36,0 tons.

34; 36; 36 doys
80 Mle

TIBLE 7+ SUMMARY OF & ERLGE STRAIN RESULTS FOR GROUP 2 COLUMNS
IDENTIFIC.TICI MARK: B-B; NC. OF SFECIMENS = 3
- e — HT“_ _--]
"os} Load Longitudinal Strain x10 Later~l Strain x 10 EE: -
=11 "} & |
L(Tons) 81—1 E‘l—-2 51_3 El...m it;_i‘ Et..z Et,_j I it-m N !
(vl <l eps—— e AIPEEES S == S e
. i — ' R
1 110 3 1 380 35 | m2l 6 36 1| 35 i 46 [ 04135 } 027!
2 ! 15 582 . €25 520 ! 578 9 59 « 179 ( 77 10133 0w 4OT!
312 | 769 932 | 133 814 137 % 53 i 10§ | 0.133 O.SIJ
| -
w125 y400) 1355 | 1005 | 1200 - 17 |13 ! 160 1 0,133 o.s?z?i
5 30 1295 2615 { 1330 1747 { 42t 236 199 . 285 { 0s1631 0,813
]
6 1880 | 2030 l 2,90 2433 l i
L 4 | L
Notps: ;

—
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TADLE O3 SUKLLKY OF AVELL.GE STIAIN ILADINGS F(R GROUP 2 COLUMKS
IDENTIFICLTICON MiiK: C—~8; NO. OF SFECIMENS = 3

s

No.} Load Longitudinal Strain x '10-(J Intoral Strain x 10-6 V=%]T’E !
! - u
J(Tms) it | €1-2| E1-3| B ‘5-1;-1_J Eiz| Ti3 1S ol ; :
T . i 1

1 410 I 23| 187 160} 190 37 36 9 27 0.11,2!0.1921

i
]

2 } 20 | 506 450 M7 450 70 l 86 27 61 1 0,433 ]0-3uh!
¥ ] 1

3 V30 I 880 833; T19| 0834 |' 105 | 155 ) 108 0.130'0.5?65

] L]

L 35 1075 | 136 9871 1426 120 213 29 142 10,128 | 0,672 °

1329 | 1976} 1254 ) 1517 | a5 | 285 4129 } 186 | 0,123 } 0,750

\n
+
o

ERE 1725 , 2656 { 1702 | 2044 182 | 376 275 278 | 0,136 1 0,864

-
- @ -

7 150 242 ~ - 258
{ o 2642 | 2280 | 2087 ¢ 2336
‘ :
age of Speoimens = 36; 36; 36 doys .
Spoeing of Ties = B0 nnm,

Ultincoto Loads:

u=2 = Ble5 tona
P

u=2 = 52,0 tons
P -

u-j = 50.0 tons

— i

- - - m———
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TLOLE 9 SUNMARY OF AVIERIGE STRAIN LE'DINGS FOR GioUF 3 CCLUKLE
IDENTIFICLTION MARK: A-12; SPECIMENS

o ——— ---1_- - - . ---_—..6-......-...--- - —— e —-,-—--f—-—--—-—r—,-“‘f!.-"—u
No.,' Load Longitudinal Strain x 10 Latoral Strain x 10—\) Vzti'i }{?, \
- - R L s :
!(Tona) E1-2] 1-2] Ei-3 ‘ €1n I Eiei |t :‘t-j.'[it-m I {
..!»..... o ——— 1.‘- R o .....-I.--- ? . ?: --1‘
i 4 5 3% : 195i 213 l 266 L5 1 35 : 20 I 33 106155 0. 2051
: . . , | . ;
! 2 {10 | 500 Azsi 453 i 59 B 131w '! 66 104144104410}
- ; - | i
{3 145 7301 73 7320 73| 445 1109 | 70 ;100 {0.448{0.615;
» |20 | 1160 - 1200 | 1181 | 247 - 101 {174 o.mBlo.&zu;
| i b |
| 5 | 1950 - ' 4833 | 406 | |
| | |
. | ke FIUPWSIN TNS. S :
:
‘ Notgss

40 of Speciuens = 34; 34; 34 days

Spacing of Tes = 120 mm,

S ——————— e S S A

Ultimato Locds:

I’u—-‘l

n

26l tons

Pu-z

2,0 tons

pu—-_'i = 26,9 tons

b - e—mer  rm = s m——

e e S — o
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TADLE 103 SUGUEY OF AVEWLGE STR.IN WALDINGS FOu GLOUP 3 COLUwIS
IDENTIFICATICN lLRK: D-12; NC. OF SZCTHENS = 5

o e o SAEEIE T O
Noej Load _Longitudinal Strain x 10 Imtcrs:l_ Stroin x 10" 1 V='ﬁ|. iy I
(Tons) jey-p1 E1-2 5-1-31 €1 '8t | Stz |E-3) Evm
|-~--1 e —— - — R ———-P———' .- —l.—-——-Ja - — Jp-- ‘
!,1 10 50| 7] 6| 35 1105y 5| 20| D 0e22);] 04201
L] y I ! !‘
> {45 | sl sost 525} 518 4 4704 437 | 38 | 115 | 0.203| 0a423;
| ! A
53 20 e Ywi 3 BT 222i 152 i 66 } 157 | 0,207} 0.5°3:
!4 25 1000 988} 1010 1026 290;;' 232 ‘105 209 062044 0,703,
1 ] i
'
15 {30 [usop 1253| 130 435} 07| 2% |158 280 | 0.207| 0.843
6 3080 | 2162 1610 | 1807 l
!._,. ....L- BNt pa——— ST -AL- - - L—--— -
]
Notes:

sge of Spceoimens 343 34 34 &S

120 mm.

i

$pacing o Tics

Ultinnte loods:

i

Pyyq 35,5 tons

Pps = 33.0 tons.

I
SO . — I O




T."'.BZE 11: SUMMARY OF AVERAGE STRATIN READINGS FCR GROUP 3 CCLUMNS

IDENITFICATICN MikK: G=12; NC. OF SFECIMENS = 3

Age of Bpeceimons

Spaeing of Ties

UlLtimate Londs:

Pu—1

Pu_z

P

u-j_

I

i

= 420 mm,

£|~1 . 9 tons

52;..22 tons

43,60 tons

33s 3k; 34 doys

N - ---$-|

- - £ :

Nod Lond Longi:tf_ctiml E‘;E;'ainx 10 6 Iﬂtorn}: ﬁStrhr_iin x10 6 V='§% '_F‘.%

(Tons)} €141 €100 [E13] €1n (€| Baz| Eoms | Etma

1 { 10 M3 2761 26y 320 | 36 30 32 33§ 0.103] 0,208}
b
2t 2 71y 574} 605 652 | 8t | 101 54 79 | O.i24 o.z..us‘i
31 30 |1086] s99) 98l 961 |10 | 1we | 92 | 117 ] ouz2 0.621.1
L I ®» 1333] 799 { 1200 1111 Y116 | 1€8 : 109 | 131 | 0,1481 0,720¢
5 | %0 16161 1345 | 1402{ 1454 14124 | 193 | 426 | 148 | 0.102 0.852'
L]
6 17281 2076 | 2474) 1993 !
1 - . ;
:
g
Notes: :
|

e e b WML 3

- mmca ® e

*zz

amr




TADLE 12: ULPIMATE LOAD RESULTS
- “T hoinf areceonents "'"1
Size of Lcmltuliml 5.1. mun g timnte pn(m(}an);
Nce linrk Specimen Bars Lateral Load
(m) (No/mn) Mo - Py (Tons)
Spaoing (tons)
(mm) |
1 |44/ 1100 x 100 | 4 £ 7.73 40 20,90 2 i :
2 |A=y/2 " " " 26420 28,02
3 1 iei/3 . . " 28,9
b | 48/1 |100 x100 | 4 ¢ 7.73 80 27,00 |
5 1#=0/2 n " n 27,00 26,77 f
& |4=8/3 n " " 25,80 |
7 4124 [100x100 | 4 & 7.73 120 26440
8 | »12/2 L " " 20,00 2L 40
9 | &-12/3 . ¥ : 26,90
10 | 3=4/1 |100 x 150 L 773 40 39,20
1 | o=4/2 iy " " 36400 38440
12 D"h./} n n n }.]D.UO
13 | B-8A |100 x 150 | 4 & 7.73 80 38.00 I
14 | =0/2 " " " 36.70 366 90 i
15 | D=8/3 " " . 36400 ‘
16 | B-12/1 |100 x 150 | 4 ¢ 7.73 120 35450 I
17 | B-12/2 " " " 38,30 35,60
10 | B=12/3 " " » 33,00
15 | c=4/4 }100 x 200 68 1.73 L0 56440
20 | o=4/2 " " " 540 20 550 90
21 | c-i/3 " " " 56495

NrdkAd navd =nea



TABLE 12 cotd.
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HolnT OTC oMt 5
No Mark| Sizc of Longitudinol | 3.4 mm ¢ Wtimate | b (mean)
Speeimen Bara Lateral Load
(mm) (No/rnm) Tig = p (Teons)
Spacing u
mm) (Tons)
S S —
22 | C~3/1 100 x 200 6 &7.73 80 5450
23 } c=3/2 n n " 52,00 52433
24 | ¢-8/3 " I " " 50,30 : J
| : :
25 1 t-12/1 | 400 x 200 & F 7.73 120 L1e90 i
i26 | c-12/2 " " " 54420 48,20
27 | c-12/3 n " " 48,00
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CHAPTER 8

DISCUSSICON {F RESULTS

Gonoral @ |

4As mentioned in the introductory chapter, with respect tc
transverse reinforcement the Nigerian Standard Code of Prootice
NeCaPe 1 disropgnrded the effect of loteral ties in the roccnmended
design equations for reinforced concrete cclumns., The code
stipulaetas thnt the pitoh ¢f transverse reinforcemont should ba
not more thnn the lenst of the following threg distonces:
(1) the lenst lateral dimensicn cf tho column;
(ii) twelve times the Jdiocmeter of the smallest longitudinal

reinforcement in the oolumn;

(141) 300 mm,

Tha diameter of the transverse reinforoements shaild be not
less than one-quarter the diameter of the maln rods, and in ne
case loas than 5 nm,

In adlition, the axial lcad Pq pernissible on 2 short cclumn
reinforoed with longitudinal bars and lateral tles saculd not

.exceed that given by the followlng equaticn:

P =1 +p

aoAc- aoAso
wherao Poe is the permissible stress far the coxrete in direct

campression; -
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Ac is the oross-sectiomal orea «f ocnerete exeluding any finishing

material and reinforcing stesl;

Pgo is the permissible compressiun atress for ocluln bars;

.ﬁsc is the ceross=sectinal ares of the longitudinal steel

This omission of the effeot of transverse reinforocements is
commen in all other standard Codes of Practice. For instance, the
Americon Godes stipulate that the pitch should be:
(1) 16 dameters of longitudinal reinforcement. |
(i) 4B diometers of ties; where the dimmeter is equal cn' more than 6 mms.

(1ii) the letst dimenticn of the coluan. |

The Nritish Standard Code CP 114: Iart 2: 1969 stipulates thot
the pitoh sirauld be nct mare than: \
(i) +the least lateral dimension of the ¢oclumn; :
(ii) twelve times the diameter of the smallest longitudinal
reinforcement in the ecolumn;

(451} 300 mme
o | |
The dinmoter of ties should be not less than one-quarter the

‘diameter of the main rods and in no case lees thon 5 ma.

Thg Polish Code recommends tlwt the spacing should be not mare
than: |
(1) the least latoral dimension of the column and not mere than 40 oms.

(i1) The dimension of & binder sh.uld not be less than 0.25 diameter.

of the longitudinal reinfarosment and to the minimum of 4.5 mms.
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The Russian Code stipulates that the pitch should be

(1) 15 diameters of longitudinnl bars, with welded mats and
coges.

(i1) +the lenst dimension of the column but oot more than 50 cms,

The size of binders should not be less than cne-quarter of the
longitudinal reinforcements or nt least 5,00 mm,
Also the Russian Ccde adds:
"binders of great importance far the following reasmns.
1. they ensure that the ocncrete will reach the cube
crusiing strength.
2. thay prevent the longitudinal steel from buckling

outwards".

Gererally, the eff'ect of transverse reinforcements on the
benring otpacity of columns is not included in all recommended
design equations, As discussed in chapters 3 and 4, wer twenty
different investigations have been carried out in different
research centres to confirm or disprove this treditional design
method of negdectinz the effect of ties. The comclusicrns show
thnt most researchers cgree that lateral reinforcement has a
significant effect on the caprelty of reinfarced conerete columns
t22, 2, 26, 27, 30, 33, 43, 46 eto.j * However, each investigatar

arrived at a differont formula for calculating column capacity.
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Most of thesc formulac oro direet . dodugticns fram pasieyglor
experimentnl rosults ond mry or moy not a;ufly to gonorel ond
pretotypo canditions,

Tho author ernsiders it o bottor apngocch to facoe the problem
frem a purcly analytienl peint of viow nnd durive o formula from
first principles basod on aecepted assumptions. Sush ¢ formula
shzuld then be subjected to series of exporimontal comditicne fo
confirm or disprove its volidity,

In this research, the aunthor earricd cut axial loading tests
on three different sizes of cclumns: 10 x 10 cm; 10 x 15 om; amd
10 x 20 em., 411 tosted columns wevo 60 eme high opd the medn
rosults sumcrized in toble 4 show that for all sizes of cCIumns,.
the smoller the spasing of tics, the groater tho vltimate ggpacity.
The inereisc in ultimote ecapogity is of the ordor discussed  in 8.40.
- Twds result shows thot the ingronse in ultimate eopacity is valid not
only for square crossesgetions os obscrved by provicus investigators
) but also for roctangulor seetions with mare than twe legs in one link
| of the tic.

Maed shows the ocbservod reloations betwoen the uvltimate londs
and tic spaeings for the three gerics of cclumns. The lowesh
portion of the curves will correspend to the prism strength of
unrcinforcod econerctc ¢olumns, Howovor, the limited number of
test dota mnde it difficult to say wi-th some degree of eortainty,
whot the lowest valuc will be ag this has not been approached in
figsh. For instansce, nt tic sphcingsof 44 em., fig 5 gives the

ratios of the prism strengths of unreinforced columns to the cube
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erushing strengths as 0,865 for series . cclunns; 0.8€5 for seriss
B and 0.68 fcr series C coclumns with an average of §.87. The
curves in fig 5, howevar, show that these ratios will be much
lower for further increase in tie spdcinge In tests on short
lightweight conarete columns at the University o lLeeds DG]
Orangun obtained scottered values varying from 0,56 to 0,89 with
average of 0,71 while tests on plain gravel concrete cclumns by
Bvans and Lawson Ejé_] varied fram Q.56 to 0,92 with an average of
0,68, The x;atio of plain ccncrete column strength tc cube crushing
strength recommended in the ccde Dz_'_l is 0,67 which will be used in
this worke.
The curves in fig 5 show clearly that as tie spacing decreases,
a oonsiderable increasc in the ultimate gcapacity of the columns is
cbserved, It is alsc clecr fram the figure that for tie spacings
from abbut 100% to 1507 of the least lateral dimension of the
eolumn, the effect of pitoh on ultimte load becomes less impertant
irrespective cof column size and shape. This perhaps accounts for
Frofessor Hudson's [197] conclusicn that "the influence of latercl
ties on the ultimate load of short columns is negli ible" simse
his tie spacing varied from 100% to 800% of the least dimension of
the columns, In no case was tie spacing less than 100% of the least

lateral dimensicn of columns in all of Hudson's tests.
Load=Strain Relationss

Figs €, 7, and 8 show the loadestrain dingrans of the tested

columns plotted from the results given in tables 3 to 1.
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The maxiousm strains at failure obtained from columns yith
L om, tie spocing is higher than strains cbtalined fra columns
vith 8 cn. tle spoacing and much hizher than those cbtained fram
12 cn. tie spmeinge This is countrary to the dbservativns of
botli Hudson [‘l 9] ard Qtey ond Sczen [ua o ludson's L" x 4"
anl " x 6" axialiy loaded columns failed to reveal any marked
effeot of the prusence or abscnce of ties on the deformations of
'['.15 columnse, Hoe however admitted that the validity of his curves
is open to challenge on the basis of tho method employod in
:measuring the stmins. Horcover, his tie spacings were so far
apoart that their effccts became negligible.

The increase in ultimate strain with decrease in tiec spacing
¢bserved in this iwvestigoation shows that the longitudinnl stoel
o,
is mae offoctively utilized when tie spaciiy: is smaller resulting
in higher ultimaite lends, coven though the results are fairly
orratic. leis cbsexrvation of inerease in stroin with dcercase
in tie spaoing is in line with the results o some previas works
DO, 46 eto.] .

Lt the Technologleal University of Oracow, Najib |:30j
recorded ultimate strains of 5.3% to G.2% for tie spacings of
5 om., and about 4.6% for 12.5 cm, tie sphcing, amd 3,6% to
8% for 20 ou. tie spacing showing thot the ineroase in ultimate

strain bas almost doubled far a docrease in tie spocing fram 20 cm
t0 5 ome withdnstant dicneter of binders, 4lsc his results

shaved thit the amount of longitudinal reinforsemmt does not affect

the deformation of eclumns,
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Fer furticr theoritical anclysis of the test results, twe
equations derived purely from theoritical ccnsidemtions heve
boen seleeted for investigation based on the test results of the
auther in this study. These equatirns as mentioned in previcus

chapter are:

bot Ligy, T
1) £, = 085 4 --n—-i‘-’--l

e s
durived by Plume, Newmark and Corning in 1564 Ehﬁj
generally rcferred to as the "LU.N.C. equation” in

this thesis.

Be hgi &
i —n fo,

i ! = i i T
(i1) K, MR+ A - V. s,

derived by S. Oleszkiewioz in 1573 [33] .

It will be cbserved that the derivation of the "B N C
Bquation " was based on short columns containing no longitudinal
reinforcements, In addition, no allowance was mede for variaticns B
in the number of legs in one link of tie, The author has decided
to modify the "B N C Bquaticn" to include those missing soliont
perameterse The modified equation is then transformed into an
equivelent ultim te load equation to ease comparison with observed

ultimate values., These modifications are discussed in article 8,30,
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h.biSGUSSiC.‘n of Theory « the Formula Derived by

Blume, Newmark and Corning,

The development o the abowve equaticn omtained in "Dasign"
of Multi-story keinforced conerete Buildings for Barthqueke
Motiens" chapter 5, Fublished by Portland Cement Assoeination
Chicogo, 1964 =ns i'resenied by N,F, Scmos inl:w:l is discussed
below together with the experimontal results of this thesis,

In 1928, Richart, F,I. Brentzneg, 4., anm Brown, R.L,
published o puper onpitirned '4 Study of the Failure of Conerets
Under Canbined Gompressive Stresses” in Bulletin N 3185,
University of Tllinois Ergineering Exporimental Stati.n Urbona,
Fo104e 1In tisis paper, Mchart, ot al, durived oxperimentally

the following expressicn for vle axial compressive strength of

conerete oylinders subjected to lateral fluid pressure;

Oa = £ 4 3,1 Oy =i —emmemme— (1)
where;
Pa = axmial compressive strength;
f: = ecylinier streongth in the absenco of laternl pressure;

Ry
1]

laternl eonfining pressurg,

In this work, the lotepnl pPreéssure applied to the conorete wns

 8otives DPlume, Hewmark onl Corning applied tods bisic empirical

result to the cuse of o bossive lateral pressure applied on the

‘eonerete by the action of hoops,  In dodng thds, they idealiszed

8s uniform the distributi.n of laternl pressure due to the hcops,
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S

4

For rectangular hoops in rectangulny sections, Blums, ot al,

proposeds
) 2A. T
- L “sb
9 = 0,5 (.E._.ig____) e e (2)
where s

& = the lerger side of g rectanguler oonerote aren
enclosed by the hoep,

fop = the stress in the hoep

Agy 8red of cross-secticn of 4 leg of hoop peinf Tcement,

i

8 = gentre to centre spocing of hoop.
The term in parenthesss is the latersl oonfining stress obtained on
the basis of a free body ddagram. The praceding 0.5 was introduced
scmewint arbitrarily tc trko inte acccunt the roducad efficiency of
rectangul ar hcops in eonfining a ccnercte core,

For the strangth of the care cf a rectongular oclumnn with

' closely spaoed hoops, Blume, Newmork am Corning proposed
o _‘E::l_ﬂ fsp

ﬂ. S.

1 ——— e e
fo = 0.85 ¢ ~em=( 3)

and recommended that fgp be taken to equal fyty thoe yield stross

far the hoops.

Thus equation (3) beeomes

' el Agy, T
fo = 0.85 ¢ ——E T (1)
c Ll. 3 P

¥ The above equatin does not inelude the effect of longitudinal

roinforoement and pefeps cnly to laterclly tied rectangular oolumns
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without longitudinel bers. To encble a comparison of theoritical
values using oquaticn (4) and observed values in this investigatin
tc be made, tho puthcr has introduced the term defining the effect
of lmgitudinnl reinfcrcement, In aldition, the authcr feels it is
not suf'Ticient tc limit the equatiocn to cnly two legs of hoops as
series C cclumns of this investigation bave four legs of ties. The
following modificnticns hove therefore been m:de:
From equation (2), the laternl canfining pressure 4 may be

defined as
0 hgh fap )

%y = 0.5( Be S

e (5)

whore m denctes the number of logs in one link of hoope Introducing

this in equation (4), ve have

2&05 m st fy-t
&:- 8

£, = 0405 fl + ———e (6)

fpplying these modifionticns, the author deduced thet the ultimate
load of an axially lcoaded shert reinforced ooncrete eolumn with
closely spaced heoops mny be cnlculated using the equaticn:

2105-13 I‘k -ﬂs'b fy.t

P, = 0.85 fl T — e (7)
vheros:

Py = ultimte strength of cclumn

b = Cross-sectiin2l ares of cclumn care

Lg = bhroa of compressive reinforcement

/o = Yield stress cf longitudinal reinfcorcement.

¥
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The third torm in equaticn (7) ropresents the influemse of
heapa on the ocapneity o reinforeed concreie columns, From the
oquation, it c:n be seen elenrly thnt as the centre-to-caentre
apacing of hoops gets smaller, the copaelty of ruinforeed ccnorcto
golumns is improveds. Tablo 13 siiows the ealculated ultinate londs
using equationd7jas well os the etusl ultirote loads from the test

-

results. | R

B Coleuloted Ultimate Londs Dased on Modifiod Form
of the "I! N C Equaticn":

hpplying the B N C equaticn in the form:

2405 m Ay § i
B 1 . . k ‘sh "yt
p“ = 0,85 fc ‘Ln + Lsi" + — .B..,-.;... .. *....,_

$h¢ cnloulstoed ultimato londs po(BNG) shom in tgble 13 below were
obtnined. The chservod uwltimonte Loads Py are als o shown in the
table. From table 13, the errer in using thoe B N C equstion
varies from 8.45% to 20.47% all colouloted values boing lower

bounds to the test date,

F]



TABLE 13:

EXPERIMENTAL AND TUEORITICAL ULTIMLTE LOADS

12,

USING MODIFIZD FORI: OF THE "B N C EQUATICN".

— . —

SERIES 4
No. Column | Ultimate Locds(Tons) Py "~ Py RiC x
Moxk xperinental P, Coleulatod "-";\-—'" T
Py NG B A%
2 0 26,77 22 480 + 17.40 i
a2 2o 4O 22.50 + 8.45 .
- - - AP — ------—---—----l'
SERIES B ‘
= — |
Jl- Bl 3&014-0 31 -Eﬂ + 20350 E
5 -8 36,90 30,90 + 19,40 i
¢ T2 35460 30,60 + 16435 '
— ....__._1'
SERTES © !
C=1,. 55,90 44,470 + 25,00
8 c-8 52,17 43,20 + 20,40
9 12 48420 42,00 + 175
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Discussion DBnsed on the Theory Behind

Qleszkiowicz Furmula

Tha stress-strain & agrom far crdincry ¢ morede due to exturnal

1cnds of short durstion opprroxinmabtes to o socond degrec parnbols,

o c.
e = 2 (2 By e e (8)
U &n . :
wherg: E

- 2

¢ = the notunl stress of conorote in N/mm

R -~ the compressive strength of oconcrete in N/mm2
T~ the acturl strain of conercte

§,u - the concrete ultimate strain reached in compression

nt the penk load.

The above relntivn hos beon cfirmed by experimental results
iﬁ Al fforent Imstitotion and is gonerally accepted ns o fact.

Prom cqueticn (8), the lood-strain relaticn of s.aort, longitu-
dinally reinforead concreto eolumns may boe approximately expressod

by an cquation ns follous:
€1 Fa

: = 5 & e e e
P o= Rk (2= ) T3 ¢ s s (9)
- wherec: '
p = denoctes the actual load e

J“lb - denotes the total aree of concrete

R = Jdenotecs the churscoteristic strength of ccncfete oS
defined by adequate mitics of oylinder cr cube strength
or neasurcd on samples of ploin coluwins or ostimated

from graph.
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1 -~ denctes the cctual longitudinal unit deformation of
the coclumn

bu = Jdenotcs the ultimete unit deformation of cuncrute
reached in compression at the podk load. |

A = danotes thw aree of longitudinal reinforcement

s = modulus of elasgticity of reinforeing steol.

Bauation (9) applies to plain golumns or reinforecd eoncrets

. golumns with very low percent2ges of binders. JThe load~strain
reletion of columns with vary low quantity o ties does nct differ
Trom those of plain columns as portrayed by ii}.td.son'a rogults, Howovoer,

an ineorcnsc of the amcunt of binders above o certai.n. minimum
percentage ocausgs a significant change in the load=strain reletion
as con be observeod frew figs € to B, Growp 4 columns with 4 com.

tie spacing underwent larger deformations than group 2 columns

with & om. tio spacing aml much larger deformaticns than oolumns

of group 3 with 12 cm. tie spacing. This shows thot o heavy
tronsverse reinforcement inerefses the nltimite defarmaticns. The
inoreasge in ultimnte deformntions is onused by the reosistanee of ties
ageinst the lateral deformation of the column care. This resistance

is balanced by o Jotoral conerete preassure arising fram

bt

additivnal axial strosses in the gconerote oocre,

b
Now, the strain in the tie is eguivalent o the 1nteral
deformmation of the ¢ mceretes If these two are equated, then a

relationship batween the additional b stresses in tho ccncrete



127

core and the transverse reinforcement in the column may be
obtained. Usually, in plain columns 1t i1s assumed thnt the
transverse deformation of conerete results from the uniformiy
distributed Longitudinel strossaes throuzhout the sclumn orosoe
seotional aren, If this is anplied t¢ mwinforecsd conerete oolumns
then tho transverse doformatiocn «f cmcerote will be tgken to
rosult from the netion of the axdal b strossea unifornly
distributed wer the totnl orosswsectionnl aren ¢f the column and the
resulting free body diagram will be as shomn in fig 410,
Bqual deformation of binders results from the additional
strasses causing lataral pressure bt in thgz conercte 00T,

b
This may be oxpressed by

¢ . _Q_p___v& _9pt %t St
t By T 1 7 wlgg By

e e==(10)

The relation between the additioml stresscs B in the

column core ond the transverse reinforgement can be expressed as

oA P
oL st ook meemme(11)

= - L
v atst s 1

In expressions (10) md (11),

Et = V& = denctes tronsverse deformition of a eclumn,

V =~ denctos the Polsson's rotio

©y - denctes the longitudinal strosses und fermly

distributed wer total aren o the emoreta.

By . = denotes the modulus of concrete doformition



v

N
Jh
P
| S
- at
+
L "

":- ‘e "-.- :'.:..-c‘ ‘.“-. . -: b
g r,;,b;- -H O s'
- .

.f., ’
-
-

)
x
l
h

b w

YN ITY) .r: e

h ™

st -:‘o [

1AM

T hRE S, l’,’,

e s .
st s L0 a.zz.‘.'.{l.z . Se

»
»
-
L]
.',b
»
[

b4

—F

- R
=0
A P
-

—

1715,

a $
- t -\:\‘\A ct E.

5t

r‘---

- o wmy e o o = e el

FIG. 10: ASSUMED STRESS DISTRIBUTION IN A
REINFORCED CONCRETE COLUMN [33]

- i - = ——— - STTT— v raay

derived from theoritical gomsiderations alone fits olosaly into
the test results. The regulis and observations alse aucy that of
- abaut the yield strength of the columns both the lateral and

| longitudinal deformations ingrease rapidly up to and after the
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point of failure. These increcses are represent.ed by btroken lines
in the lod~strain diegreams o figs 11, 12 and 13.

Prom results of strain mensurements shown in tables 3 to 11,
the risc in lateral deformaticn of colwms of all siges nre uwere
pronounced then the longitudingl deformation, Genernlly, the
percentage inerecses in the transverse deformetions ope idgher
thon taose of the longitudinal deformaticn at ecch londing stago.

Figs 4y 15 ond 16 show the incrensc in transverse deformation
of the columns of each serics at ¢noh stnge of loading up to the
failure londs, The threc curves in etch of figs 14, 15 cnd 16
represent the thres different column sizes of series 4, D and C
while encl fomily of curves renresents a different spveing of tics.
Thne curves show that near the ultimate load the effuct of ties
beorme very significint. The deformnticn is lapger for smaller
5pacod ties. Generally the deformmaticn continues up to the
crushing of the core concrete.

An illustration of the effectiveness of the lotoral deformotion
in ¢ entrolliing tha total deformation of tho celumns as the load ine
cresses 1s shown by the graph of poisson's ratic plotted against
loading stages (figs 17 toc 22).

In general, Poisson's ratic decrcases with an increase in
column sige but inerecses with increased binder piteh. The
observed valuos of Poisson's ratic shor some scatter ranging from

0.135 in G-~12 cclumns to 0.170 in f=) series with o stronge value
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of 0,209 in B2, | For ench eclumn si#é aml spacing of tioss, howavar,
Poisson's ratio is sensibly constant up to the point of collapse svin
though in some eases the last points are uppor bound to the stroight

linc. PFigs 17 to 22 are reprosentative dingrams.

These resulfs ~re not in complete agreement with the
~ Technological University of Cracow rest.xlts':}_‘j] where Foisscn's
:;-:'.tio wns constant at 0016 frem zerc up to about 60 of the ultimcte
lood but inerensed rapldly to Ouk (abont 25067 of its initial value)
ythen the loading rangc varied from 0.6 $0 1,00, The ultimate londs
in that case varied from 56 to N,7 tons as against 20 to 56.9 tons
obtained in this study.

Figs 14 to 22 show thet n haavy transverse reinforcement
improwves the ductility of reinforced concrete which cgrees with tho
results of Iioy, M.i8.H, ond Sozed, M...s in their investigstian on the
"Ductility of Conocrote” D-l-’%-] o« Their cunclusi.n wes:

"Although the load sgrrying cdapacity of the conerete in the
axinlly=loaded specimens wns not improved by the use « roctilineor
ties, there wos o considergble increase of its ductility".

It is surprising, anyway, that the taests carried out by Roy and Sozon
siwwed nc increase of strength o the gonerete restroined by lateral
reinfercement. Stockl [49] suggested that durntion of the test

may have offected the results cven though Roy 2nd Sozen 34 not

state the duration of their teats.

St T
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Y Ultimote Iond;

The modes of failure of solumrs in this investigation
confirmed that for wide spacing of ties, the longitudinel bnras
buckled prematurely iwwhercds in columns with closely spsoed ties,
buckling was off'ectively chiecked amd failuwra ccoured after the
yield strength of tle moin bors hod beon reached. This resulted
in nisher vltimnte lodds in heavily bound columns,

These cbaervetions conlfirmed that heavy tronsversce reinforce-
mants improve the ductility of reinforced consrete columns
signifioantly. The columns may fail after tho yicld stresses fy‘b

of the tios ore passod, In this cose the lateral pressure O‘i}t

in the column core renches its ultimate velue d-btu wlare s

(” _ o, s"; at f:ﬁ

biu ot S, Oomstant ~o——emeemmooooe {13)
|
The additional ocore stress b in the conerete core becomes
ultimote, and equals '\
Ao‘" = G?;\tu _ fzat fy-t | ‘
bu v T Vag S s T —(14)

whore s i
fy - denctes the yield strongth of the ;ongitudix}gl |
reinf @rcement
fyt = donotes the yield strongth of the tlransv @rse
reinforcement, 'n,
Thus, ossuming thet at failure gll the ingredients of tho column

reaol their wWltimte values than tho column ultim:te P, may be
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cfhloulatud from the expression:

wh, o '
: PR -1 T T S — O ]
Py = LR+ f‘sfy + 7 St ¥y (15)

The above eguaticn agrees thit the ultimnte load of reinfareed
congrete columns insreases with o doorease in tio spacing,

As discusscd esarlier in chepber 7, spalling o the outer conorete
gcovor often proccaded yielding of ties espsciclly in cdlums wdth
intensive transvarse reinforcements. In tlils case, the column cae
aroa “‘k should be used in easleulations as the $0tal working arca of

i

conerete at column failure ond cquation {15) becomast

m A B¢ £ _ _ ¢
= ' y T TemmmeTmmm -"“"(1 )
P, ijO + HB ¥ + """E‘i"“""v Sy yt o

Aooording to the theory of {:53] the concrete core area A, is
tnken as ka = ai s only squorg columns were considercds. In
this investigation considoration is not givern t¢ the theory of
aguation (16) because all columns tested have a uniform scover of
15 mme ani even though spslling of the cuter covar ououred in soane
tested eolumms os mentioned earlier, the nature of occurerice was
nct uniform in any of the columns and coamputations based on thoso
columns may give mislending resulis.s More work on this aspect is
recoiuended in which ense the programme moy be such that same
groups of specimens have no gover ot gll as in Dr. Sume's investiga-
ticn ELB] and those of Sargin, Ghosh and Henda tb.B] .

It will be noticod that Oleszkiowicz formula was derived vwith

anolysis based on square columns and previcus investigations on the
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2

famule were <n sciuare crﬁss-sectiona. The outhor considered

it necessary to include reotangular sectioms in tids investigotien
as ocuptained in gseries B and G, For a ¢amparison of experimental
and otleulated results to be possible, it is mecessary to ro-
definc the term s, contained in Qleszkiewicz formmuls (see

aquation 15)., Instead of defining a; os the lateral dimensim of
thae cclumn care, the auvthor recommends that 8¢ ba defined ns the
lenst lateral dimensicn of the column core; since, fram the
diggussion in 7.40, it aphears that the gontribution of the tios is
gwverned by the least lnteral dimension of the column,

Theoritical Ultimate Loods Dased on

Oleszkiewicz's Formula:

Table 14 shows the cn.lculr,:tedl ultimate loo.:is (byo) using
equation (15) with ay re-defined as suggested in 8.51 as well as
the observed ultimote loads (pu) of the tested columns, The
table shows thot n deoreass in tig spacing results in o corros-—
ponding incrense in the bearing capacity.

From the tnble, it cun be seon that the errors in using
Olesgkiowicz formula vary fran 0,005 to 5,96% in seriss 4 columns
while in serios D oclumns with the strange values of Poisson's mtio,
the errors vary from - 0,787 t0 11.01%% 1In the 10 x 20 cm. colunns
of seri¢s C reinforccd with six longitudinal bars ard four legs in

each link of tie, the errors vary froam 0,137 to 5.8%%
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In the test results cbiained at the Technological University
of Oracow using square specimens made of expanded clay (keramzit)
light-weight apgeregote Dj] s the errors in using Cleszidewicz
formula ranged f'rom = 1,01¢ to + 1,035 where negative errars were
cbtained from 20 cm, tie spacings In the latter investigaticn, the
aotual concrete strengths were used as cbiained fram sumples of

plain cclumns,

TABLE 14: EXPERIMENTAL AND THECRITICAL ULTIMLTE LOADS
DASCD OF CLESZKIERVICZ'S FORMULA

SERILS A
Noe Column __ltimate Loads (Tons) P, =D ‘
Mark %EJq*.arimentnl P, | Caleulatod __u_p_ ——32 x100 %
Pyuo "o

i | I=l 28.02 27.95 + 0,25
|2 =8 26,77 i 25,2, + 5496 2
! 3 A=12 l 2o 40 1 2440 0.00 {

i p— —
SERIES P

11 B 36,40 3,70 | - 0.78

2 Tl 36,90 44O + 7.26
3 [~12 35,60 32,35 +11.01 *
SERIES C |
" ot T 55490 5450 |+ 257 |

2 G 52417 49. %0 + 5,83

3 =12 ’t 48420 4760 + 0,13

*strange values of Poisson’s ratio
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Theoritical Ultimate Loads Based an the

Present Code Requircments (MeCuPelz 1973)

From the recommendations of the Nigerian Standard Code of
Fractice, R, CuP, 1: 1973, the ultimeto load of sacrt, axially

londed, reinforced conerste column may be exprossed as follous:

. pu = .‘.% uAc + fy ASG T e e e e e et e e e e e — i e (1 ?)

where 4, is the oross-scotional apran of the concrete,
Usirg the expressicn (17), the ealculated ultimate 1onds
(P, 1op) shown in toble 15 were cbtained. The observed ultimte

loads (p,) are alsc shown in the toble., Frem table 15, it can be

seen that the orrors in using the present ocde eqution ramnge from

45157 0 320145 in serdes 4; 15.955 to 25415 in series P and

15.3% to 33.77 in serica G columns, Generally, the errors are
worse in heavily bound ¢ olumns nna worst when four lers of tics
are usod with six longitudinal bars as in Cwy.
Comparison of Calculated and Observed
Ultimate Londs:

Tables 13 tv 15 show the cbserved as well as caloulnted
ultimate londs using equation 7, 15 aml 17 rospectively,

In table 16 the errors in ‘asing each of the sbove equations
Ere.tabulated. The table shows clearly that 1 oth the mod4fied
form of the B N ¢ equation end the Cleszikiewics equation give the

ultimate caproity of short reinforced conarete colums with a bgtter
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e m— m — ——— = = ——

— ——

SERTLS 4
o o ULTIMLTE L;_ggs (Tens) By =Bt w0
Bxperimental p | Calculated o e
Mok “1 Purcp,,
u NGP .
A=l 28,02 21,20 + 32414 :
A=12 2l 40 21,20 + 15,10 ;
s NO—
!
SERIES b
L Pl 38,40 30,70 + 25,10
5 T} 36490 30,70 + 20,19
6 B=1q2 35.60 30,70 + 15495
SERIES C l
7 C=4 55¢%0 41.80 + 33,70
8 G‘B 52.1? "-&1.80 r 21“30 :
5 C~12 48,20 44,80 + 15,30
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acouracy tian the present code recommendations, The lurge
errors in uweing the present cade equation is as a result o the
complete negli;ence of the effect of ties in the rresent code
desipn oequationsa.

Fraom table 16, the error in using the formula proposed by
Blume, lMewmark and Corning (Rl Co equnticn) vary from 8,45% to
7.7 far series A cclumns, For series I.,, the variantion is 16, 355
to 20.3% and for scries C cclumns, the orror is 14, 75% tc 25,00%,
The orror increases with inerense in oolumn c¢ross—=section just as
Poiason's ratic decresses with inerense in column size as

discussed in B.50.

Using tho (leszkiewioz's formuln, the ¢ crresponding variations
are 0.00% 40 5.96% for series 4; » 0.78% tu 11.01% for scries B
and 0,13% o0 5,83 for series G columns,

&pplying the L. .G, equation t0¢ the liglitweight concrote
columns taested at the Tecinological Uhiversity of Cracuw {:343
the errors in using the cquwtion are it the rango of =~ 0,837 to +
2.77% while with Olesgkicwicz's formula, the errars renged from
- 0,01% tc + 1.41% whore all megctive errars applied to the
mgximum tie spacing.

In general, the figures given by Qlesgzkiewcz's equation ylold
botter results than the B.N.C equation, even though the latter
leads to 2 fair estimation of the ingrease in strength due to the

ties when campared with the N.C.P. equation. Fig. 23 shows the
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experimental and theoritical ultimete lond=-pitoh relations far

series C columns.

TADLE 416: COMPARIS(N OF PRRORS IN CALCULATED ULTIMATE LCADS.
] -ﬂﬁPemon‘hage Errors in Cc\l:ulated ;: (%) —__-I
= uggll:m Rt Blume, Newnark Oleszkicwicz 1T NeCoPod3 1973
P, (Tons) z;;h gfgq}im#gm) Po- D o .
| P p ol uc x 400 Pu™ Puncp w00
l ullC x 100 uo pul'TCP
Purne
1 A=l 28,02 + 17470 + 0,25 + 32,14
2 L= 26477 + 17.40 + 5496 l + 26,30
3 a-12 2Le 40 + Beb5 + 0,00 + 15,10
L | D=l 36440 + 20430 - 0,78 + 25410 {
5 ia-a 36,90 + 19.40 + 7426 + 20,19
6 iB—12 35460 + 16435 1.+ +15.95 |
7 1G4 55¢ 90 + 25,00 + 2457 + 33470
8 10—8 52417 + 20,40 + 5483 + 24030
9 lwz 48,20 + 1470 + 0,13 + 15430

*Results affected by strange velues of Poisson's retio

— — — - —

It may be unsatisfaotory in the long run to recommend at this

Juncture that the "L.N,C. Equ:tion" be discarded without comparing

the origins of the two equations to find out where they differ

and confirm thoet for other ronges of imvestigations one will
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cjontinue tc yield better results, Ferhaps the B,ll.C. equation
moy have other advantages like ense of applicsation in praotioal
design offices. In the next section, a comparison of the form
of the above two equations is made to find out where they differ
and whioh equation will be possible amd/a better to apily in

.praotice without pre-=conditins like preliminary tests on models,
Comparisan of the Form of DeN,C. and Cleszkiewicz Equation

In addition to the experimental results, it is necessary to
campare the above two eguations so s to find out where the
difference in them lies and why one has advantage wver the other
apd confirm thet thds advantage will apply to ony other test
conditions.

The extended farm of the I,N.C. equaticn as reccmmended by

the author iss

2-05 m.Ak &a'b fyt I (7)

1
P = 0,35fenb+.qbfy 3 N

u

and the Oleszkiowicz's equatiocn is

mhst B¢

i T i)

Pu = AbRo - Aaf:; +
where o4 is re-defined by the author as the lecst lateral dimension
of column core,

The first terms in each of equaticrs (7) and (15) define the
portion of the lond carried by conercte, With this extension and

re-definition of terms, it will be obserwved that the first terms
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in each of aquotion (7) and (15) are identicol. R_ 4n

aqﬁétion (15) which defines the ccnerete strength may be taken
as 0.85 fl in terms of cylinder strength or £ u in terms of
oubo strength &s is presently used in prectice, In that case
the first terms of each of the ftwo equations are equal. |

Also the second terms in each of the two equaticns def:lh:e
the portion of the lond carried by the longitudingl reinfarcement
and are axaobly the same in ench of the two equations, |

The only differing sections in the equations being the
third term whioh defings the portion of the load sarried by the
tronsverse reinforccment. Doth gquations agree that contrary to
eode recommendations, trmnsverse reinforcements oarry.a signifi=-
cant porticn of the axial loadse The B,N.C. equation has the
amount of load carried by the ties cas: -

2&05 m Ak. ASb .
a St yt

— — e g ‘“‘_;'{18}

- while Oleszkiowicz's equation has it as

mai_, a .
-—ﬁ-t——l- f PR N N —— e,
V 5, vt ‘[ {(19)

Bquation (18) oan be further reduced to;take the form of
equation(19)

48 & typical case, if square oross-seotions are considered,

. 2
& may be defined as 0, and oquation (13) therefore reduces to

2,05 m. Ay ay

—is

--..-.-...--—---——---—--—-"(29}
5, v
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Note that Agy in the B,N.C. equotion is the same as Agy in

(leszikiewicz's equation, thot is, the srea of e leg of tle.
Equations (19) and (20) show thot the mly aifference between
'tha.B.N.C equation and (leazkiewicz's equotion is that the tem -11}
in the latter is replaced by a factor of Z.05 in the former.
This factor, 2.09 t:kes into account the rediced of ficienqy of
rectangular hocps in confining & ccnarete ocre and is partly
arbitrary while % , the imverse of Poissom's ratic is & measurchble
quantity.
The volues of Poisson's rotio detaimed in this investigotion
are within the range of 0.113 to 0,209 anmd %’ , tharefcare, vapics
from 8,85 to 478, These reosults show why the use of a constant
figure of 2,05 recommended in the B.N.C. cquetion yields scattered
result.c..tllat under-estimaited the comtribution of the ties, Ih
rmust be pointed out however tint the value of Poisson's ratic derends
on several factors and amongz other things, varies with the
riohness of the mix E}?] ¢« Tho University of Cracow irmwvestigaticn
{537 .snowed a figure of Ou4 at & lead near the ultimate capacity
in whioh onge JV- becomes 2.5 whigh lles olose to the BJN.C faotor
of 2,05, o _
| . If Polsson's ratio attains a value of 0,488, {17- becomes
2.05 and both the B,N.G. and Oleszkiewisz's equations yield
exactly thc seme ropults, Hosovonm, fur o1} volucs of Poissen's
| rﬁfio bolow 0,488, the B.I:I.G. Bquotion ‘under=ostinttos tho
ultimtc londs On the othor hend, if Poisson's
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rtio exceeds a value of 0,488 in any particular condition, then
Gord - aem e PG Ghva WV W wsuLAGes wie ultiwate load ard the
designer could be expused to possible danger of failure. This
places the use of the ByN.C, equation at a sericus disadvantage.

However, it must be pointed cut that even though Oleszkiewicz's
formula gives 8 mare flexible énd thus better value for the ultimato
londs, Poisson's ratio may remain an unknown quantity to a designer
without astual laboratory tests on the designed congrete mix to
dotermine tho maximum ratic of its lateral strain to the strain
in the dirrection of campressicn. Practical use of (leszkiewiocz's
equation will thereforc of'ten be diffiecult,

It appears thet in such ciroumstanoes, a bettar approach
will be to replace w by o faotor as in the B.N.C. equation,
The aotuanl faetar to be used for practical design purposes as
said earlier should be 2n inverse of the maximum possible value
of Poisson's patio - and ean only be obtained after a series of
comprehensive tests on differcnt concrete mixes, This means that
charts in form of graphs or tables may be preparcd for differont
ooncrete mixes from which the values of Poisson's ratio or its
inverse oan be obtained directly for any mix anl other specified
econditions. TWork on tids aspeot is recommendeds

It should be noted tlat in the B,N.C equation the term "a"
is defined as the longer side of & rectangular column core, This

is in line with the author's suggestion that "nt" in Oleszkiewicz's
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equatlon be defined as the least lateral dimension of the

reatangular column ocore, This definition ensurvs nacesscry
safety for oolumng.

Alao, since it may not always be possible in prectico to
obtain the astual strength of the c meyete fram samples of
plain golums, the suthor recommends that for practical
p urposes, the cmorete strength should continue to be
specified in terms of ratios of oube or cylinder strungths
as cbtaoins presontly in the codes, that is two-thirds of the
cube strength or 0,85 of the cylindoer strength. .

(ne other major advanbage Olesskicwioz's equation mos
is that analysis of a cclumn at all lond remges is possible
using the lomdestrain expressicon of the equation. All other
propesad eguations are based only on the ultimate load of the

column,
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RECOMMENDATIONS

e 1Qe Recommendations:

The findings of this resedrch confirm thoat tronsverse
reinforeemonts can be utilized tc a much botter advantage in
short axially loaded conerete cclumns than the present Neticnal
Code of Practice for Reinforced Concrote cdlumns rec ommends.

If effectively utilized, lateral ties can increase the ultimatg

v gapacity of short cclumns significantly by preventing premature
fallure due to buckling of the longitudinal bars. Also, tles
oanvsa effectively utilised to improve the dAuetility of short
columms and ensure better utilization of tho materinl propertics
of both conarete and steel used in the coclumn,

The author therefare strongly recommends that the p':l:;e..sen't
code stipulations on the pltoh of transverse reinforcements should
be reviewed and a smaller spacing of ties stipulated to cnsure
thet tho above qualities are achieved. However, fram practioal
considerations, it is reascnable that fles should not be placed
too cloae tio each other for qeonomic reasons as discussed below
and %0 avold possible splitting of the cover conoretea which not
only reduces the straength but alsc is cesthetically unpleansant,

Perhaps, the only attempt so far to suggest both & lower and upper
limit for tie spacing is the work demc by Najib [ 30 }» With respeot

%0 the egtablishment of a pinimum limit, it was agsumed that the



Cams

transverse reinforcement takes the splitting forces -
ereated in reinforeed concrete columns during the process of

axial lcading in which case

mA L, Roa s, - e (25)

where!

Rb = denctes the splitting tonsile strength of concrete,
The splitting tensile strength of ¢ aucerete is related to the
compressive strength Ro by

B.b = 0,23 Rc% ag proposed in Djj and the minimum

percentage of trensverso reinforcemeont, Pt therefore becomes

m Agg Ry - % 1
pt = ﬁt— ? -Fl-;t— = 0.2} RO fyt '“-----—--(26)

Use of equation (26) is rooommended for the calculation of the
minimun pereentage of ties.

A too intensive trensverse reinforcement will not be ccono-
mically advantageous. X tiec spacing is reduced so much that Py
becomes t00 large, then the additional longitudinal stresses in
the concrete core ALY will have reached their maximum 1imit and
the core concrete censes to be active. In this case the oxcess
tronsverse reinforcement is simply wasted since it does not
contribut e any wore to golumn efficiency as the canorete in the
core will have reached its ultimate erushing stbength resulting
in oolumn collepse. It is therefore recammended that transverse
reinforccments should not be inerecsed above the maximum latersl

pressure Cfbtu in the gonecrete core develcped by additioml
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stressesdsy » Since equation (26) ensures that this comition is
satisfied, further increase in the percentage of ties beyond that
given in equation (26) is not reocmmenied.

The present code stipulaticns recommend a wide spacing for
the pitch of ties which is not even sufficient to check buckling
of the longitudinal bars effeectively - as observed from group 2
columns with 8 om tie spacing - anl other advanteges of ties abovg
are nct utilised. & mare advantageous spacing of lateral ties can

be easily derived from equation (26).

Since Py = .E.:‘_“a: from equation (26),
m A
then Sy P = ;: - ———-- (27)

Thus for design purposes, aving designed or decided on the
conerete mix and consequently the strength; aml knowing the
yielding strength of the materinl to be used as transverse rein-
forcement, p, oan be enleulated fram equation (26). Assuming the
size of ties to canform to the present code stipulations, an
effective spacing of the ties may be c=alculated using equation (27).

Equation (26) and previcus discussions shor that the minimum
amount of transverse reinforcement depends on the fcllowing factors:
(i) Ratioc of concrote strength to the yield stress of the tics.
(ii) Diosmeter and pitch of ties,

(iii) lateral dimension of the cclumn core anl

(iv) Poisson's ratio,
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Also, with Tespeot to the pode stipulations, as the o ol umn
dimensiong inorease, tho poeroentage of transverse reinforoements
deorcase. The theory of E}j] illustrates this fnot olearly with
the graph siuown in fig 24 where, for rectongular columns, van
Tepresonts the loast lateral dimensicn,

In fig 25 the amount of transverseg reinforcement rec omnendod

in equation (26) is Plotted against the cube erushing strength of

conorote for the valug of the yield stress of transverse rein-

foroement used in tif s irvestigation,

Yo onomy;

Ire intensive transverse reinforeament implies a reduction in the
peroentage of longitudinal bars.

Any increase in the quantity of tigs loads to a ¢ orresponding
inorease in the eolupn ultimate capacity as shown by theoritical amlysis

and oconfirmed by experimental results, In othegp words the total

amount of steel used in construction is ncot ingreonsed with reduced tig

spacing sinco fopr g rarticulap design lmd, if tie spacing ig
rediced, then the portion of the loag carricd by the ties is inoreased
considerably, As the amount of the 1osad carried by the conerete

is always constant for e:.ch column size and conerete strength, the
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study of previous works [ 30, 45, 48, 51 e“&'cj will shm. that the
inecrecse in column capacity with decrease in tio spacing obtains
even in the absence of longitudinael bars, |

It would have been npcessory t0 imvestigate the possibility
of reinforcing shord columns only transversely but for the oot thet
the quantity of transverse reinforcaments is limited by equaticn (26).
Morcover, construction consideration requiyes the usg of longitudinal
bars to kesp the tivs in position. |

Gensrally, however, the foregoing discussicns and those in the
early part of this chapter shar that transverse reinforcepents are
far mare getive than the longitudinal ones. In addition to incressing
the column eapacity, lateral ties improve the ductility of columns,
guarantees safety against buckling of the longitudinal bars and
premature failure of columns, thus ensuring thet all materials are
effoctively utilised,

The above discussions prove that o more intensive transvérso
reinforcement ond less of longitudinal bars leads to econcmy.

There has been major advancos in concrete technolagy simge
the end of the sgcond world war and with modern facilities, previous
proatical problems of bar bending and fixing which wald havoe over-
shidowed the recommendaiion for ehunge in reinforcoment procedure
have been solve.
Typical Camparative Designs i

A typical column will ow be designed using both the present

cole requirements ond $he procedurs recommended in this thesis,
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The former recommaends a high perbentage of longitudinal bars and
less of lateral reinforcements while the latter proposes the roreres.

Bxamplo ‘
4 3.5 m column hns to carry an axial load of 1955 KN. Assuming
a 1:25: 4} conorete mix of strength R, = 24.Y N/mm2 and steel

2
strengths £ = £, = 350 N/mu , design the cclumn:

¥ J
(1) according tc the sode requircments

(ii) using the procedure recommended in this thesis,

(i) NuG.P. 1: 1973 requires that Age should lie between 0,8 and 8
percent o the gross oross-ssctional area of the oolumn. The
Code also requires that longitudinal bars should be not less
thean 12 mm, in diamgter.

Assuning Asc = L%, then f’aso = ‘T%Ac

Py = g R, + Agq fy ——===mrmmmmmomm—mes ~(2)
1955 x10° _ pu.9a + 350 x TOO Ao
A% L0 = 2

b = 22 X 10 49 x 10° m

4 No, 12 mm §f bars will give Ay, = 0,23 % which is nuoh less
thon the minimum percontage of 0.8 amd is therefore unsatisfactory.
Using square cross—seclion,

Length of side, 28 = 4.9 x 10}+ = 220 mm or 22 om,

conerpte eowar = 40 mom

. . length of oclumn core, 8¢ = 140 mms or 14 cm,
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Aret of longitudinel steel = 1‘&' x 49 x 103

= 4960 mmz

L No, 26 mm @ bars will give an area of 1960 mm2
Wedght of 25 o ff bars = 3,85 kg./m.

Total weight of longitudinal bars

L x 345 x 3.85

= 54 kg

Aecording to the Code,

diameter of laterel ties = § x 25 mm = 6,25 mn,
2

Arca ﬁst = 50.6 mm

Piteh of ties = 220 mm or 22 cms

Noe of ties in 3.5 m length of cclumn

= 22 = 46
0.22

Length o ench tie

Lo x 4) + 2(8 x 6,25)]

= O.66m.
Total length of ties = 46 x 0,66 o
= 10,6 m
625 mm bar weights 0.231 kg/m

Total weight of ties 40,6 x 0,234 kg

= 2ekd kge
Total weight of reinforcements using the present code

design procedure
5L + 2.45 kg

56345 ke

i



(i1) Using the recommended design procedurs of this thesis
n Aat f A AN oy —————
P, = Ae RG + hg, fy M 5, vt (11)

Percentege of transverse recinforcements,
4

3 -1
Py = 023 Ry £

0—3% x (3«-2!» 9)2

.23 8% x 100
=23 %R

= 0-55%

Pg B¢

- _2__.‘.\5 |20-6
0.0056 x 140

78 tm.

from sguation (ii),

2 0.6 x % £ e
1955 = 107 = 49 x 107% 249 + Agex 350 + —f;i;-}.g'ﬁg x 350

1220 x 107 + 350 4+ 300000

from whieh 4,, = 1240 mm2

"

2
4 No, 20 mm

which is satigfactory

@ tars will give 4,5 = 1260 mm

Tetal length of longitudinal bars = 4 x 3.5 m
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Weight of 20 mn ¢ bors = 2.47 kg/m
247 x 4 x 3.5
36 kg

No. of ties in 3.5 m length of golumn = O:%WH _

'. Total walght of_mqin bars

1l

Longth of each tie = 0,66 m (obtgined edrlier)
Total length o tie reguired = 45 x 0,65 m
= 297 m.
6.25 mm bar weights 0.23 kg/m
*.  Total weight of ties = 297 x 0.231

6585 kee

Totnl weight of steel using the recomended design equations

1

it

3he6 + 6.85
.45 k.

Parcemnge saving in steel in using the recommendsd design

procedure i.e. difference between (i) and {1i) methods of

reinforocements
| = OB 4D = W ekD 120
5615 T
= 26455

Ganeral Effsct of Methed of Reinforeing on
Total Quantity of Stecl. '

In the typical example ccnsidered in 9,30, an intensive
transverse reinforcement and lase of longitudingls ylelded a

percentage saving in steel of 26,6%, In this seotion, & general
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relationship between the longitudinel amd lateral reinfarccements
will be scwght for a most economical design based on the procedure

reccmmended in tuis thesis.

Equation (15) may be expressed cs follows:

m Ag

Py Mpte = 1 t A
: € ;‘E ‘v & S, - I e (200)
where
Ay = P indicates the vercentage of longitudinal reinforcements.
L Agt N .
- = Py indicates the percentrge of transverse reinf acements.
8¢ “¢
f
for f‘y = fyt or Xt = 1, (28a) may be expressed thus:
fy
P, = &y R, C
ST % Py 4§ P, —mem-smmmmemmmec—==nm=a=(26b)

b Iy
For any cclumn of known cross-section and concrete and steel strengtl
the term on the left hand side of equation {2BB) is constant, say k,

hanece:

<0

2. SR U X, R ——

t

Equatis.'n(?&}c) gives the relationship betwecn the peroenteges of
jongitulinal and treansverse reinforcements. The equation shows
olcarly that as Py inereases, then & corresponding decretse in Py
occurs and verse versa, Fig 26 shows the recommended percentages

of longitudinal and transverse reinforeements according to equation(28-)

for some vnlues of k and for Poisson's ratio V = 0.13 as used in the



FIG. 26

LONGIT UDINAL

AND TRANSVERSE

REINFORCEMENT RELATION



167

nl;.{naﬂ;al example and C = 0.6. The values of C in the tested
columns are 0,49 for serics A; 0,56 for B ond 0.60 for series C and
the values of k are as follows: 0.04 for A=4 cclumns; 0,035 for
A-8; 0,027 for A-12; 0,032 for B=4; 0,028 for B-8; 0,025 for B=1Z;

0,04 for C=4; 0,033 for -8 and 0,026 for (~12 cclumns, In the
last numeric2l example, the value of k wns 0.045 and the relation
between Py and py is shown in broken lines in fig 26.

In the figure, for each v~lue of k, the same capacity may be
obtained nt all points lying along the lire representing that
particular value of ke To determine the more eccnomicnl reinforeing
manner, it is nccessary to know the total quantity of steel used

for o required capacity.

In 2 unit length of cclumn, the total volume of steel Vg

may be calculptcd as:

Jq. A £ Ot
Vo = (g * == )l mmmcmee oo came e ( 290)

]

2
2 hgt e
iy (o) ¥ 20 5wy =i )t (290)

For square secti.ns,

2:53M52=Ab

%t k

Therefare the volumetric percentage of reinforcements

VS
Tl ol LU Y S———

from (28¢c),

c
T B T e €70 )
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and substituting this in (30a) gives

P = k+ (2~ %)c P e (30¢)

For very small percentnges cf lateral reinforcements ,
Pg = 0, py3 = P = k from (30c)
Similarly, for very sm2ll percentages of longitudinal reinforcements,
say p]_ =0, Pyt = 2c pg from (306)
and from (30c) this mons thot k = (e py, = O
or ¢ pt = kv

Hence f‘orpl=0, pvt = 2°pt = 2 kv

The maximum scving in steel when the percentage o longitudinal
reinforcement tends to zero and consequently the percentige of
transverse reinforcemen® t-lcs its higinest possible value is given

by:

APy max = 1Pt _ k=2X =422V aemeee(31)
k
Pyl

where

APy indicctes the ratio of savings in steel

Pyl = k indientes the volumetric percentage of reinforcement
when py = O,

Pyt =2Xkv indioates the volumectric percentoge of reinforcement
whan P = 0.

For the numericnal exocmple considered in 9,30 where Poisson's ratio
wns 0.13, the moximum saving in steel if the column wrs reinforced

enly tronsversely will be given by
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1=2V

AP\I‘ max

1 =2 x0,43 = 0,74 or 46

This means that in the 22 x 22 em column considercd in the
numericcl example, if no longitudinal reinforcements were used
ond the column reinforced only transversaely, » saving in steel of
7hov weuld be nchieved. However, practicnl considerations roquire
thaot neither the longitudinal nor the transverse reinforcement
should be zerc. Hence the Nigerinn Code stipulates 2 mdnimum
percentege of longitudinel reinforoement to be 0,875 =nd in no cnse
should the diameter be less thon 12 mm,

The recommendntion discussed in 5.10 is that the minimum

percantige cf tronsverse reinforcement be calculated from
Py = 0423 nj £
nd the i L A ¥
a : m
spacing, S A st

1

Py %
The only freedcm lef't for the designer is to select the most
practicnl percontage ond spheings thet satisfy the limitations

a'bove.
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CHAFTER 10

CONCLUSIONS

10.10. Findings:
The basic conclusions drawn from the findings o this study

are summnrized os follous:

1. Lateral ties oon be utilized to o nuch better advantage
in short, axially loaded, rectangular cclumns than the
present standard code of rractice for Reinforced Concrete
siructures recaumends,

2, If intensively anpliod, ties will increase the ultimate
cepaoity of short columns significnntly, The strength of
short reinforced conerete columns may therefore be con-
siderably increansed by reducing the pitch of transverse
reinforcements, This increase is not significant for tic
spacings between 100 to 150 percent ani aver of the least
lateral dimension of the column but below this range any
further reductiom in the pitch ¢f ties yiclds a m-.rked
increase in the ultimate load of the column.

5 The piteoh cf trensverse reinforcoments specificd by the present
cale of Fractice does not effcctively check buckling of the
longitudinel bars. 4n inerense in the percentoge of laternl
ties above the gquantity specified by the code of Proctice
emables the longitudinal bars to develop their full yidd

strength and tius prematurc column failure is prevented.
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The amount of ties required tc achieve this purpcse

depends on:

(i) Ratio of ccnerete strength to the yield stress of
the tics.

(1i) Diemeter and piteh of tiecs.

(1i1) Least laternl dimensicon of the cclumn core

(iv) Number of legs in mce link of lateral reinforcement,
Transverse reinforcements can be affectively utilized to

improve the duectility of short cclumns, 4 high percentago

of transverse reinforcemermt results in lnrge loteral deformaticon

of the column and consequently an inercased ductility of
reinforeced ¢ merete columns,

The increase in the nercentare of laterrl ties leads to a
decrease in the 2mount of longitudinal bars anl since
lateresl reinforcements are far more active than the
longitudinal ones, it ap,ears thnt a more intensive trans-
verse reinforcement and less of longitudinal bors w1l
prove to be more ccanomicnl in the long run,

Within the range of the tests, the cquations derived by

Ss Olesgkiewicz lcads to a most satisfactory estimaticn of
the increase in strength due tc laternl reinforcements with
negligible deviaticns, The equation derived by Blume,
newmark and Corning is satisfactory only when Poisson's

ratic is in the neighbourhced of 0,488,
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In viow of the fact that the theory of S, Oleszkiewicz wes
based on a2 clear free body diosgram and on already established
fact, ncmely, the second degree parabolic stress-strain
relation of conerete; and in view of the et thiut the
validity of the equaticns are confirmed by experimental

test results; then taking practienl appliesticns into can=-
sideration, the author strongly recommends the adopticn of
Oleszkiewicz equation in the form given below far caleculating
the ultimate lond <f suort, axially loaded rectangular
columns tc take into account the significant effeet of

transverse reinforcements:

R 2t
fy-l- Vs i

Also, for analysis of a column at sy stage of leading

P

uj

i

u c*‘Aao

the load=strain relaticn of columns is well defined by

Oleszkiewicz formula which mny be used in the form:

< £ a
a €1 1 Boek %8

The abave two equaticns may also be expressed in terms

of adequate ratios of cylinder strcngtiis as follows:

B Bl @ ¢ L8t 0%
M w005 1 By RaLEy o S¢
and
1 "1 sl mﬂtﬂt
P = 0,85¢ & (2= z=)= + (Ag,* =) L
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8. The percentage of lutersl reinforcement may be calculated

using the equaticn:
R
pt = 0-25 R.C fyt

as preposad in [.35:]

Lang

9« The effective bul economionl spacing for the ties may be
cnlculated from:

B Ast
' Py 04

54

Supggestions for Further llesearch

It should not be assumed that thiz research has provided a
songlusive avidonce thot use of the formulac recommended horein
is puaranteed for all ranges of constructicn bevend axdally loaded,
short column category. Before the formulee can be extended to
cover cther cunditicns, the following areas of research are

suggested:

1. Effect of transverse reinforcements on the ultimste capaecity
of short reinfcrced ocnerete columns loeded eccentries~lly.
2. Effect of {rensvarse reinforcoment on long c¢olumns.
3+« Transverse reinforcements moy be more effeetive in eclumns
~wideh ore part of o pontinuons structure. |
l;.. Bffects of creep ond shrinkoge on the capaoity of sh- r't
conerete columns with variod amuvunt of transverse

reinforcemants tre unknom for long time tests and mny



He
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be of grest significonce. As Mouch [29] found cut;
generally, reducti: ns in carry.ng eapacity due to creep

are vary signifioint in lonz cclumns, For very short
columns, the only effeot of ercep is o very amall reducticon

of the concrete strength,

Over 16 different parameters os listod in chapler 7 moy
likely affeot the behaviour of tied cclumns. Only four of
these widch have becn considered very essentinl have been
studied in this reserrch, It moy be necesscry to )'robo the
influences of more,

Finnlly, to ease the applicticn of Oleszkiewiocz's equati n,
it will be neeessory tc carry it o series of comprehensive
conercte tests so as to establish a chart in form of graphs
or tnbles from witich volues of Poisson's ratio and for its
imwverse for different concrete mixes anl other specified

salient conditiens could be road off,
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