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SYNOPSIS

15:4326-1976 provisions for reinforced concrete flexural members are
reviewed. The minimum reinforcement requirement of the code is inadegquate
and needs revislon. Expressions are given for maximum reinforcement that
engure member ductility of 5. Suggestions are given for shear design of
flexural members. An approximate method is given to compute plastic
moment capacity.

INTRODUCTION

An earthquake resistant structure should be ductile. During a severe
earthquake, it should be capable of undergoing inelastic deformations.
Such structures are gubjected to less earthquake force and they dissipate
seismic energy more efficiently. A structure can be ductile only if its
constituent members are ductlle. Thils requirea certaln restfictions to be
imposed on the provision of reinforcement in the members. Hence,
15:4326-1976 (6) provides gpecifications for provision of reinforcement
in flexural members. Many of these provisions are either incomplete or
are based on assumptions Ehat are not consgistent with [5:456-1978 (7). In

this paper, proposals on these requirements are put forward.
MATERIAL SPECIFICATIONS

15:4326-1976 doea not specify the ﬁlnimum grade of concrete to be
uged for flexural members. Hence, asg per i5:456—1978, the minimum grade
of concrete shall be M15 (cube strength, fck’ as 15 MPa). As a high grade
of concrete imparts greater ductility to the member, ACI and UBC codes
(1, 13) apecify that concrete having cylinder ~trength, fcp' of 3000 psi

(equivalent fck = 26 MPa) and above be used in 2zones of high seismic
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risk. Taking Indian conditiona into conaideration, the minimum grade of
concrete may be specified as M20 for seismic zones IV and V. A high yield
atrength of ateel significantly reduces the member ductility. Hence, it
is recommended that the uge of steel reinfofcement of grade Fe 500 (yleld

strength, fy, ag 500 MPa) be not allowed in seismic zones IV and V.

MINIMUM FLEXURAL REINFORCEMENT

I5:4326-1976 requires that at least two bars be provided, at the top
and bottom, throughout the length of the member. The steel ratio, &, on
either face, should be greater than 0.06 fck/fy' This requirement is
based on the consideration that tension reinforcement must not fracture
before the crushing strain of concrete is reached (3). This rquires the

non—-dimenalonal depth of the neutral axia, Ku, to be

“eu
Kuz:__'_'*“—"‘_-;h-?— (1)
(G5 h
where B is the crushing strain of concrete and €y ig the strain at

whlch steel begins to gtrain harden. This gives the minimum relnforcement

ratio for a gingly reinforced section as

£ f
w cu 1 cu
e = _ ; (2)
min L B o + £ J ¢
Yy
where Ecu is the average concrete gstreass at the ultimate condition. The
value of 0.06 f I ig basgsed on ¢ = 0.003, &, = 0.024, f = 0.7 13
ck’ "y cu h cu cp
and f = 0.785 £ . However, per 15:456-1978, =« = 0.0035 and f =
cp ck cu cu
0.81 fcp' Further, the value of Eh varies from 0.015 to 0.030 (3). Taking
& = 0.0035, f = 0.81 ¢ and f = 0.80 f (8), the minimum
cu cu cp cp ck
reinforcement ratio, p_. , works out asg 0.12 £ _ /f for £ = 0.015; and
min ck’ "y h
as 0.07 fck/fy for sh = 0.030.

Another criterion is algo used to decide the minimum reinforcement.
The flexural strength of the member with minimum tension reinforcement
must be greater than the bending moment required to c¢rack the member,
conaldering it as a plalin concrete beam (2, 12, 14). Taking the modulus
of rupture, fcr’ as 0.7 f?:; and the ratio of effective to overall depth
as 0.90, the minimum reinforcement ratio for rectangular beams varies
from 0.67/fy to 1.08/6y for concrete grade varying from M15 to M40,
respectively. IS:456-1978 specifies this ratio as 0.85/fy. However, most
beams in monolithic reinforced concrete gstructures behave as T beams. For

such beams, with flange in compression, the minimum reinforcement ratio
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varies from 1.D/fy to 1.7/fy for concrete grade varying from M15 to M4O,

regspectively.

The minimum reinforcement ratio, obtained by both the criteria

mentloned above, ls directly proportional to the ratio As per

fck/fy.
I15:456-1978 the mean strength of concrete, fm' ig given as fck + 468 @
Here & is the standard deviation, which varies from 3.5 for lM15 concrete
to 6.6 for MAD concrete, for good degree of control (11); and is even
higher for fglr degree of control. Thus, concrete on agite will  have
strength appreciably greater than fck' Steel, however, doeas not show much
standard deviation in strength. Therefore, the strength of concrete wused
in caleulating the minimum reinforcement should be taken greater than the
characteristic value. Taking all these factors into consideration, the
minimum steel provision in 15:456-1978 and 15:4326-1976 needs to be

revised.

MAXIMUM FLEXURAL REINFORCEMENT
15:4326-1976 stipulates that the maximum tensile steel ratio, A rnax’

on any face, at any section, must not exceed B + 0.19 for mild

fck/fy
steel reinforcement; and pc + 0.15 fck/fy for cold worked deformed bars;
where Ao is the steel ratio on the_compression face. These expressio§s
are meant to ensure member ductility of 5 (10). They are obtained by
ensuring that sgtrain in tension steel is 55y when concrete reachses its
crushing strain; where Ey ig the yield strain of steel. However, this
does not ensure rotational ductility of 5 for the member because the
.entire expression for rotational ductility, ¢u/¢y, is not set equal to 5;
where ¢u is the deformation at ultimate and ¢y ig the deformation at

yield.

A study has been carried out to estimate the maximum ratio of

tengion steel that imparts rotational ductility (¢U/¢y) of 5 -to the
e

flexural member. On the basis of thies study , the authors suggest the
following expression for B e
s = P + Q-00071 fck (for fy = 250 MPa)
- — = B.75 #, * b.00034 fck { for fy = 415 HMPa) €32
P oast & 0:55 B, 0.00024 fck (for fy = 500 MPa)
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COMPRESSION REINFORCEHENf

ACI code specifies that the positive moment capacity at a joint face
must be at least one half of the negative moment capaclity at that jolnt
face. Thia Is to cater for moment reversal. This ¢laugse may also be

gpecified in IS:4326.

SHEAR REINFORCEMENT

The clause for shear reinforcement for flexural members (¢l.7.2.5)
in 15:4326-1976 reads: "The web reinforcement in the form of vertical
atirrups shall be provided so as to develop the vertical ghears resulting
from all ultimate vertical loads acting on the bgam plus those which .can
- be produced by the plastic moment capacities at the ends of the beam.
The spacing of the stirrups shall not exceed d/4 in a length equal to 2d
near each end of the beam and d/2 in the remalining length.” Note that the
clause neither defines the term 'plastic moment capacity’ nor gives a

method for its calculation.

The maximum shear force developed in a flexural member ig directly
proportional to the plastic moment capacity at its ends. The maximum
probable plastic moment capacity, due to material gtrength being larger
than that specified, must be used for calculation of the deslign shear
force. The tension steel may also strain harden during a severe
earthquake. Considering these factors, it is suggested that the plastic

moment capacity be calculated using:

(a) The partial safety factor for material strength, g ag 1.0 for

steel and 1.3 for concrete €123

(b) The characteristic strese strain curve of steel be ugsed up to the
yield strain, Ey' Beyond the yield strain, the stress in the tension
ateel be taken as 1.25 fy while that in compression steel be taken as fy

only.

Also, the ultimate vertical load for calculating the deaslgn shear

force be taken as 1.2 times the asum of dead and live loads on the span.

The resulting formulation for plastic moment capacity of doubly
reinforced sections involves quadratic equat_ons and is not suitable for
design office application. Hence, approximate methods are wused to

egtimate the plastic moment capacity. Refg. 4, 5) neglect the
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compression steel while calculating the plastic moment capacity of doubly
reinforced sections. The resulting plastic moment capacity is then
increasged by 5 percent to account for compression steel. This method
gives reasonable results only for sections having a low percentage of
tengsion steel. Therefore, the following alternative method has been

developed to calculate the plastic:moment capacity.

Singly Reinforced Section
The plastic moment capacity i=s given by

M

—pf =1.25 £ P (1.0 - 0.416 Ku) (4)

bd
where Pt = ratlo of tenelon steel (Ast/bd); b = breadth of member; d =

t

effective depth of member; and Ku = non-dimensional depth of neutral

1.25 £ B,
Ku =-[-—-——-——Y C(5)

0.4172 fck

axis, which lg given by

Doubly Reinforced Section

Let Pt be the tenslon asteel ratio (Astjbd) for a singly reinforced

b
balanced section as per provisions of I5:456-1978. Similarly, let Pcb be

the compresgsion steel ratio (Asc/bd) for a doubly reinforced balanced

section as per 15:456-1978 for a tension steel ratio of Pt. If the

tension steel ratic of the section, Pt’ ig less than Ptb’ the section is

under-reinforced, irrespective of the compression steel ratio present.

For a section that has tensgion steel ratio, Pt' greater than be’ if the
compression ateel ratio, Pc, ig greater than ?cb' the section is

under-reinforced; otherwise it is over-reinforced. Let the total tension

ateel ratio, P congist of two parts, P and P Here, ig asasumed

= til 2" PtZ

to balance the force due to the compression steel only and Ptl is equal

to the difference of Pt and PtZ' Further, let the plastic¢ moment

capacity, Hp, be comprised of two parts, le (due to <concrete and Ptl)
and sz (due to Pc and Ptz). The following two cases arise depending on

whether the section is under-reinforced or over-reinforced.

Case I Under-Reinforced Section

Ci) Obtain fsc from Table 1. Stresa values In Table 1 have been
obtained by multiplying stress values of Table F of SP:16 by 1.15 to make
the partial safety factor for material strength of compression steel as

1.0 against 0.87.
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fsc Pc
(ii) Find Pt2 = —_—_— (6)
1:25 ¥
. h'j -
If Ptz is greater than Pt' set Pt2 = Pt.
(iii) Calculate Ptl = Pt - Pt2
(iv) Obtain Mp1 from Eq. (4) by substituting Ptl ag P

(v) Obtain Hp

-
from the following

2
H ’
% - o=z ]
— = 1.25 £ P 1.0 = = 7y
bdz ¥ EZ d
v M =M + M ’ : 8
(v P pl p2 (8)
Case I1I Over-Reinforced Section ‘
i) Obtain le from Eq. (4) by substituting Ptb as Pt'
(ii) Obtain sz from the following
p2 _ _d
o il "R [ 1.0 - 3 ] (9)

bd
where fsc is taken from Table 1.

iii) M =M
Ciidi) ”

+ MpZ

pl

A parametric study has indlcafed that the approximate method
underestimates the plastic moment capacity of sections that have tension
steel ratio less than Ptb’ by not 'more than 5 percent. For doubly
reinforced sections that are under-reinforced as per 1S:456-1978, the
approximate method underestimates the plastic moment capaclity by a
maximum of 2.5 percent. For doubly reinforced sections that ~are
over-reinforced as per 15:456-1978, the approximate method may
underestimate the plastic moment capacity by a maximum of 17 percent.
However, such sections are not to be used in aseismic design due to their

poor ductility.

SUMMARY AND CONCLUSIONS

The sgpecificationa of 15:4326-1976 for flexural members are
reviewed. It is'proposed that for sgelsmic zones IV and V, the minimum
grade of concrete be specified as M20 while use of grade Fe 500 steel be
notlallowed. The provisions on minimum flexural reinforcement specified
by 1S:4326-1976 and 1S5:456-1978 need to be revised. The maximum flexural
reinforcement must ensure member rotational ductility of at 1least 5.
Based on this criterion, simple expressions for maximum flexural
reinforcement are proposed. Provisions of 1S5:4326-1976 for shear design

are incomplete. It is asuggested that the plastic moment capacity be
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calculated by assuming partial safety factors for material strength as

1.0 and 1.3 for s&8teel and concrete, regpectively; and sastress in the

tension reinforcement as 1.25 fy on yielding. The ultimate vertical 1load

for calculation of degign shear force may be taken as 1.2 times the sum

of dead and live loads on the span. An approximate method is developed to

calculate plastic moment capacity based on the above parameters.

Y

10.

1 s

12.

13,

14.

REFERENCES

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

ACI 318 - 83 R, Commentary on Building Code Requirements for
Reinforced Concrete, American Concrete Institute, Detroit, USA.
Blume, J. A., N. M. Newmark and L. H. Corning, 1961, Design of
Multistorey Reinforced Concrete Buildings for Earthquake Motions,
Portland Cement Association, Skokie, Illinois, USA.

Department of the Army, the Navy, and the Air Force, Seismic Design
for Buildings, Tech. Manual No. 5-809-10, Washington, D. C., USA.
Derecho, A. T., M. Fintel and 8. K. Ghosh, 1985, Earthquake Rgsistant
Structures; in Handbook of Concrete Engineering, M. Fintel, Ed., Van
Nostrand Reinhold, New York.

I5: 4326 - 1976, Indian Standard Code of Practice fdr Earthgquake
Resistant Design and Construction of Buildings, BIS, N. Delhi.

I5: 456 - 1978, Indian Standard Code of Practice for Plain and
Reinforced Concrete, BIS, N. Delhi.

Neville, A. M., 1981, Properties of Concrete, 3/e, Pitman, London.
S5P:16 (S & T) - 1980, Design Aids for Reinforced Concrete to IS:456 -
1978, BIS, N. Delhi.

SP:22 (5 & T) - 1982, Explanatory Handbook on Codes for Earthquake
Engineering, IS: 1893 - 1975 & IS: 4326 - 1976, BIS, N. Delhi.

SP:23 (5 &4 T) - 1982, Handbook on Concrete Mixes (Based on Indian
Standards), BIS, N. Delhi.

SP:24 - 1983, Explanatory Handbook on Indian Standard Code of
Practice for Plain and Reinforced Concrete (IS:456 - 1978), BIS, N.
Delhi.

Uniform Building Code, 1988 edition, International Conference of
Building Officials, Whittier, USA.

Wang, C. K. and Salmon, C. G., 1985, Reinforced Concrete Design, 4/e,

Harper and Row publishera, New York.

4-135



TABLE 1: Stress in Compression
*

Reinforced Section

Reinforcement, fsc(N/mmZJ, for a Doubly

3 5
(N/mmz) 0.05 0.10 0.15 0.20
250 250 250 250 250
415 408 406 393 378
500 488 474 454 426
* To be used in the approximate method for calculating

capacity.
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