
CHAPTER 2
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2,-1 Stressf) Strain Relationship.

v ' Ca) general.

Response of concrete to compression lias been 

studied since long and experimental data is rich. A 

shape of the stress strain curve is Influenced primar­

ily by concrete strength, type of the cement and the 

aggregates, proportions of materials, size and shape 

of the test specimen, curing, age and rate of loading.

A consolidated expression which can Incorporate all 

these factors can be an ideal relationship, it is, • 

however, difficult to accommodate all these considera­

tions simultaneously. Hence different expressions in 

different situations are Inevitable.

Stress-strain relationship in the form of tri­

angle, rectangle, trapezium, hyperbola, ellipse, cubi­

cal parabola etc. are tried by investigators. Simpli­

fied relationships are used by investigators for 

achieving siaplifieation in analytical approach. Eapi- 

rical expressions are also used frequently.
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(b) Summary of Strega - Strain Equations s

Stress - strain equations developed and used 
by some of the investigators (6, 14) are collected and 
presented here as under : 1
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14. Thattey s 314o
JLi
2 i

where Gl* °2* m, n, « experimental parameters '

« initial modulus of elast­

icity of concrete

^ a geoant modulus of elasti­

city of concrete at fQ 

ultimate stress

f, s~ C^a axial stress in concrete

fQ a* ultimate stress

a unit strain in concrete 
caused "by stress f

e0 , 6u' » unit strain in concrete
at ultimate stress fQ. i

A brief discussion on the relationships is
\

presented in the following. The relation given by Bach 

is a simple power function. It assumes a great initial 

modulus of elasticity, Saens satisfies several boundary 

conditions for the ascending branch of the curve. A 
cubic term can be added to the relation to make, it „to 

represent a descending portion of the curve. Some of 

the relations are special cases to match specific cond- 
itionsj like a fi^d v£Lue attached to I^JL. It is
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theoretically inappropriate to fix up any constant 
value for E/Eq which is a ratio of modulus of elasti­

city to the initial one* fhis ratio is about A for 
normal concrete of 70 kg/emg to about 1,3 for concrete 

of high strength like that of 700 kg/om2, A relation 

given by Desayl and Krishnan (Pig, 2. l) contains f 
which is stress at strain (r and feo which is strain 

corresponding to the maximum stress fQ. 1 is a 
constant assumed equal to 2fQ/^o. Saena indicated that 

the relationship of Desayl and Krishnan is but a 

Special case of the more general relation given by the 
former (Saena). For. low and high strength concrete, the 

expression gives poor correlation with experimental 
data, Saens (10) subsequently proposed a general equaf 

tlon for all the grades of concrete, He gives
' I

_________  I,

6o * IQ-5 (31,5

slitlcL E
1 + 0.006 \fl^

lulin and (Jerstle* s (6) relationship is a genen-. 

alised form of Desayl and Krishnan (l) equation,,;

Sturman et al. has suggested a value of n - 1.9 

for eccentrically loaded specimens. Shah and Winter 

have given expanded form of equation given by Smith 

and lfoung (4) ,
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(o) Unit Strain go at Ultimate Stress * '

Some researchers like Eos, Enperger,

Brandtaaeg, Jager, Sanea ana the Hungarian Code have 

given formulae for estimation of Go i.e. unit-strain 

at ultimate stress f0 and 3^ for concrete under 

compression, fhe fundamental agreement among them is 
that Go and (Secant modulus of aasttolty) at the 

ultimate stress increase with the increase in strength 

of concrete* Measured values, however, show scattering 

results in regard to the performance of most of the 

formulae, fhe fact that the unit weight of concrete, 

which by itself is an important aspect is not given its 

due consideration in formulation of expressions is a 

reason for scattering results* However, useful inform­

ation regarding peak values is obtained by such 

formulations.

feraaghi formulates the strain relationship as 
€« f/E + Cg f*1 while Eos has given the relation

f/B + Cg f/ Gy — f*. v

Hognestad et al. have formulated the relation 

to cover the complete stress-strain curve of concrete 

as

f « €: ( dfa
d<= ) + fa
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where the tern can be approximated by finite

differences.

Slnha et al. presents a curve for unloading 

stress pattern as
Ak p

£ m ( _ ) (e - x ) + A8
mb ere the parameter X is a function of the number of 

load repetitions, applied stress and the strength of 

concrete.

Several enrpirical formulae (4) to relate fQ and 

£o are presented below, Additional relationships can 
be obtained from these for other values of fQ and 

Ihe relationships between stress and strain listed in 
article 2.12 can be conveniently used by' application 

of the values of fQ and $ presented here.

40 9 percent 

( f in psi )

Sos

Haperger

0.05$6 + 2.56 x 10“5 fQ 

3.7 x

Emp erger
Brandtzaeg

Jager
Hungarian Code

2.2 x 10T? y f0 

fQ/(6800,+ 2.6 f0) 
3.7 x l(T3\/f0~ 

fo/(7900 + 3.95 fQ)
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where, in addition to previous symbols, the following 

symbols are used

Ag, Aq, Cg, 06, 9.* « experimental parameters

£a « average compressive

stress in concrete 

compression zone during 

flexure.
i . . .

(d) Selection of Stress - Strain Curve of Concrete

Sandoor Popovics (6) has shorn that the 

curvatures of various equations differ considerably. 

Selection of a suitable stress strain curve becomes easy 

in such situations, lower the oement content, the more 

curved the diagram.

He has also observed that inspite of all variat­

ions, the design of reinforced concrete members: for 

simple flexure is not considerably influenced, by the 

diagram of concrete.

Descending branch of stress-strain curve is inco­
rporated in some design procedures because maximum, 

concrete strain is greater than the value of ultimate 
strain. In view of less marginal effect, the descending 

curve can justifiably be omitted;
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Attempts have been made to assess the strain 

behaviour of concrete by models. Model approach has 

Its own weakness though it la single.

If modem methods of analysis are to he used, 

biaxial stress strain formulations is necessary. Such 
formulation incorporates po^s^^* a effeot and micron- 

crack confinement effects. Mu and Nil son (7) have 

proposed biaxiaL stress*strain law which compares wall 
with experimental results. She matrix constitutive 

equations are suitable for plane stress finite element 
investigations., Mlson in his thesis (10) uses a const*, 

itutive matrix equation for eccentrically loaded 

members. A nonlinear response in a blaxially loaded 

member is confirmed but unfortunately no useful infor­
mation has yet been obtained. It is reasonable to 

suppose that the stress intensity in one direction also 
affects the tangent modulus in the direction normal to 

it. With regard to the interaction between ineLastic 

behaviour in one principal direction and the properties 

in the normal direction, the present state of knowledge 

does not permit a final statement,

Farah and Huggina (ll) have used a continuous 

fourth order polynomial fitted by the least square 

method to stress strain data obtained from tests on
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.concrete cylinders, She stress strain curve used is 

of the form

£n b f*%"K. £ 1 
O C yfy. 1 _

where is a constant % (i « 1, 2, 3 and 4)f and

fc = stress in concrete, £=* maximum concrete ^strength,

fhe curve shows an excell ©it agreement with 
Hognestad*s cuwe, She relationship between the stress 

and the strain provides information concerning the 

failure mechanism of concrete.

(e) Functional form of Stress Strain Curve

Everard and Shattey (12, 13, 14) have used 

stress strain relationship in a functional form of 

second degree polynomial up to the point of maximum

stress f in concrete.

into
/

(See Fig.2.3).

stress, as under
£ a & =s Ae + Be2, 

where e is strain at a point at 

At origin
dt

inr
E.

and at ultimate load condition

d «- « 0
d/e"-

which reduces the functional form
e2

4 ^u.
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Simplified forms like triangle, trapezium, 

rectangle, etc. , negLect the actual behaviour of 
concrete under loading, Desayi (l),, fornoza (6) and 

other formulations lead to elaborate expressions,

Baumann*s equation does not possess flaxibility for 
derivations. Some functional and other formulations 
have large exponential forms which may be deleted in 

view of the fact that refinement to that extent is not 
necessary. Mu and lilson (7, 10) formulations are out 

of question as they are best suited for finite element 
analysis, lerzaghi and Bos equations (4) are complica­

ted in mathematical forms, Hognestad et al. (4) have 

suggested a numerical approach of finite differences 

which is not within the scope of the woak, i

Biaxial stress strain relationship is fundament­

ally nonlinear, A functional form is suitable. She 
functional form of the relation as given by Huggins and 

Farah (ll) is ideally suitable. However, the fourth 

degree relation may be abandoned and hence Bverad and 

®hattey*s formulation is accepted for the present wo He* 

Ihey used the relation for analysis of beam-columns 

subjected to uniaxial bending and thrust. She theore­
tical results have shown good agreement with experimental 

work.
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2.2' Ultimate Load iEheoriea 

(a) general

Ultimate load and moment capacities of 
structural members are estimated by ultimate load 
theory. Elastic theory is practically replaced by a 
plastic theory. It is established that an elastic or 
straight line theory does not give reliable predictions, 
She factor of safety is uncertain, while on the other 
hand, an ultimate approach permits lower load factors 
in case of certainty of loading, and moment thrust 
behaviour is predicted more accurately. It is also 
concluded that 30 to 40$ saving is achieved by the 
use of the ultimate load approach (31), for both axial 
and eccentrically loaded members. A case study of a 
six storey framed structure carried out shows that the
savings can be as much as 42$ in steel if ultimate

/design procedures are adopted. Since tile use of 
ultimate load design method is by IS s 456 - 1964 and 
other international codes. Shere is no reason why the 
saving should not be economically realised (54). 
Moreover, the ultimate load design procedures have the 
merit of rationlity and simplicity. She ultimate 
strength of a section is affected by stress redistribu­
tion due to shrinkage, creap and cracking.

\
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(b) Badcground of Ultimate Iioad theories

Study of reinforced concrete columns, loaded 
axially and eccentrically, is reported extensively in 
literature. Survey of classical and recent approaches 

suggest that the analytical as well as the empirical 
procedures are developed, for hiaxially loaded comp­
ression members. Some of the theories are briefly 

reviewed.

(c) Tbatte.y’s Theory for Uniaxial Eccentricity
(14. 61).

4

Starting from a functional form of stress^ 
strain curve of concrete suggested by K* A. Everard, 
a theory for members subjected to uniaxial eccentricity 
is developed by Thattey. Relationship among the seve­

ral important variables like the neutral axis depth 
factor, ultimate load, ultimate moment for several . 

parameters is obtained, Typical interaction curves 

are presented.

The equations for load factor, moment factory 
and neutral axis d^>th factor are developed for three 

cases as under.

(i) Tension failure oase accompanied by the 
' ' ' ‘ \ ' 

yield of tension steel and no yield of compression steel
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Cii) Compression failure cage accompanied by 

the yield of compression steel and no yield of tension 
steel,

(ill) Balanced design case in which crushing of 

concrete is accompanied by yield of both compression
j

steel and tension steel,,

®he functional form of second degree stress 
strain curve is used, (See Hg,; 2*3)

She load factor and the moment factor MU|

are in the form as under at the ultimate condition,^

P., A •¥ B• mp 'U|

® 0 + » . Hp

where A, B, C and B depend on the position of neu­
tral axis, ratio of compression to tension steel, 
amount of reinforcement, and the stress ratio* Relation 
between ultimate axial force and flexural rigidity at 
origin and the concept of local curvature are also 
developed.

The theory is compared with other works and the 
results of 2> and BL. are tabulated (6l) as under t
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fheory pu, V

llensch 0. §10 0.346

Byson 0.785 0* 453
Whitney 0*458 0* 333
Cox 0*470 0. 360
Jensen 0.578 0.411
Bafeer 0.480 0. 365

.1v , Jain
k 1: • -

^ ® 6*003 0.534 0;(366
« 6*006 0,663 0*405

fhattey

« 0*003 0i460 0.341
^ * 0.006 0*547 0.379

- -(a) Ultimate strength Design Charts for Columns, 
Controlled by fension (Uniaxial Eocentri-
M. JL3PU

\

fang An lias dev&oped basic equations for
i

design of eccentrically loaded concrete columns 
(uniaxial) based on AGI - ASCE Committee*^ Report 

on ultimate strength design, the charts can be effec­

tively used for columns controlled by tension, and for 

rectangular sections with symmetrical reinforcement 

for square and circular sections with spiral
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reinforcement subjected to combined bending and axial 

loads and controlled by tension.

She charts give relation between ..and£o
mp for values of _ .

fo M!

(e) AGi Design Quarts (45, 62)

In practice the design andlaioal^is of 

column sections can be carried out quickly using design 

eharts and tables* A compressive series of charts and 

tables have been published by the AOI for columns

with uniaxial eccentricity,' /

fhe design charts are sets of interaction dia­
grams that plot the ultimate load and moment in dimen­

sionless form, Known column size, material strength 
and ultimate load and moment, a chart can be used for 

getting a valuemp, which specifies the area of 

steel,
,p , p e

fhese charts have ..— and —-—_ on
fibh **2 -

axes with parameters of mp and eccentricity ratio 

to be fixed on curves,1

fhe ACS design charts and tables were determined
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from first prineiples> using the conditions of ©quilli- 

brium and compatibility of strains. The steel does not 
yield at ultimate loads, $he steel Cji^assumed as placed 

uniformly distributed in a thin tabular shape.

(f) ipproxlmate Methods

.Approximate methods for biaxial bending fall 
under three headings, (a) Method of superposition,

(b) Method of equivalent uniaxial eccentricity and

(c) .Approximations of the shape of interaction surface.

(a) Method of Superposition,

Inclined bending is reduced to bending about 

the aa^jor axis of the section thus allowing the use of 
procedures for uniaxial bending. In this method the 

reinforcement required for each of the loading cases 
(?u, MUy) and (Pu, Mux) Is determined separately and 

added algebraically. Shis method has no theoretical 

basis and should not be used since It may lead to large 

errors on the unsafe side because the full strength of 

concrete is taken into account twice in the design. IMa 
method is used in the code of Venezuela, (34) with some 

modification. Sometimes the load Pu Is replaced by 
two statically equivalent forces 3?ux and £uy acting 

for each axis separately. She reinforcement required
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for each of the loading cases 3?ua. with the concrete
f« p . . -

strength of ....... ..... and P, with the concreteP„- U«

strength
*u

£’aVux

are determined separately and added together# .Although
this approach has no theoretical support, Moran comme­
nts that the solutions obtained in the considered cases 
seem to he satisfactory (34),

(h) Method of Equtvalent Uniaxial Eccentricity

In this method an equivalent uniaxial ecce­
ntricity is obtained by an interaction line for a 
given rectangular section with biaxial bending* fhe 
ultimate load for any point of application (ey, e^) on 
such'line is the same as the ultimate load for a point 
of application with uniaxial eccentricity e0> If the 
shape of the interaction |iihe is known, it vrould be 
possible toaaeeign for the load Pu acting at equiv­
alent uniaxial eccentricity eQ*

Moran quotes the equation adopted by the Spanish
Code 1068, for the determination of equivalent uniaxial 
eccentricity*;

®0 “ ex + < xf^~) ®jS‘
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where is a factor depending on the level of axial 

load and the steel content tabulated in the code 
^ See Pig. 2,4},

(c) %proximations- in the shape of the inter­
action surface, '

Various suggestions Have been made for the 

shape of the interaction surface from which, knowing 

the uniaxial strengths, the biaxial bending strengths 

may be calculated.

She following expression Is given in the 

Russian Code.

where

i Q
u

Pu is t&e ultimate load under biaxial bending,

P is the ultimate load under eccentricity 

e„ only. ,X
t

p is the ultimate load under eccentricity
-v ' * •

e only,,,

P^ is the ultimate load when there is no 

eccentricity.

Phis expression has disadvantage of being more 
suitable for analysis than for design., • Breeder (34) 

found that test results'do not deviate more than 9,4$,
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It is also suggests that the family of inter- 

action lines corresponding to the various levels of 

constant load Pu can be approximated by the equation

/ MU3L, f . / SuVL \

\ " % ** t“use - uyo

where «ux is Pu * ey and ii^ is Pu . ©^ and

MUSJ ana ilu^ are the uniaxial flexural strengths

about the x and y axes for the constant load, She 

constants a and n depend on column properties and 

are determined experimentally.

Parma et al# (36) modified the above equation 

and stated it as follows i-

flog 0.5;

IIux.
Kuso 4* « 1

where & is the parameter of the shape of the inter­

action line. $he effect of different values of p on 

the ehspe of the interaction line is represented in

Fig. 2.5.

Other suggestions #or the shape of the inter­

action surface have been made by PanneLl {57) and
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Pmlong (38). John Meek (25) has also contributed for 

the approach of interaction surfaces.

(g) Meat's Approach (gS)

An approximation to interaction surface of 

MUy and Mux at constant load Pu is suggested by 
Medc (25), He has indicated that the curved inter­

action line can be replaced by two straight lines. 

Accordingly an interaction curve ABO, where all the 

three points are known, can be replaced by a straight 

line A B and a straight line B 0,
,

Bor rectangular reinforced oonorete column, Meet 
has generated interaction curves for Pu - Mux and 

Pu - Muy and for a given ratio of Muy = <*•>

various values of Pu are calculated, A horizontal 

line or curve is generated on the interaction surface* 

lor rectangular section this contour line will be some 

type of curve perhaps an ellipse. Its shape will 

depend on dimensions of the column, the amount of 

reinforcement and its location, and the eccentricity 

of loading. Such contour lines are developed byledi.

It is observed that the concept of the inter­
action surface exemplified by Meek is useful (see 

Pig. 2.6). Set of curves given by Meek will reduce
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difficulty of analysis and design of biaxially loaded 

columns*.

(h) fang An theory (16)

file procedures of proportioning rectangular 

reinforced concrete sections subjected to unsymraetrieal 

bending in two directions based on ultimate strength 
method are formulated by Sung Au (16). She theory 

for its derivation assumes the different locations of 

neutral axis. Charts are provided to simplify the 

procedures of evaluating the dimensions of the equiva­
lent compressive stress block from the equations. | 

Solution of problem is obtained by first assuming the 

dimensions of the section and the arrangement of the 

reinforcement and then by checking the stresses to 

verify the validity of the assumed section. Such work 

often requires several repetitions but can be simplif­

ied by use of the charts. She equations developed are 

expressed in the form of dimensionless quantities. She 

theory assumes equivalent rectangular stress block.

Fig. 8? shows section detail and Fig. 2.8 gives a typ­

ical chart for designs.,

(i) Fleming and Werner*s non-Dimensional
Design Curves (47)“

it is a simplified ultimate strength method
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of design for columns subjected to bending about both 
..principal axes where a set of non dimensional design 

curves for one particular geometry is given for 

commonly encountered values of steel percentage, 
concrete strength and steel yield stress* fhe basic 
assumptions associated with the theory (4?) are of 

standard nature namely rectangular stress block, 
negligible concrete tensile strength, linear strain, 
distribution at ultimate strength and ultimate concrete 
strain of 0,003i She development of the theory is done 
by fixing one end of neutral axes and varying thje other 
end by increments i. e. value of m in Fig, 2*9.

Ebr every position of the other end of neutral 
axis, ultimate load and bending moment about the,

■ 7 ' ‘ ~ ' J' i

principal axis were computed.. She first end of the 
neutral' axis was then incrementally changed and all 
possible trials were executed, fhe equivalent rectan­
gular stress block is used for the development of the 

theory.

fhe loading condition at ultimate was computed 
from the conditions of equilibrium, fhe axial' load 
was found from summing forces while its eccentricities 
from the center of the section were found by summing 
moments about the extreme compressive conorete fibre.
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(,1) Hogging and Paran a Polynomial Stress 
Block (ll)

Hinged reinforced concrete columns subjected 

to biaxial bending are analysed by an Integration method 

which leads to' three simultaneous non linear equations 
by Huggins and i*arah (ll). fhe equations are solved by 

Hewton-Baphson method* fhe method assumes a strain dis­
tribution* loads and moments on the section based on 

that assumption are compared with applied loads and 

moments. Initial- strains are readjusted and new compa­
rison Is made. She procedure is continued until the 

equilibrium is obtained.

She stress strain curve used in analysis was a 
continuous fourth order polynominal fitted by the least 

square melhod to stress strain data obtained from test^ 

on concrete cylinders. Stress-strain curve is discussed 
in para 2.1 (d). Ihe ultimate concrete compressive 

strain is taken as 0.004 and the corresponding stress 

as 0.85 fj.

Stress strain curve in the above mentioned 

reference work for steel is taken as elastic upto the 

yield point with a line of constant stress after .that . 

stage.
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Ihe theory considers strains at three comers 

as 6x and 63 (see fig,2.ll)• Strain at any point 

is defined with suitable origin and reference axes.

Ehe method is cumbersome except that iterative 

process can reduce the difficulty. The procedure is 

to assume e«, e3 and iterate until the correct 

strains corresponding to the given P, M„ and !„ 

are determined, fhe convergence is rapid, fhe ulti­

mate loads predicted by the theoretical analysis vary 

from 2 to 5 percent less than that of tested values.

(ic) Bamamurthy and Mallick Approach (24) .

: A concept of failure surfaces in columns is 
used for the method (24), She determination of ulti­

mate load of square and rectangular reinforced columns 
under biaxial eccentric loads is direct, ;

She neutral axis varies both in direction as 

well as position with the result that the shape of the 

compressive zone varies from a triangle to a pentagon 

according to position of load, Nonlinear stress 

strain curve is used.

for any assumed position of the neutral axis> 

the egressions for the ultimate load and its moments 

about the principal axes reduce to the following 

dimensionless forms,;
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7* e A + B , mp

mx = C + D • rap

m„ - E + E ♦ rap

where A, B, 0, B and E are constants which depend

on the position of the neutral axis and other variables. 
Fig. 2; 12 shows (a) section (b) relation between and 
(c) stress strain relations and (d) interaction curve 

in connection with this-theory;.

(1) Weber. Bow and Paul ay Charts (34)

Weber has produced a series of charts for 

square columns, bending about a diagonal. It is a most 

practical design method. Bow and Paulay have improved 

accuracyiof this process by using a more accurate 

concrete compressive stress distribution and have pro­

duced design charts, for biaxial bending on axes at 

various angles with the major axes, thus allowing lin­

ear interpolation.between a number of points on the 

interaction lines Weber used conditions of equilibrium 

and compatibility of strains to derive from first 

principles, interaction curves of Pu versus P^e for 

square columns with the load applied at various ecce­

ntricities along the line of a diagonal of the section. 

Triangular stress block was represented by equivalent -
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rectangular stress "block:*. She charts are used for de­

sign of reinforced concrete columns. She charts can 

also be used for analysis*, wherein moment capacities 

at angle © can be calculated by linear interpolating 

between the uniaxial and the diagonal bending moment 

capacities* Good accuracy is obtained and the maximum 
error factor was 5,3$ for steeL area or moment capa*- 

city compared with the full theoretical solution using 

the equivalent rectangular stress block distribution. 

She charts are useful for square as well as rectan­

gular sections,

Bow and Paul ay1 s Charts (Pig. 2,13) use the dire­

ction of eccentricity e of the load in a modified 

manner, Shey have developed a dimensionless parameter 
£ * ejx /©yb where , K * 0 implies that the loads are 

on 1£*axis and £ = l implies that loads are on the 

diagonal and £ «Co implies load on the X-axis.

Charts by Bow and Paulay for a number of values 

for £ enable the shape of the interaction surface to 

be obtained accurately. She reinforcement is assumed 

to be uniformly distributed as a thin tube with 0,25 

in each face of the section. She charts were calcu­
lated from first principles, using the conditions of 

equilibrium and compatibility of strains and assuming



33

> a stress strain curve for the compressed concrete which 
* Is parabolic up to a stress of 0*85 f£ at a strain of 
0.002 and then has a constant stress of 0*85 f *, up to a 
maximum strain of 0*003 at the extreme compression - 
fibre. She charts do not include the capacity reduction 
factor* In Weber’s charts,a rectangular stress block 
was used, wb.il'e in Bow and Paul ay* s charts, parabolic 
stress pattern is used. Again Sow and Paulay’ e^charts 
oover -various eccentricities. Steal requirements can 
be /(seen from the charts. It is”observed that the steel 

found by Sow and Paulay*s ohart (34) is greater than 

steel content determined using Weber’s method, the 
difference is mainly due to the concrete compressive 
stress distribution assumed* Stress strain curve ado­
pted by Bow and Paulay is conservative as the compre­
ssive stress is about 8§r $ 1 ess.' Bow and Paulay and 

Weber have used maximum strain of 0,003. However at 
maximum load the strain at the extreme fibre of a tri­
angular compressed area will be larger, the combined 
effect of error makes the difference of 19$ in steal 

areas when using the charts.

(m) Medland and Donald Method (s6)

theoretical expressions for compression, uni­
axial beading aid the flexural rigidity of reinforced 
concrete sections are developed by Medland and Donald,
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The concrete stress strain relationship used by 

the authors is a polynomial relationship based on 

‘Baylor* s curve*

*Ehe axial load P is calculated by

K * Kc s
*et “ *b2

where f and P are load contribution by compre-
. . - " c s

ssion in concrete and steel and 2?^ and Pgg are

forces due to concrete in tension and force due to 

tensile steel,.. On a similar line, equation fpr moment
is also developed.*Moment axial load interaction

/ 'diagrams are prepared. j

(n) Interaction fesponent (52)

vtmues > of biaxial interaction exponent for 

concrete columns are determined by Shanmughasundaram 

where he has used the relation used by Brastle (35) 

and PannaLl (37). 2he relation between moments about 

X and Y axes and uniaxial bending capacities are given

as under :
. M„ V(-2L.)
■ ox

hK =

by

where M and M„ are moments about X and Y axes;
2T - tf

and M M are the corresponding uniaxial
„ ox - —oy ■** — —

bending capacities, and V is She interae^dn exponent,
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wMch. is a function of the uniaxial load, section and 

material properties of the column. Knowing v for a 

given moment capacity about one axis, the moment capa­

city about the other axis is determined from the above 

relation. She author determined the value of the expo­

nent -V * She author has presented a general approach , 

for computing directly the interaction exponent v for 

a rectangular reinforced concrete column at a given 

axial load. With the application of the theory deve­

loped (52), it'is indicated, that the design and 

analysis of columns need not be restricted or approxi­

mated 1so the concrete and steel strengths, concrete 1 k 

cover and the pattern-of the reinforcement for which 

tables and charts are to be used. fhe method is simpler 

and more practical compared to the tedious process of 

obtaining f first (36).

fhe author has used the stress strain relation 

given by Besayi and Krishnan.

fhe values of o' calculated for loads ranging from 

62 Kips to 127 Kips are in the range of 1.215 to 0,935. 

fhe author used maximum concrete strength fQ as f£ 

instead of 0.85 f* as the columns were cast horisontally.
U 1
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2.3 Closure ,
An analysis of rectangular reinforced concrete 

columns for axial loads with biaxial bending has been a 
subject of interest and discussion for several years 
because it is one of the most important and difficult 
problems in reinforced concrete theory. Only a limited 
number of test results have been published. A rational 
method for calculations for ultimate load of biaxially 
loaded columns with eccentric loads has been given by 
Whitney and Go hen (42) and expanded by Mattock, Kriz 
and Hognestad (51),, An approach of interaction curve 
is well known for eccentricity in one direction and 
several writers have suggested extension of'that idea 
for biaxially loaded columns. Approximate methods of 
analysis and design for biaa&al bending such as the 
method of superposition and equivalent uniaxialeceen1>- . 
ricities are discussed by Paik and Paulay (34). Ihey 
have also gLven an excellent treatment of the subject 
by design charts of Weber, Bow and Paulay*

A simplified design of rectangular concrete 
members by use of rectangular stress block and design 
charts is presented by fung An (16), where a procedure 
has been formulated for proportioning rectangular rein­
forced concrete sections subjected to unsymmetrieaL 
bending in two directions.
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Huggins and Farah (n) have presented an Integra!- 
tion method using interative procedure where those 

writers have used a polynomial form of fourth degree of 

concrete stress strain relationship. She problem has 

attracted attention of many outstanding researchers like
Whitney (42), Panned (37) and B.B.Breslar (35) and

*

Furlong B, W. (38).

Bamamurthy and Mallick (24) have used a parabolic 

stress strain relationship with a maximum strength 

ordinate of 0.9 times the concrete strength and ultimate 

strain of « 0.0035.

Fleming and Werner (47) presented a simplified 

ultimate strength method of design of columns j^ib.jeoted 

to biaxial bending by using a set of non-diipensional 
design curves for one particular section geometry for 

commonly encountered percentage of steel and concrete 

strength.

Everard and Shattey (12, 13, 14, 6l) have used 

the stress strain relationship-- of concrete as
pf » A e + Be where f ^is the stress and e the 

strain in concrete for analysis of uniaxial bending and 
thrust, She analysis, and experimental toiIc (14) proj­

ects a unique theory for uniaxial bending with axial

loads, by used of a functional, stress strain relationship 
She subject has an excellent previous background, as well 
a good scope for further, to2k;
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