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ABSTRACT

The provision of 15:4326-1976 on maximum tension steel ratio for
reinforced concrete flexural members is reviewed. This provision intends
to provide curvature ductllny of 5, assuming unconfined concrete. However,
a discrepancy exists in the method by which this prowsmn is arrived at.
A procedure is described herein to calculate the maximum tension steel
ratio that ensures a specified value of curvature ductility. Simple empirical
expressions are proposed for the maximum "tension steel ratio, which
ensure curvature ductility of 5.

INTRODUCTION

The philosophy of earthquake resistant design requires that a structure should
be capable of surviving a severe earthquake without collapse. This requires the
structure 1o have. adequate ductility. Such structures are subjected to less earth-
quake force and are able to. absorb and dissipate seismic energy by inelastic defor-
mations. A measure of the ductility of a~structure is the displacement ductility
factor, B, defined as M= Au/Ay; where Au is the lateral defiection at the ultimate
condition and Ay is the lateral deflection at first yield. These displacements
are measured at a syitable point, for instance at the roof level. In a structure
which is responding inelastically to earthquake excitation, plastic hinges are formed
at critically stressed sections of beams and columns. Here, these sections must
also have adequate ductility. A measure of the ductility of a section subjected
to flexure or combined flexure and axial load is the curvature ductility, which
is defined as the ratio of ultimate curvature ( ¢ ) attainable without significant

loss of strength, to the ‘curvature corresponding to first yield of. the tension rein-
forcement (¢ ). Typical values of the displacement ductility factor,u, for reinforced

concrete structures range from 3 to 5 (Ref. 9). This requires the sections at
the plastic hmges in beams and column bases to have curvature ductility ranging
from 12 to 20, i.e., ¢ f ¢ 3 44 (Ref. 6). However, reinforced concrete flexural

members may be de.ﬂgned for curvature ductility of 5, assuming concrete as un-
confined (Refs. 6, 7 and 10} Confined concrete has a higher value. of crushing
Strain which increases curvature ductility significantly. Since concrete is aiways
‘confined with transverse reinforcement near the column face where the plastic
hings forms, the actual curvature ductility will be significantly greater than that
calculated by assuming the concrete as unconfined.
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Curvature ducnlity increases mﬂ\ an kmiﬁ m steel euntent,
concrete compresswe strength, and crushing strain of copcrete, It decieases
with an increase in tension steel Content, yield: strengfic of "steel, and axial load
on the member. Among these factors, the permtge “of " tendlon stee! plays a
dominant role in providing curvature ductility, . Hence; rhost bullding codes impose .
restrictions oa the maxlmum temlon reiniorcemem inmin!urced concrete flexural
members.

In this paper, the ptwabnoim%;
steel ratio for reinforced concrete :

code defines a flexural memnr “W‘

than 0.10 whcre £ g is he 4
provision fof*maxi Tons 1&!‘ i . W endufe
of 5 (Ref. 10), mmgtwamqtm Hamer, - discrepancy ekists

in the method by which this piovision is arrived at. A procedure is outlined hdrein _
to calculate the maximum tension steel ratio to ensure a required value of curvature
ductility for reinforced concrete flexural members which are not subjected to
any axial load. On the basis of a parametric study, simple empirical expressions
are suggested for 1he maximum tension steel ratio. which ensure curvature ductility
of 5.

: a 3 mlximum tension
v reviewed.  The
5 less

PROVISION OF IS:4326-1976

1S:4326-1976 stxpulates that the maximum tension steel ratlp, iy , on
any face, at any section, must not exceed P, * a1 ck" for mild steel ‘rein-
iorcement; and pc + O.L'v lek“y lor m}d wor]nd mmed bars; where P

? _m nrgu of steel.

e : A y
conﬂdsr doubly .mmm at it oltimite . atreﬁn" ;
x;;n-dimmioml. depth of ﬁe nemrd axis at ulihmte ‘condition, Ku, ]lz'ﬁven

Ku = {—t—f—u&-—} : - ) (1)
‘ _ o " :
- where cu I ihe cruﬂung strain of concrete and &, [s the strain in tension
‘steel at M te strength of the section. - SP:22 (Ref. 10), the explanatory

4 326-1976, states that to have curvature ductility of Sy:mefiin
in ﬁnuon stéai: l‘lauld be 5 times ty " at the ultimate strength of wm

ives, “ = 5 s' where y is the yield strain of steel. This glm
,gquatlon !or the mutmn tension steel ratio, P max °

- pc)% {*—m‘*‘*—}

% of the section.
ver, this dogs

where f_ is ﬂ\u uerage stress in concrete at.the umngﬁg.
spi22 u!es this. eqmtion w derive expressions for

not ensufe curvature ducmitf of 5. To exphin ML
- section at -yield (Fig. ‘:2}. 'mc curvature at yield

aoubl reinforced -
-cy]d(lO—K), 3
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- where d = effective depth of member, and K = non-dimensional depth of the

neutral axis at yield. The ultimate curvature is.given by ¢ = € fd(1.0-Ku)
(Fig. 1). As per SP122, ¢, =5 € Hence, curvature ductility will be ’

? 5 (1.0- K; )
"E ® 1.0-Ku Q)

From equation (3}, it is evident that curvature ductility will be 5 only if K = Ku,
ise,, the depth of the neutral axis at yield (K d} and at ultimate {Ku d) is equal.
However, for an under-reinforced section, Ku is always less than K, Hence, curva-
ture ductility provided by the existing provision of IS:4326 will be less than 5.

Further, the values of p » specified in 15:4326-1976 are based on € cu 0.003;

max
=07 §'3 and f' = 0.786 £, ; where f'_ is the compressive strength of

1
cherete cylfhder. ACT code (Reffk 1) also uses“e cu equal to 0.003. However,

research has indicated that use of € ® 0.003 is too conservative for calculation
of ultimate deformation (Refs. 6 and 7); instead a value of €, = 0,004 is consi-

dered more reasonable. As IS:456-1978 (Ref. %) uses €y = 0.0035, this value

may be used instead of 0.003, Also, I5:456-1978 takes the value of f . as 0.81

£ e The concrete cylinder strength, 1'c , varies from 0.77 to 0.92 times the cube

strength for concrete grade varying from MI15 (cube streﬁgth. £ a8 13 MPa)
to M35, respectively (Ref. 5% and f' c is usually taken equal to 0.8 ok Hence,
€cu © 0.0035, { = 081 and !'c and i'c = 0.8 fck may be used to derive

cu
the maximum tension steel ratio.

ESTIMATION OF MAXIMUM TENSION STEEL RATIO

To calculate the maximum tension steel ratio for providing a specified cur-
vature ductility, it is necessary to obtain curvature ductility as a function of
the tension steel ratio, p , and the ratio of compression to tension steel, p c, e.

The idealized stress-strain properties of steel and concrete used herein are shown
in Fig. 3. It may be noted that partial safety factors for material strength of
steel (= 1.15) and concrete (= 1.5) are not being used herein. These partial safety
factors are used in design to ensure adequate factor of safety against failure
under service load conditions. During a severe earthquake, a structure is expected
to undergo inelastic deformations, and hence damage. The idea herein is to provide
adequate curvature ductility during such an event. Curvature ductility is detined
as the ratio of curvature at ultimate strength of the section to the curvature
at first yield to tension steel in the section. Hence, use of actual yield stress
of steel and cruthing strength of concrete it justified. This is consistent with

.other researchers {e.g+ Ref. 6) who also do not use any material strength reduction

factors while calculating curvature ductility.

L Curvature at Yield (¢Y)

Consider a doubly reinforced section at yield (Fig. 2). Let p be the tension
steel ratio such that compressive strain in the extreme concrete fiber is Ec when



-me fension steel commences, toélgld., Asaume thstm ,
totmmnmel, aclp.xsﬁxur tiaayanomevatue. F.fﬂﬁ

-sc * s.y\._

Thus, curvature at yield is .

K - .'{‘ R }

where b = breadth of membeﬁ nnd
stress block, which is equa,l 1o

- . ec 1 e(:
2o =l [ec1]2} when € €€y
3 s l-ﬂ*i '-'S!';-}"- wel7)

&, (= o.m it e straln at ,m he stressavraih clrve

- trom: parabolic to Iinear (Fxg. . . is the stress in the compresslon steel,‘whiﬂa
s cﬂmmuf as

Here, K' = d'ldt and d' é effective cover to compreosion stdel. If ! calculated -

from .equation (8) exceeds § ,-then It must be taken as f_ itself. The tensile force, T

onmarmuctlonisgmﬂby y

T. pfybd o ‘ 9

Cnmiderlng etiuﬁibmim of the sectlon - T) equauons e m(!)"'
steel ratio, , as

. an K
e = f.-(p JevE )
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This is the tension steel ratio such that compressive strain in the extreme
fiber of concrete is ec’ when the tension steel commences to yield, ~

I Ultimate Curvature ( ’)

Let the same section (i.e.,with tensioh steel ratio,p, as calculated by egquation

10) be loaded to its ultimate strength. Equilibrium of the cross section (Fig. 1)
gives :

foyKubdap £ bd = p g bd (11

The value of § cu is taken as 0.81 f'c. Stress in compression steel, fsc' is given
by :

- Ku - K* e R
fsc - { Ku } eu l’:'s 12

Initially assume that f__is less than f_.  Equations (l1) and (12) give the
following quadratic equatioﬁor Ku y

a(Kw?+B8Ku - & = o __ | | (13)

where a = 0.8] f'c; B=pce Es-fyp; and § = K'p_cscuEs. The value

of Ku obtained from this equation is used to calculate stress in the compression
steel, fsc’ from equation (12). ¥ f,. obtained from equation (12) is less than

f , the calculated value of Ku {from equation 13} is correct, whereas, if f c is
eater than f , it must be taken as £ itself and the value of Ku must thefC be
found from the. equation y
{p - P 1
- _— Y
Ku X TaED ) {18)

The appropriate value of Ku is then used to calculate the ultimate curvature

€
_ cu
¢u - Ku d E (15)

Curvature ductility ( ¢,/ &) for a tension steel ratio of p is obtained by

using equations (5) and (15). In order to generate the graph of curvature ductility
versus tension steel ratio, the value of ¢ is initially taken as a low’ value, say
0.0001; it is gradually increased and for edch of its value the tension steel ratio,
p (equation -10), and the corresponding curvature ductility, ¢u/ ¢y’ are found.

The value of ratio of compression to tension steel, p c/ P , can be changed and

the process repeated. These graphs.are shown in Figs. 4, 5 and 6 for concrete
of grade M20 and M25 and steel of grade Fe 250, Fe %15 and Fe 500. The maximum
pérmissible tension steel ratio, P max’ for .a desired value of curvature ductility

(5 in the present case) and compression ‘to tension steel ratio, #./P , can be
read from these graphs. Thus p max 2 the corresponding value of pcl P are -
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bbtained. It is observed that pm#x incréases,almst_linea’rly with o o Hence,

P max May be expressed as A'pc + B, where A and B are constants which are
to be found by -linear regression analysis. Such an analysis was carried out on
data ohtained for concrete of grade MI5, M20 and M25 with steel of grade Fa 230,
Fe 415 and Fe 500. The correlation constant in the linear regresalen analysis
works out to be 0.999, which means that the assumed linear rejation between

P max and P, s valid. ‘l'hel following expressions were obtained for p. . ¢
Pax ¢ 0963 P, + 0.00074 £, . {for § =7250 MPa)
Pax € 0759 P, + 0.00034 £, - (for { = 415 MPa)
Pnax € 0577 P, + 0.00025 f, (for fy = 500 M.Efa) seeas{ 16}

However, for design convenience the coefficient A was rounded off and
the constant term B was calculated again., This gives the following equations
for P 1 ' : S

| max

£ P+ 0.00072 £ ok {for £ = 250 MPa)

max
pmax £ 075 b+ 0.00034% fck (for fy = 413 MPa)
Pm ax € 0.55 P+ 0.00025 £ k- (for. fy = 500 MPa) ...,.(17)-
These expressions are slightly different from those suggested in Ref. 2 as
the present analysis considers values of pm“ ,up 0 & maximum of 4 percent

_while that in Ref. 8 considers values of Pmax up to a dﬂiﬁctmly higher value.

It is observed that for mild steel reinforcement, -IS:4326-1976 &g equation (17 )
recommend about the same value of - p__ . For cold worked deformed hars,
IS14326-1976 recommends P which is coRfi8erably higher than that recommivended
by equation (17). As curVi¥bre ductility reduces appreciably with an increase
in the ratio of tension steel (Figs. 5 and 6), curvature ductility obtained by adopting
p values as per the existing provision of 15:4326-1976 will be less than 5
for T8 worked deformed bars.

. R Is evident from Figs. 4, 5 and 6 that curvatyre ducﬁllty decreases as
the grade of steel is increased. In an extreme case, if the ratio P_# is taken
as 1.0, equation (17) gives P __ ~ equal to 0.83%, 1.11%, and 1.99% for stee!

of grade Fe 500 and concrete of grade MI15, M20 and M25, respectively, This

is quite a low percentage of steel to provide. Hence, use of steel of grade Fe.

500 should not be allowed in seismic zones IV and V. Grade of steel above Fe
415 is not permitted in some earthquake areas, e.g., California and New Zealand
(Refs. 1, 2 & 9)- :

SUMMARY AND CONCLUSIONS

The provision of IS:4326-1976 on the maximum tension sieel ratio for reinforced
concrete flexural members endeavours to provide curvature ductility of 3, assuming
concrete as ynconfined. However, the method used by the code of ensure curvature

ductility of 5 is incorrect. A procedure is described herein to calculate curvature

ductility as a function of the tension steel ratio. Using this procedure, simpie
empirical expressions are derived for the maximum tension steel ratio,- Prnax’ which

B AN
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‘ensure curvature ductility of 5. 15:4326-1976 recommends about the same value
of p max Jor mild steel reinforcement. However, the code recommends higher

values of Dm ax for cold worked deformed bars, which results in curvature ductility

less than 5. It is also recommended that use of steel reinforcement -of grade
Fe- 300 be not allowed in seismic zones IV and V due to poor curvature ductility.

1.
2,
3.
4.

5.
6.

7

-8

9.

10

APPENDIX 1 : REFERENCES

ACI 318-83, Building Code Requirements for Reinforced Concrete, American
Concrete Institute, Detroit, USA.

Key, D.E., 1988, Earthquake Design Practice for Buildings, Thomas Telford ,
London.

18:4326-1976, Indian Standard Code of Practice for Earthquake Resistant Design .
and Construction of Buildings, BIS, New Delhi.

[5:436~1978, Indian Standard Code of Practice for Plain and Reinforced Concrete,
Bls,'New mlhio

Neville, A.M., 1981, Properties of Concrete, 3/e, Pitman, London.

Park, R. and Paulay, T., 1975, Reinforced Concrate Structures, John Wiley
& Sons, New York,

Park, R, and Paulay, T., 1980, Concrete Structures in Design of Earthquake
Resistant Structures, E. Rosenblueth, Ed., Pentech Press, London.

Rashad, G.E., Medhekar, M.S. .and S.K. Jain, 1990, Suggested Reinforced
Requirements for Flexural Members in I5:4326, Paper accepted for the Ninth
Symposium on Earthquake Engineering, Roorkee, December 14-16.

SEAQC, 1973, ‘Recommended Lateral Force Requirements and Commentary,

Seismology Committee, Structural Engineers Association of California, S5an
Francisco.

SP:22(S & T)-1982, Explanatory Handbook on Codes for Earthquake Engineering,
I5:1893-1975 & 15:4326-1976, BIS, New Dehi.

APPENDIX N : LIST OF SYMBOLS

= constants in linear regression analysis §
= breadth of member ;

i

total compressive force on section §

effective depth of member ;
eifective cover to compression steel 3

elastic modulus of steel ;
= characteristic strength of concrete cube ;

= average stress in concrete at ultimate strength of section 3
= compressive strength of concrete cylinder ;
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= stress in compression steei 3

= yield stress of steel ; .

= non-dimensional depth of neutral axis at yield 3

= ratio d'/d j

= non-dimensional depth of neutral axis at ultimate 3 .
= tensile force on section

= coefficient of quadratic ;‘

= average stress factor for compressive stress block ;
= coefficient of quadratic ;

= lateral deflection of structure at ultimate condition j ‘
= lateral deflection of structure at first yield 3

= coefficient of quadratic '

= strain in extreme compression fiber of concrete ;

= crushing strain of concrete (= 0.0035) 3

= strain in concrete when its stress strain curve changes from parabolic

‘to linear (= 0.0020) 3
= strain in tension steel at ultimate strength of section ;
s yield strain of steel (= fyIEs) 3
= curvature at ultimate strength of section ;
= curvature of section at yield of tension steel ;
= displacement ductility factor
= tension steel ratio
2 compression steel ratio ;
= maximum permissible tension steel ratio for curvature ductility of 5.

é

&
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