CHAPTER 2

- REVIEW OF ULTTMATE LOAD THEORTES

2ol Stresso Strain Relationship.
(a) nge@

~ Regponse of concrete to compression ha.s been

P

studied gince 1ong a.nd experimental da.ta ig rich. A
shape of the strgas. s’cra:;n curve is 1nf}.uenced primar;
1y by concrete atrength, type of the éeﬁzeri_t‘aﬁc} the
aggregates, propqrfions' of materials, size and ‘shap e
of the test specimen, curing, age and rate of loading.
A consolida‘ced expression which ean’ 1nco:q>orai;e all
these factors can be an ideal relationship. It is,
however, vd‘iffig};li; to acaommodgte all these congidera~
tions simultaneﬁusly{ Hence different expressions in

different aituati_ons are 1nevitabl €e.

‘ Stress—sﬁmin relationship i.n the forxm of tri-
angl e, ;:egz:h;a_n;le, tmpez}qm, hylgerbale}, ellgpse,h_cub;.-;
cﬁ parabola etc. are tried by infves’cigators.. Simpli;-
‘fied relationships are uged by investi gators for
’ achievmg simplii‘icatmn in analytical appmaeh. Enpw-—

rical expressiong are also used frequently,



{b) Summary of.‘ Stresa - Strain Equations s

Stress - stra,in equa.tions developed and used

by some of ‘the investigators (6, 14) are collected and
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: - R €
14, Thatteyt - & .= B € = 3 Cu
'whe"z'e_’« Gi, (}2,) 'm,' 1‘1,' . e’:i;perimenta} parametersg 7

f

B ;ni;tial moduius of élast—

1city of concrete

il

E, _secant modvlus of elashi-
c;ity~ of concrete at fo
wltimate stress

(‘% = £,/ €0)

£, ’ ‘ta axial gtress in concrete
£, = ultimate stress M

4

4

unit strain in conecrete
cauged by stress £

é‘o"! &Ew

unit strain in concrete

at ultimate gtress fo‘

~ Abrief giiscus,sion on the relationships is

presented in the Jffoll‘o;z‘:rfkng, The relation given by Bach
is a simple power function. I% aég’m_xiee; a great initial
modulus of elagticity. Saenz patisfies geveral boundary
conditions for the ascending branch of the curve. 4
cubic texrm can be added to the relation to make it %o
represent_a descenq:’zng”poryign ‘of the curve, Sqme of
ilj.hé relations are s;’{ecial_ cases to match gpecific cond-
itions, like a fiZed value attached %o HE. It is
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theoretically ma@pmpriate to ﬁx up any ccnstant
value for E/E which 13 a ratio of modnlus of elasti-
ceity to the initial one, " Thig ratio is about /4 for
normal conorete of 70 kg/om® to about 1.3 for concrete
of high strength like"giaat of ’?(_)0~kg“/cm2,l A relation
given by Desayl and Kzighnan (Fig. 2.1) containg £
which is stress at strain € and €, which is strain
corresponding %o th_.e maxinum siress -.ﬁ' E isa .
congbant assumed equal to 2£,/€o. Saenz indicated that
the relationshlp of Desayi and Krishnan is but a .
special oase of the more general relation given by the
former ('Saenz)';ir For iow and hi‘gh étreng‘bh conérete, the
expregsgion gilves poor co,rrelation with experimental
da?:a. Saenz (10) subsequently pmposed a general equam

tion for all the grades of concrebte, He gives

€o = 105\/_(31. BNEAE

and E =

Tulin and’ Gerstle's (6) relationship is a gener-
alised fom of Desayi and Krishnan (1) equation.J

o Stuma.n e‘b a‘l. has sugges‘hed a value of n= 1.9
for éocentmcally loaded specimena.; Shah and Win‘ber
have given expandea form of equation given by Smith
and Young (4).



(Q) Unit S8train e€o at Ultimate Stress (fa e

P

Some regearchers like Ros, Emperger, .
B:ga.ridtzéég, Jager, Sanez and the Hungng'ign Ogde“havg
given @ormuleg.e ::qu es’sima}bion of €o 4. §. un;t;strain
at ultimate stress £, and Eo for concrete under
qompreséiong The fundamental agreement among them is
that €o and B (Secant modulus of Hlasticity) at the
ultimate st:ess 1x}erease.withf_the increase inAstx"ength
of concrete, Measured values, however, show scattering
regults in regard to the performance of most of the

formulae. The fact that the unit weight of concrete,

which by iteelf is an important agp ect is not given its
due oonsideaggxio,x; :m i‘o:ﬁula’q;qn ’of expregsions is a
reagon forx scat'bearing-result‘g@” _However, ugeful infom;
ation regar@;ng peak values is obtalined by such

formulations.

ﬂ!exéaghi fo r@u}at.es the strain relat ionsghip as
€= £/E+ C5 £ while Boe has given the relation

Hognesta.é}i’ et al.‘ have formtg.l_ated‘the relation
to cover the complete stress-gitrain curve of conerete

as

f:”é(-%fza-'?)+f9;
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where the tem %—ff- can be approximated by finite
differences, ‘ \

{

- Sinha et al. presents a curvé for unloading

stregs pattern as
A5 e
fz(”ﬁ“)(é~x) + Ag

where the pafameter X is & function of the mumber of
load repetitions, applied stress and the strength of
concrete,.

| Several empiriodl fommlae (4) o Tdlate I, and
€o aremp_résen? ed below, A@ditional relationships can
be ob’gq.inéd from these for other values of f, and E.
The relationships between giress and afrai}l li,ste‘,i in
article 2.12 can be conveniently used by application

of the values of fo end €o , presented here,

. €o0. Pemeﬂt

(£ in psi)

Ros 0,0546 + 2,56 x 1072 £,
Emp exger 3.7 X 10"3\/;;

Emp exger 2.2 x 1072 V£,
Brandszaeg - £,/(6800 + 2.6 £)
Jager 3.7 x 1070 \/ £,

Hungarian Code £./(7900 + 3.95 £.)
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vghere, in addition %o previous symbols, the followlng

pymbols are used

Ay Ags C5p g e = experimental parameters

fa ‘ = gverage compregsive

stress in conerete

compression zone during

fl exure.

(d) Selection of Stress - Strain Curve of Concrete.

i

Sandoor Popovics (6) has shawn that the

curvg,tgres of (va:.‘j:f.ous emzati'ons diff ér_cansidera‘b},y.
Selection of a suitable stress strain curve becomes easy
- in such situations. Lower the cement content, the more

curved the diagram.

L He has also obserVed that inspite of aa.l varwa‘c’-
ions, the design of rei nforcea concrete members for
simple flexure ig not considerably influenced by the

diagram of conc:cat S

- P - e

:Descending bra.nch of s‘bress-stmin curve is: mco-:-
xpo:cated in ssme design pmcedures becauge maximum
conerete sirain is greater than the value of ultimate
gtrain, inyi@vﬁof less mg}?gina; effﬁ‘.eet,' the descending

curve can jugtifiably be omitted,
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_ Attempts have been made %o assess the strain
behaviour of comerete by models. Model approach hag

. 1ts own weakness though it is simple.g '

o If.’ modern methods of analysis ‘are -!;o be useé.,
biaxial stress strain formulations is necessarye Such
fbrmulg'biog in’oo‘xp’ox:é,te?a‘m@’s‘ effect and micro.;
crack confinement effects. Ffiu and Nilson (7) have
propo sed biaxial streas—-s‘brain law which compares well
with experi.mental results. The matrlx constitut.we

‘ equations are suitable for plane siress finite element
investigations. Nilson in his thesis (10) uges a const-
itutivé_matr:‘f._x‘ eg_uation :f;jor eccentrically loaded
members, A4 r;o{ll;@ziear_ regponée in a biaxially loaded
‘memb e is confirmed but unfortunatély no useful ‘ini‘o:c»-
mation has yet been obtained.' It 1s reasonable to
supposge that the stress in'bensity in one direction also
affects the tangent modulus in the direction normal to

MMMMM

it, With regard to the int eraction between inél.as‘cig
behaviour in one principal Q.irgctign and the properties
in the nomal direction, the present state of knowl edge

does not pexmit a final sta‘bement.

- o

Fazah and Huggzna (11) have used & oon'timzcus
fourth o‘rd_e:c polynomial fitted by the least square

method to stress strain data obtained fzom tests on
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.concrete cylinders., The stress stmin curve used is
of the form

i
£, fﬂz‘xi c

’syuzﬁ

whexe Is'.i is a constent y (L =1, 2, 3 and 4), and

£°. = gtress in conc:r:ete, i" = maximum concrete %Btrength.

The curve shows an excell ent agreement with
Kogneatad's curve, The Telationship between the stress
and the s‘brain provides mi‘oma.tion concermng the

failure mechanism of coner ete.

(e) I‘uncmonal I‘orm of Stress St:cain curve

) Everard and Thattey (12, 13, 14) have used
: st:cesa gtrain relationqhip in a functional form of
gecond degree polynomial upto the point of maximum
stress, as under '
f =& = Ae + Be‘?,

> -

where e is stram at a point at stress £ 1n concrete,

& w

At origin
46 = E
de o _
and at ultimaté load condit;on
de = 0 o
. S - -
which reduces the functional i‘om into .
. E32 2 | T
= Eoe - S——— (Sge PLZe 26 3) »



16 |
Simpiified forms iike triangle, trggézium,

, reqtangle,'etc.‘, neglect the actual behaviour of
concrete under loading. Desayl (1), Torr'oga-(‘G) ‘and
other formulations lead to elaborate éip:ces’ions,
Baumann'a equation does not possess flaxibility for .
aerivations.” Some i‘une'bional end other formulations
gh;.}ve large exponential .fO’fms which may be_&e}. eiﬁ:ec}“m

" view of the fact that refinement to that extent is not
xieces_sary. Liu and H_:}lson_‘(‘?,' 10) formulgt:_;oné are out
of qugzgt}bn as they are best gui’sed fc;r finite element
enal gsig,f Terzaghi and Ros equ\é,‘sions (¢) ére complica-
"bed in mathematical forms, Hognestad e’c al. (4) have
augges’sea a numerical sppioach of i’inite aifferences

which ig not within tne seope of the wozk. i

Biamal st:cess stx'am relationship is fundauent—-
ally z_mnlinear. A functional fomm is gsuitable. The
functional gq_rcg‘ of the erﬂlatiox’z-as given‘by) Hugging and
Pareh (12) is fdeally guiteble, However, the fourth
degree relatian nay be_gbaz_zdonéd and hence ,Ev?:zad and
Thattéy’s formulation is accepted for ﬁ:xeﬂ present woxk.
They uged the re..a"sz.on *’or anelysis o:f beam—columns
subjected to un;axiel benc,hng and thrugt. The theore—
tica:!. regults have shown good agreement with experimental

wo Xk,
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2.2 Ultimabe Load Theories
(a) General

Ultimata load and noment capaeities of
stmctural members are estlmated by ultima‘be load
«theory. E!.astz.c theo:cy ia pz:a.ctically replaced hy a
plas*bic ‘l;heory. It is established tha.t an elastic or
straignt line theory do eg not glve reliable pre&ictlons.
- The fa_ctor o?”safety is uncgrta{n, wihile on the othe:[:
pand, an ultixﬁa’se appivach pfamitg lower load fac;tors
in case of certainty of loading, ghd mom ent ';hﬁzsf
'behaviagr is predicted moxe accurately. It is al 80
eonciuded that &0 %o 40% saving is achieved by’ the
uge of the ultimate load app:coach (31)., for both a.xlal
g{xd gccentmca;ly J:oacled memnb ers. A cage sm}dy of a
six storey framed structure carried 'oui:”shdv;*s_tpé;ﬁ the
savinge cen be as wich s 42% 10 steel 1f ultimate
desg.gn p:eoceﬂu:.:ee are adogte(}t‘ Since the use of"
ultimate load design metlgp& is by Is s 456 - 1964 an&;
gthe;' international codea. There is no lreas‘on way the
saving ghould. mtdb”e ecoxyomica;l:y rgaﬁf?_.?‘ised (_.5_4) .
Yoreover, thia ultimate '193(}. des?.gn_ pmcedur‘e‘g hgve the

merit of rationlity and simplicity. The wltimate

strength o:? a section is a;if_fec'bed by s’erags redistribue-

tion due to shrinkage, creap and cracking.

i
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‘ A

(b) Baccground of Ultimate Load Thsori eg

~ Study of reinforced concrete columns, loaded
.axially and ecoentxically, 13 reported extensively in
11? ergtua;e, Survey of 9lgss;§a1 _and ;ecent‘e,ppwxqachee
‘suggest tbét the analytical as we}.é. as the empi'rihal
p:qgg&xpes are )gieve‘LOp e{i, for biaxigl;y loadet} _écmp-:
ression mfemb.,gra-' Some of the theories are briefly

reviewed.

{c) Thattey's Theoxry for Uniaxial Focentricity-
§;4, 6]2 -

starting Lrom & functional form of s‘bressv-

strain curve of eoncrete suggested by K. A. - Everard,

a th_e;ory for members subj ected %o uniaxial eGPen'QI-'iCl'Fy
is d_evglopegl by m}aftt Y MRelationship among l!the s5eve-
ral important vajriabl es lilge the n‘e‘utraa_." axis depth
factor, u;t;ma@e load, ultimgte m;ment- for geveral E
parameters is obtained. Typical imteraction curves

are present ed.

The equations for loa.d factor, moment factoro
and neuﬁral axis depth factor are gieveloped for three

cages as undexr,

(i) Qension fallure cage accompani ed by the

yield of tension gteel and no yield of compresgion s*beel.
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' (11) Gomp(ressign failure cage accompanied by
'yhe yield of compression steel and no yield of tension
steel, '

(111) Balanced design case in which crushing of
concrete is accompani ed by yield of both compression
gtecl and *bension stedl,,

- . P

The functional form of second deg:cee stress

strain curve 15 uged., (See Pige 2.5)

The 1oa,d fa,ctor 1’ Q and 'Bhe moment fa.ctoz: M u,

are in the form ag under at the ultimate condition.
P =A+B. w .
M = 0+ D mp

where A, By ¢ and D depgznd on the pqsit;on of neu-:-
tral axis, ratio of compression to tension steel, ]
amount of reinforeemen,t, and the stress ratio. Relation
between ultima‘te axial force and flexural rigidi ty at
_origin and the concept of local curvature are also

develo;pea,

Cﬁhe theory is compared with other works and the
regulte of Pu, - and Mu, are tabulated (61) ag undexr 2

i



. Theozy . Pn, U,
Mengch 0. 510 0. 346
, .. Dyson 0,785 0,453
" Whitney 0,458 0. 333
- | Gox 0, 470 o«,éso
| Jeigen 0,578 0,411
o \ Ba;g er 0,480 . 0, 365

o Pgem
@, = 04003  0.53¢ - 0,366
e, = 0,006 = 0,663 0.405

Thattey
e, = 0003 0,460 o~,341'
g = 0,006 0,547 0. 379

(d) Ultimate Strength Design Charts for Columng
Contxolled by Tension (Uniaxial Bcentri-
cit 60 .

-Tung Au has' developed basic equations for
design of eecentrically 1oaded ooncrerbe columna

(uniaxial) baged on AG‘I ~ ASCE Committee®s Report

on u;ﬁimgte a‘brengbhhdgszgn, The charts can be effec~
'bively uged for colzimné controlled by tension, and for
rectangular sections Wi'bh symmetri.cal reim‘.‘orean en'h

for square and circular seetiens with spiral
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v~ -

rein.forcemenﬁ mhjected to combined bending and axialy

loads and eontmlle& by tension.
- P

The oharts give relation between = and
[+
mp £for valuesg of v
‘ Pue e
L 4
25 bt2

e) A(}I De 1en Chard 45, 6

o -

_ In pracbice the design and a:nai:ysis of )
qolumx_l _sections can ve pgxrigc}»oqt _gu;qlgly using Qesign
»Qhar’{sg end tableg. Amqpmp.@ressive serie@of chartsu'angi
tables have been published by the ACI for columns

with uma.xia.l eecentmcity. :

The design cha.rhs are sets of 1n‘beract10n diae
grams that plot the ultinate lqaq\and_moment in dimen-
gionless foxrms XKnown column size, materiai str’ength
and ultima.’te load and moment, a chart can be uged for
getting a vaJ.ue é‘f mp, which spec ifies the area of
steel, | o

- ’ ’ By ‘ Pue
These chartg have and .
£y bh 28, bh?

axes with. parametera oi’ mp and eccentmcity ratio

on

0 be £fixed on cumee.

The AGI demgn chari:s and tables were determlne&
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from first princq.p;: eg, uging the qqndi‘oione;s of eqtz%lli;

briunm and compatibility of strains, The sted does not

yield ab wltimate loadg. The steel ‘{5 assumed as placed
uniformly distribu’sed in a thin tabular shape,

(f) App:coximat e Me’shods

~ dpproximate mgtho@s for biaxial bending fall
under three headings. (a) Wethod of supezposition,
(b) Method of equival ent uniaxial eooentri’city and _
((c) Approxima‘bions of the ahape of interaction surface.

(a) Method of Supez:position.

Incl:. ned bendmg is reﬂueed. to bending about
the major axis of _the sec‘bion thus allowing the use of
pre}cedures for uniaxial bending. In this method ?he
reinforcement required for each of ,thé loading cases
‘(Pu, muy) and (P, Mu:;)‘ is determined separately and
adgig@ algebz;gicall_y. Thig mefglgoc} hgs no theoretical
bagis and should n_of ’ge uged since it may lead to large
erIo TS ’on_ the ungafe gide because the full strength of
conc_iete is 'Eakgsn into account twice in the design. This
. metkod is uged in the code of Venezuela, (34) with some
modification, Sometimes the losd P, .is replaced by
two statica%%y»equivalant forces -;:P,u:i and ?uy acting

for each axis separatdly, The reinforcement required
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for each of the loading ea.ses 9 with the concrete
£ P

etre‘ngth of 02 LI, ana Euy with the concrete

- ) u

gtrength (7

f;: Pux

| . | |
are deternined separataly and added together, Although

this approach has no' theoretical support, Moran comme-
nts that tﬁe solu*hioxis’“ obtained in the considered cases
gean to be sa‘bisfaetory (34).

(b) Method of Equivalent vns.axiaz. anentmclty ’

o In this method an equlvalen'h uniaxial ecco-
nﬁrici’cy is obtainga by an i:ntera}etgon ‘.t.ine~ fon; a
. givgn rectangular section ﬁith biaxial bendings. The
ultimate load for any point of ‘agépwliaatiggl (e&, ex) on
such line is the same as the ultimate load for a polnt
93‘.’ é.pp}.ieaﬁiog 'yﬁth_uniagjlgl‘_‘eoqentxic;ty &y Iff. the
ghape of the i.t_l‘l}:eraction ;;jg'ﬁe is known, it would be

possible toddesign fox the load P acting at equiv-

al ent uniaxial' eecezrtricity eo

- Moran quotes the equation adoy’ced ’oy the Spanish
Code 1068, for the determination of 4equ1va1ent uniaxial
eccentricitye

: LBy G
eoaex*(:"l;“)- e\&
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where P is a factor depending on the level of axisl
load and the steel content tabulated in the code
(See Pig.2.4). | | |

(c) Appmximations in the shape of the inter-
ac'hion surfaces -

e - ~ -

Va:r.'iov.s sugges‘cions Have been made for 'bhe
shape of the 1m;emction su:cface from which, kmmng

' the uniaxial strengths, the bisxial bending strengths

mey be caleulated. '

The follomng expression is given in the

B.ussian Code,

—-1-@ R
F, ‘I’ux Ty % a

where 1’ 1s the ultimate load unde:c biaxial bending,
?ux 13 'hhe ultimate laad undex eccentricity

?’F oul y.

‘?u;}' ié the ul’bimat«e load under eccentricity

ey Only’ N

P, 1is the ultimate 1oad when thex‘e is no

. ece entmeity.

ths expreesion has d_isadyax}tgge*of_ ?e;ng more
sui'ha'ble for analysis 'bhan for design,. - Bresler (’3{1-) _
found that test results'do not deviate more than 9,4%,
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1% 13 gl a0 sug@esﬁed that the family of inteza-
aeticn lines cozregponding to the various levdls cf
congtant load R, can be approxinated by the eg,uatien

m n

(ng"? + (%“3—). =1
- uyo

whera ﬁ is P“ . ey an& “uy is ?u - and

mum and uuyo are the nniaxia}. flexarsl strengths

about the x and ¥ axes for the eonstant load,  The
eanstanta a and n aepana on coluon properties and
are d\etemﬂ ned experimentally.

' Pama et al, (36) modified the above equa‘aion
and gtated it aa follown =

l...__ég.ov.sp - s
w""“f g‘“‘g,’“ ¢ 108 ?
u . T ek
ﬁ&&, , Y %JL = 1
uxo ’ yo ; ‘

wiwge B is the parametey of the mhape of the infen- .
action Iine, The effeot of different values of B

the ehape of {hse 1nteme%ion line 1g representeti iR
Fig, 2.5s |

 Othex suggestions for the shape of the inbem
action surface have been made by Panndll (37) and
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Purlong (38). John Meek (25) has also contributed for
the approach of interaction surfaces.

Meek! Xogeh (25

An approxiujat ion to 1nteré.gtiqn su;jface of
Mu& and Mox atdconstan‘h.l‘oad Pu, 19 suggested 'x::y
Mees (25)., He has indicated that the ourved inter-
action line can be replaced by two straight lines.
Accordingly an interaction curve A B G, where sll the
three pointg are known, ocan be replaéed by-a straight

line A B and a straight line B 0‘ }

For rectangular reinforced ooncrete column, Meek

has generated interaction ourves for 1? -N, ux and
Pu*f’ rf{uy' and for a given :ratio of Muy =%,

various values of - ;’u are caloulayed.- 4 pozigonta; ‘
line or curve is ’genf,mted on the int e'gac,tiqn su;i‘s:cea_
For rectangular sec"h:;lon"hhis“ Qo_njour l_i{le will m'be some
. type of cuxve pga_:ha;gs an ellipge, “Its shape will
depend on dimensioz_}s of "ehe column, the amount gfﬂ
reinforo‘ement and its 1ocation, and the eecentricity

of loading. Such contour l:mea are develop ed by Medk,

It is observed tha.t the concept of the inter-

act:.on surface exemplified by Meek is ugeful (see _
Fig. 2.6). Set of curves given by Meek will reduce
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difficu_:f.'by of analysis and Gesign of biaxially loaded

columng, .

(b) Tung Au éheory (16)

) The pmcedures of pmportioning rectangular
relnforced concrete sectlons _subjected to ungymmetrieal
bending in twoy directlons baged on ultimate gtrength
method are formulated byTung Au (18). The theo Ty
for its derivation agsumes the different I!.oqations' of
xneu_t;cal axise Ghartsmare provs;.ded to simplify the
pivcedures of evaluating the dimensions of the gg,uiva;-'

|
Solution gf pmblegx is obtained by first assuming the

lent compressive stress block from the equations, |

dimensions of the gection and the arrangement of the
reinforcement and then by chqu;gg ?he gtrgsseé to
verify the validity of the agsumed ‘section, Such vwo ik
qften regui:p'es severg;). rg—:petitiqns but can be simplif-i-
ied by use of the charts. The _equa*_ti;ons devgl.gplcfi are
expressed in the fom of dimensionless quantities, The
tyeoxy agsumes equival emz" regtangglgr stress ‘p]:ock. )
Pig.27 shows section detail and Fig, 2.8 gives a typ-
ical chart for desiwna. 4 ‘

(i) E‘leming and Wemer's non-l)imensional
Design Gu:cves (4’?)

It i.s a simplifled ultimate strength method
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of design for columns subjected to ben&ing about both ’
principal azxes where a set o:f non dimensional design
curves for one part:.cular geometry is given for
commonly e__arxcountered vglues o{ stegl pgr«;entage, N
cqr;éxetg strength and steel yidld stress. The basic
,%ssumption% aésociated wit}i the theoxry 1('.4';'?) are of
\ stan@.ag:d nature namely .;éctar}gleax strese blocfk, _
ngagligible co;xergate_ tenmgile strength, ],ingar gtrain
di stribution at ultimate strength and ultimate concrete
stra;_zi’__of 0,003, The development of the theory is done
by fixing one end of neu’tsral axes and varying th!e other
end by increments 1.e. value o:f.‘ m in Fige 2.9.

m Fo:c every posl'uion of the other end of neutral
a.xis, ultimate load and bending moment about the
‘ principal axis were computed. , fEhe first end of the
neutral’ axis was then incrementally changed and all
pogsible trials v‘srere_n exgquteq. The equivalent regtan;
gﬂ.gx‘_stress block is used for\ the development of the
theoxy.

The 10ading condition at ultimate was eompube&
from the conditions of equillih'mum. ) ?he‘axial_lfgal_i )
was fom;d .f{rom gt_zmming fo‘rc?a wh;le ite eccen“gr;cét;i es
:ﬁxpm Jt}}e —center o~fh #he vsgc’@‘ifor’ln,y?rgfouml‘_by gumgxing_

moments about the extreme compressive conerete fibre..



{J) Bugsing and Farah's Polynomisl Stress

B ock Sllz \ o

Hinged remforced concrete ‘columns sub;;ected

to biaxial bending are analysed by an integration method
whioh leads to three simultaneous non 11near equations
by Huggins az:xd _B‘arah (11). The equatlons ‘are solved by
Nexivfon-;i_iaphs"on méthod,; Hifﬂhe rqethpd assumes a strain dis—-
-&i:libut;gn,; Loaé;s and moments on the section baged on
that assumption are compared with applied lf)ads“ana‘
moments. Initial‘ strains are :::eaa}jus?e& and new compa;
rison is made. Eche procedure is coxfbinued until the

equilibrium is obtamed.

- B cem -

N ?he stress strain curve uae& 1n analysis was a
continuoas fourth order polynominal fitted by the least
square metho@ to sﬁrggs sﬁraig Qa‘ta ob};ginefi ;ﬁmn}wtesté
on concrete cylinders, Sfregs;strgin curve is discussed
in para 2.1 (d). The ult;.mate concrete compressive

. strain is taken as 0.004 and the corregponding stress

e
as 0.88 fc .

¥ o

Stress strain curve in the above mentioned
reference work for steel is taken as dlasiic upto the
yield point with a line of constant stress after that

stage.



. The theory considers straing at three corners \

ag €1y € and €3 (See Fig.2.11). Strain at any point
is defined with suitaeble origin and reference axes.

The metho& is cumbersome except that 1tera-tive
pIocess can reduee the difficul ty, . The procedure is
'!;o assume €., &€a, fs and itgraf;g__unti]r :the correct
gtraing cqrrespondingﬂ@o‘ the g;i‘yez_ld ?, };!2__ aﬁd My ”_
are determined. The convergence is ‘z'apid. The u;lti-—

mate loadg predicted by the ‘bhearetical ana.lysia vary
from 2 t © peroen‘b less than that of tes‘ted values.

f
(k) Ramamurthy and Mallick @pmach (24) .

- e

A concep'b of failure surfaces 111 columng is
used for the method (24). The determination of ulti-
mate load of square and rectangular reinforced columns

und exr biaxial eccen't::cic loaés is direc'h,

The nevtral ax*s Varies both in direction as
well as position mth 'l:he :ceault that the shape of the
cqmpressive zor_le'varies from a trig.ggle to a pg;}tagon
according to gqgitiog of 1oad, Nonlinear sitress

gtrain curve is used

e o

E‘or any assumed position of the neatral axis,
the express‘tons for the ultimate load and 1133 momex;xts
a,bout the p:ﬁncipal axes re&uce to the following

dimensionl ess forms, .
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A =4 + B.aump

m, =C + D. mp

n, =E + F.om

where A, _33 ¢, D and E are oc_:r_lstan;%s 'wmch &wgapend“
on jl:he'p'o s:‘:ti;g of tl"xgn'gu*hral axis and other variabl es.
Fig. .2;12191:}@179&(&) section (b) relation between and
(c) stiéss _strain relations an& (&) interaction curve

in connection wlth thig: theo:cy.

(1) Webez:, Row and Paulay Charts (5)

-

i Weber has pmduced a sez:ies o:f.' cha:cus for .
square columns bending about a diagonal, It is a mo st
pra\ct;ga?. deaign metbogz Row e}nd I’aglay have improved -
accura@ylof this process by using a more acx;ura"bey
:;oncret_é compressive stress distribution and have pro-
é.um:ac_i Qegign qha:f‘ts, for_ ,b'}.z.ixialv j)ending on a_.xeé ai;’_
various ang‘.‘. gsuwith ‘the’ma;jor axes, thus allowir;g lin~
ear ixitex:pola’sion between a mmber of points on 'fkl':.e
interaction lines Weoe:c used conditions of.‘ equil ibrium
and qgmpaﬁibility o.Ld‘strains #o derive f;'om first
principles, Jix’zte?actioxi curves of P, vVersus P e for
square colunns with the load &pplied at various ecce-
ﬁt:piciti es along the line of a d;ggongl of tl}ewsec'bion.

Triangular stress block was repregented by equivalent -
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rectangular stress block, The charts are used f;gr de=
gign of rginforoed cong:gg’ce columnss ‘The qharfs;cg,n
also be uged for anal ysis,. wher,ein/ moment capacitiﬁes'
at angle © can be calculeted by linear interpolatiug
between the uniaxial and the diagonal bending moment
capacit‘ies‘. Goo_d accuraﬂcy_iga“obtaine&.and the maximum
e_;ror;;_t‘;a,g:tor was 5, 3% for ptee ‘area or moment capa~
city-co@pargd with the full <thheo§:etica} (sgi'x‘.utgon using
the equivalent rgct‘a!zgulaxﬁ_stressj}qlock dg.gtrgbutibn..
The chafrts‘ are useful forx square as. well as rectan—i

gular sections,

Row and Paulay s Chartg (I‘ig. 2. 13) uge the dire—
ction of eceentrieity e of the 1oad in. a modliled
manner, They hg,ve deve’!.t)pedvaq Q;mgnsionless parametei‘
K= eh /e .b where K = 0 impli es that the loads are
on Y-a.xis and K 1 implles that loads are on the
diagonal and K = =00 implies 1oa,d on the X-axis.

Charts by Row and Paulay for a number of values
for X _en,able the shape of the interaction m;@gce to
be obtained accurately., The reinforcement is assumed
to Te uniformly distributed ae a thin tube with 0,25 A,
in each face of the section. The charts were calcu~
lated i‘n:_}ma first priqc?.p}:eg, using 'thg .go;lditiqns: qf
equilibriun and compatibility of strains and assuming
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+ a stress strain curve fo%'lthe compressed concrete which
1 ig parabolic upio a Str’esé of ‘0i85_f3 at a strain of
0,002 and then has a congtant stréss of 0,85 gé“q.p“co a
mg,ximgm strain of ﬁo.-‘oos atmthé extreme c%npreaéion
‘:Eib:e." The ch_a,l”‘ts do not inelude the capacity re&vction‘
factor. In Web erts char'cs,a recta.ngular stress block.
was vﬁ.gedl, mil‘edi;;:x %ow and Paula,gr’ cha,rts, parabolw
gtress paiﬁ: ern is uged, - Abain Row and }?a.ula.y' s\gharts
cover various eccenuzicities.. Steel requirements can
be (geen from the charts. It?;merir_’ed that the gteel
found by Row angi Pam:ay’s éhart 1\34} is gréatei‘ Jth?,n
gtedl content determined using Webex! ‘s method, The
Qiffg;'egzqe ig wainly éué to the conqi:gte compresgsive
gtress distribution aa's&_zgied;” ~S*l:_z'esf.j; strain éu';'ée ado-
p?s_ed by Row and Paulay is éo%;gg;vative as . the comp re-
ssive stress is about & %iess;.; “Bow and Paulay nd

Weber have used maximum gtrain of 0 003. However at

naxioumn 103& the st:caln at the extreme fibre of a 'trb-
angular compressed area will be Jarger. "hewcomblned
effec'h of errox makey the difference of 19% in stedl

areas when using the char‘ts.

{m) Medland and Donald M ethod (26)

Theo::'eticel expressions fox compression, u.ni--“
axial bendlng and the flemral rigidity of reinforced

concrete gections are devadloped by Medland and Donald,



The concrete stress strain relationship used by
the authers— is a polynomial relationsghip baged on

Taylor‘ 8 ouIve,
The axial load P is ealcula.ted by

where Fc and _E‘S are load contmbution by compre-
seion in concrete and éi;e;el and. F,, and F_, are
forces dge to concrete in tension and force due to
?gnsilé'steel‘,‘, on a éim‘?.lar line, equation fox noment
is also dwelgped.“' Woment axigl load interaction

i

/
diagrams are prepared. - |

(n) Interaction Exponent (52)

;‘VQ;Lues cof biaxial mteraetion exponent for

“concrete columns are determined by Shanmaghasundaram g
' where he hag used the relation used by Bragtle (35)
and Pannell (87)., The velation between moments about
X and Y axes and uniaxial bending capacities are given
as under : 4 -

N A *

D) (."ﬁff) = 1

where mé’ and M& are moments about X and Ywaxes';

an@ Mox and Moy are the corresponding uniaxial

bending capacl‘ai ep, and. ¥ is t‘he cinteraeﬁon exponent,
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which is a function of the uniaxial load, section and
maiterial pmperti es of the column.' Knowing v for‘ a
given moment ca.pacrby abcut one axis, the moment capa-;
city about the other axis isg determlned from the a'bove
relation. The author dgtgmi,ned the value of the expo-
nent ¥ v The author has presented a éénergl approach
for com;iu:‘ising directly the interaction ex'po‘"ngntmv for

a ?eetangz:}.ar ;einfozﬁ:ced»comrﬂete column é.t a given ‘
axial load, With the spplication of athg_‘,meory\d.ev:e;
loped (52), it is indicated, that the design and
Ha.nal:y\sis of cdlumns need not bé restricted or a;r_mm X~
mated to the conare'be a.url steel gtrengths, concrete . :
cover and the paute::n «:;f‘ the rexmorcement for whic_h ‘
_tables ang qha;-tg arg_ﬁo be usec};~ The pe'ghod 1sw§iz§;p3.er «
and more practical ‘compared o the tedipus process of
obtaining B flI‘S'ﬁ (36). o

PThe author has ased the stress gtrain relation

given by I)esayi and K::i ghnan,

The va’mes ox o calculated for 1oadq ranéing fmm
62 Kips to 127 Kip‘sﬂare in the range of 1,215 to 0,935,
The author uged maximum concrete strength £ as £

instead of 0.85 fé as the columns were qastghomzanta;ly.
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2.3 GClogure .
An analg»sis of rectangular reinforced coz}crete
columns for axial loads with biaxial bending has been a
subjeg:t qf ;ntereat‘and di sc_us_sion for sevem years
,hecause.i‘g is one of the most impo:?tanp and diffigu%._‘b
prpblems in :}‘einfgrced conerete theory, ’Only a 1&9_1’6&1
mmber of test results have Tpeéz?. published. A rational
method for pa;tculations for»t;l#iglaye load of bg;a.xially
loaded columns with eccentric loads has been glven by
Whitney and Cohen (42) and expanded by Mattock, Kriz
and Hognestad (51). An appmach of 1nteraction curve
is well known for eccentricity in one direc’cion and
sevez'al writers. have auggested e;rtensig;l 'of\_ thI :!.dea

for biaxially loaded colunns. Approximate met ;‘ ds of

anal ysis and deeign for biaxial bending such ag the
method of supez:pom tion and equival ent unia:daleccent—. )
ricities are digoussed by Park and Peulay (34) . They
have also given an excellen‘h trea’sment of the subject

by design charts of Web e:c, Row and Paulays

) A simpl:.fied design of rectangular conerete
membexfamby use of rectangular stress block and design
‘cnar'hs is presented by Tung Au (16), where a procedﬁice
has~b een i‘or;nula‘l_:ed for proportioning regtan_gzlar rein-
forced cqr;cre‘be’gectigﬁs _subj ected to ungymmetricsal

ben@in’g in two directions,
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Hugging and Farah (11) have presented an j}:ntegra-;-
tiqn method using int erative procedure where those
writers have used a polynomial :f‘Zo:e‘:m'of fourth degree of
concrete stress strain rela‘bionship. The pm’bl em hag
attracted attention of many ou'bstanding researehers like
Whitney (42) Pannel (37) and B.B.Breslar (35) and
Furlong R W (38). | |

] Ramamurﬁhy and Malliek {24) have used a para.bolic
stress strain relationship with a maximum strength
ordinate of 0‘.9 times the concrete strength and ult:.méa.‘ce
gtrain of = 0.,0035.

! Fleming and Werner (47) presen’ted a simpl:.,’f’ Ted ”
ult imate strength methodioi_f degign of colpmx;s _Lb;}ec'ted }
tp' b*;axial bend-:tng by yxsin_gna qset“of gon-dim?xfgianal
degign curées for one particular section ge&in‘étry for
commonly enéountered percentage of steel and concrete

atreng‘bh;

 Everard and Thattey (12, 13, 14, 61) have used
the stregs strain relationship’ of concrete as
f=4e + B e® where £ “ig the stress and e the
stf;.i,nhin concrete fqr analysis of uniéx’ial bending and
t@st; The analysis and experimental work (14) po j-
e‘ets'a‘. uniciug theoxy for uniaxial bgndingv_with axial
loads, by uged of a funectlonal. stress strain relationship.

The subject has an excellent previous background, as well
a good scope for further woxk,

A
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