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Limit State Method

Limit State Method

Limit state method

The acceptable limit of safety and serviceability requirements before failure occurs is called a
limit state. A limit state is a state of impending failure, beyond which a structure ceases to

perform its intended function satisfactorily, i.e. it either collapses or becomes unserviceable.

In the concept of limit state, the structure shall be designed to withstand all loads liable to act on
it throughout its life. It shall also satisfy the serviceability requirements such as limitations on
deflection and cracking, etc. The aim of the design is to achieve acceptable probabilities that the
structure will not become unfit for use for which it is intended, i.e. it will not reach its limit state
during its design life period. All the relevant limit states shall be considered in the design. In
general, the structure shall be designed for most critical limit state and checked for all other limit

states.

To ensure the above objective, the design should be based on the characteristic values of the
material strengths and applied loads, which take into account the variations in the material
strengths and in the loads to be supported. The characteristic values should be based on statistical
data if available, where such data are not available, they should be based on experience. The
design values are derived from the characteristic values through the use of partial safety factors,

one for material and the other for loads.
Types of limit states:

1. Limit state of collapse

Limit state of collapse in flexure

o &

Limit state of collapse in compression

Limit state of collapse in compression and uniaxial bending

o o

Limit state of collapse in compression and biaxial bending

®

Limit state of collapse in shear
f. Limit state of collapse in torsion
g. Limit state of collapse in tension

2. Limit state of serviceability
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Limit State Method

a. Limit state of deflection
b. Limit state of cracking

c. Limit state of vibration, fire resistance, durability, etc.

Limit state of collapse

The limit state of collapse of the structure or part of the structure could be assessed from rupture
of one or more critical sections and from buckling due to elastic or plastic instability (including
the effects of sway where appropriate) or overturning. The resistance to bending, shear, torsion
and axial loads at every section shall not be less than the appropriate value at that section
produced by the probable most unfavourable combination of loads on the structure using the
appropriate partial safety factors.

Limit state of serviceability

Limit state of serviceability relates to the performance or behavior of structure at working loads.
To satisfy the limit state of serviceability the deflection and cracking shall not be excessive.
Durability is taken care of by prescribing appropriate grade of concrete, nominal cover for
various exposure conditions, cement content etc.

a. Limit state of deflection

The deflection of a structure or parts thereof shall not adversely affect the appearance or
efficiency of the structure or finishes or partitions. This has been dealt with in Cl. 23.2 (Page 37)
of IS 456: 2000.

b. Limit state of cracking

Cracking of concrete should not adversely affect the appearance or durability of the structure; the
acceptable limits of cracking would vary with the type of structure and environment. The surface
width of the cracks should not, in general, exceed 0.3 mm in members where cracking is not
harmful and does not have any serious adverse effects upon the preservation of reinforcing steel
nor upon the durability of the structures.

In members where cracking in the tensile zone is harmful either because they are exposed to the
effects of the weather or continuously exposed to moisture or in contact soil or ground water, an
upper limit of 0.2 mm is suggested for the maximum width of cracks. For particularly aggressive
environment, such as the 'severe' category in Table 3, the assessed surface width of cracks should

not in general, exceed 0.1 mm.

Dr. Santosh Kumar Nayak 2



Limit State Method

Where specific attention is required to limit the designed crack width to a particular value, crack
width calculation may be done using formula given in Annex F.

Characteristic Strength of Materials (Cl. 36.1, Page 67)

The term 'characteristic strength' means that value of the strength of the material below which
not more than 5 percent of the test results are expected to fall. This implies that there is only 5%
probability or chance of actual strength being less than the characteristic strength. In other words
characteristic strength has 95% reliability.

Characteristic strength of concrete (Table 2, Page 16)

Characteristic strength of concrete is denoted by f (N/mm?). The characteristic strength of
various grades of concrete is given in Table 2, IS 456: 2000 (Page 16). The symbol M, in the
designation of concrete mix, refers to the mix and the number specifies the compressive strength

of 150 mm size cube at 28 days expressed in N/mm?.

Table 2 Grades of Concrete
(Claiuse 6.1,9.2.2, 15.1.1 and 36.1 )

Group Grade Designation  Specified Characteristic

Compressive Strongth of
150 mm Cube ot 28 Days in
N/mm?
)] 2) )]
Ordinary M 10 10 NOTES
Concrete M1s . 15 1 In the designation of concrete mix M refers to the mix and the
M 20 20 number to the specified compressive strength of 150 mm size
cube ot 28 days, expretsed in N/mm?.
Concrete uﬁ i‘; 2 For concrete of compressive strength greater than M 55, design
M 35 3 given in the standard may not be applicable and the
M 40 0 values may be obtained from specialized literatures and
M 45 45 experimental results,
M 50 50
M55 55
High M 60 60
Strength M 65 65
Concrete M70 70
M75 75
MB0 80

Characteristic strength of steel

Until the relevant Indian Standard Specifications for reinforcing steel are modified to include the
concept of characteristic strength, the characteristic value shall be assumed as the minimum yield
stress/0.2 percent proof stress specified in the relevant Indian Standard Specifications. The

characteristic strength of steel is designated by symbol fy, (N/mm?).
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Characteristic Loads (CI. 36.2, Page 67)

The term ‘characteristic load' means that value of load which has a 95 percent probability of not
being exceeded during the life of the structure. Since data are not available to express loads in
statistical terms, for the purpose of this standard, dead loads given in IS: 875 (Part 1).imposed
loads given in IS: 875 (Part2), wind loads given in 1S: 875 (Part 3), snow load as given in IS: 875
(Part 4) and seismic forces given in 1S: 1893 shall be assumed as the characteristic loads.

Design Strength of Materials (Cl. 36.1, Page 67)
The design strength of the materials is given by

where

fq = characteristic strength of the material and

ym = partial safety factor appropriate to the material and the limit state being considered.
Design Loads (36.3.2, Page 68)
The design load, Fq is given by

Fs =Fy;

where

F = characteristic load (see 36.2).and

v = partial safety factor appropriate to the nature of loading and

the limit state being considered.
Partial Safety Factor ym for Material Strength (Cl. 36.4.2, Page 68)

When assessing the strength of a structure or structural member for the limit stale of collapse, the
values of partial safety factor, ym should be taken as 1.5 for concrete and 1.15 for steel. A higher
value of partial factor of safety (ym = 1.5) for concrete has been adopted because there is greater
chance of variation of strength of concrete due to improper compaction, inadequate curing,
improper batching and mixing and variation in properties of ingredients. The chances of
variation in the strength of reinforcement are known to be small and hence a lower value (ym =
1.15) has been adopted. It should be noted that ym values are already incorporated in the

equations and tables given in IS 456: 200 for the limit state design.
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Partial Safety Factor s for Loads (Cl. 36.4.2, Page 68)

The partial factor of safety (yr) for loads are given in Table 18 of IS 456: 200 (Page 68) shall
normally be used.

Table 18 Values of Partial Safety Factor v, for Loads
(Clauses 18.2.3.1, 36.4.1 and B-4.3)

Load Combination Limit State of Collapse Limit States of
DL iL WL DL IL WL
) 2) &) ) 3 ©) M
————
DL +IL 1.5 1.0 1.0 Lo -
DL+ WL 1501 - 1.5 1.0 - 1.0
20"
DL +IL + WL 1.2 1.0 08 08
NOTES

1  While considering earthquake effects, substitute EL for WL

2 Forthe limit states of serviceability, the values of ¥, given in this table are applicable for short term effects. While nssessing the
long term effects due 1o creep the dead load and that part of the live load likely to be permanent may only be considered.

" This value is 10 be considered when stability against overturning or stress reversal is critical.

The factored load, shear, moment and axial load, etc. in limit state design will be 1.5 times the
corresponding value for elastic design (working stress method of design). The respective values

of dead load and live loads are w, =1.5w, W, =1.5W, M, =15M,V, =15/, P, =15P

Idealized stress — strain curve for concrete (Fig. 21, Page 69)

The compressive stress of concrete in the actual structure is assumed to be 0.67 fy. The factor 0.67 is
introduced to account for the size effect based on the assumption that the concrete in the structure
develops a strength of only 0.67 times the strength of the cube. The partial factor of safety ym = 1.5 is
applied in addition to this. Thus, the design curve is obtained as shown in the figure. Thus, the
maximum compressive stress in concrete for design purpose is equal to 0.45 fu. It is to be noted
that each curve is parabolic in the initial portion upto a strain of 0.002. At a strain of 0.002 (0.2% strain),
the stress remains constant with increasing load, until a strain of 0.35% is reached, when the

concrete is said to have failed.
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| fek
Parabolic 1
\ L Idealised curve for
concrete in cube

.l 0.67 fek
T T_Idﬂa]ised curve for
p coni‘.:rete m structire
3 - 0.67 fek/ 7y
[l =
Design curve = 0.446 fol == 0.45 ok
|
I
|
|
1 |
0.001 0.002 0.0030 0.0035

Strain —»

Fig. Stres - strain curve for concrete

Idealized stress — strain curve for steel (Fig. 23A & B, Page 70)

r Characteristic curve
7 y 7, 1
T e Ffyl11s
Design curve
o = 0.87f,,
o
& = -
@h Es= 200000 N/mm
E Strain —»

Fig. Steel bar with definite vield point

Idealized stress-strain curve of mild steel and cold-worked deformed bars (Fe 415 and Fe 500) as

recommended by IS 456: 2000 is reproduced in Fig. xxxxx. The modulus of elasticity of all types
of reinforcing steel, E | taken as 2 x 10° N/mm?. The stress-strain relationship for steel in tension

and compression is assumed to be the same.
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For mild steel the stress is proportional to the strain upto yield point and thereafter the strain

increases at a constant stress of f,. The design yield stress of steel is equal to f, /y, . With

7. =1.15, the design yield stress becomes 0.87f, .
For cold-worked bars (Fe 415 and Fe 500 HYSD bars), there is no definite yield point; hence

yield stress is taken as 0.2% proof stress. The stress-strain curve is linear upto a stress of 0.8f,

and the strains are elastic. Thereafter the stress-strain curves are defined as given below.

% 5 Charactenistic curve
0.95 L E == T Iy
0.90%

0.85 4y fylias
0.80 4. _
i Design curve 0'87f1‘
v
w
@
&
& 2
Es= 200000 N/mm
I
i
¥ ) MRS
0.0001 0.002 0.004
% (())%%‘% 0.001 *0.003 Stram

Fig. Cold worked deformed bar

Stress Inelastic strain Stress Inelastic strain
0.8f, Nil 0.95f, 0.0007

0.85f, 0.0001 0.975f, 0.001

0.9f, 0.0003 1.0f, 0.002

To find out the stress for a given strain value, a stress-strain graph shall be drawn using the

values in the table. For plotting the graph, stress-strain relation may be assumed to be linear

between above defined points.
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Example: For Fe 415 grade steel,

0.8f
At 0.8fy, the strain will be = Y = 0.28x14(1)1_5 = 0.00166 (Elastic strain) .
X

At 0.85f,, the strain will be = %(elastic) +0.0001 (inelastic) = 0.00186
X

For the given strain, now the stress can be found from the graph.
The design stress-strain curve can be similarly obtained by substituting fyq for fy.

For Fe 415 grade of steel,

0.85f, 0.85x415
Vi 1.15

Stress level 0.85fyq, Design stress = =306.7 N /mm?and

306.7
2x10°

0.9f, 0.9x415
Vi 1.15

Strain=

(elastic) + 0.0001(inelastic) = 0.00163

Stress level 0.9f,q, Design stress = =324.8N /mm?and

Strain= 2324'8 (elastic) + 0.0003 (inelastic) = 0.00192

x10°
The salient points of design stress-strain curve for two types of cold-worked steel (Fe 415 and Fe

500) are given in table.

Stress level Fe 415 steel: f, = 415N /mm? Fe 500 steel: f, =500N /mm?
Strain Stress (N/mm?) Strain Stress (N/mm?)
0.8f, 0.00144 288.7 0.00174 347.8
0.85f 0.00163 306.7 0.00195 369.6
0.9f, 0.00192 324.8 0.00226 391.3
0.95f 0.00241 342.8 0.00277 413.0
0.975f, 0.00276 351.8 0.00312 423.9
1.0f,, 0.00380 360.9 0.00417 434.8

Limit State of Collapse: Flexure
Assumptions:

Design for the limit state of collapse in flexure shall be based on the assumptions given below:
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a)
b)

c)

d)

Plane sections normal to the axis remain plane after bending.

The maximum strain in concrete at the outermost compression fibr is taken as 0.0035 in
bending.
The relationship between the compressive stress distribution in concrete and the strain in

concrete may be assumed to be rectangle, trapezoid, parabola or any other shape which
results in prediction of strength in substantial agreement with the results of test. An
acceptable stress-strain curve is given in Fig. 21 (Cl. 38.1, Page 69). For design purposes,
the compressive strength of concrete in the structure shall be assumed to be 0.67times the
characteristic strength. The partial safety factor y = 1.5 shall be applied in addition to this.
The tensile strength of the concrete is ignored.

The stresses in the reinforcement are derived from representative stress-strain curve for
the type of steel used. Typical curves are given in Fig. 23 (Cl. 38.1, Page 70). For design
purposes the partial safety factor ym equal to 1.15 shall be applied.

The maximum strain in the tension reinforcement in the section at failure shall not be less

than:

fy
+0.002
1.15E,
where f, = Characteristic strength of steel, and
E. = Modulus of elasticity of steel

This assumption is intended to ensure ductile failure, that is, the tensile reinforcement has to

undergo a certain degree of inelastic deformation before the concrete fails in compression.

Stress block parameters and depth of neutral axis:

IS 456: 2000 recommends the flexural compressive strength of concrete equal to 0.67f« with a

partial factor of safety ym = 1.5 applied over it. The corresponding stress-strain diagram is shown

in the Fig. xx.

Fig. yyy shows the single reinforced beam section, strain variation and stress variation across

the depth of the section.

Strain in the concrete is proportional to the distance from neutral axis.

OC «x 0.002

1
OD x, 0.0035
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Depth of parabolic portion, OC =x, = ;xu

CD=x,=0C -0D = X, —;xu

u

Depth of rectangular portion, x, = ;X

T Stress (N/mm’)

(0.001 0.00135

Fig. Design stress-strain curve for concrete

Area of rectangular portion, ABCD of the stress block,
A;zgxux0446hk=019fW&

Area of parabolic portion, OAD of the stress block,
A2=§x;xuxammnk=017nﬂu

Total area of the stress block, A=0.17f,x, +0.19f,x,
=0.36f, X,

Centroid of the stress block from extreme compression fibre,

AX + AX,

Y=77A
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_ 2 0.42x,
0.36

0.446 fok

—

B
F o4,

-—r T

J * Cy= 036 fok xy b

— T, =087f, 4,

(b) Strain diagram (c) Stress diagram

Fig. stres-strain variation across section

Provision of IS 56: 2000 requires that maximum strain in steel should not be less than

Oéﬁ + 0.002. This limits depth of neutral axis.

S

From the strain diagram,

XU,ITBX _ gcu
d- Xu,rmx - &g
A 0.0035
d - 0.87f
fatEu 00035+ ¥ +0.002
Xom  0.0035E,

d  0.0055E, +0.87f,

Substituting the value of E, =2x10° N/mm?,
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Xy, mex 700

we get =
d  1100+0.87f,

The values of limiting depth of neutral axis for various grades of steel are as given in the table.

Grade of steel Fe 250 Fe 415 Fe 500 Fe 550
Strain at failure (gsu) 0.0031 0.0038 0.042 0.0044
X, mex 0.53 0.48 0.46 0.44

d

Modes of failure and types of section:
Based on extensive test results, maximum strain criteria have been accepted as the failure criteria

for a reinforced concrete member in flexure. A reinforced concrete member is assumed to have

failed if the strain, &_in extreme compression fibre reaches ultimate value ofe_, (= 0.0035) . At
this stage, the actual strain (g,)in steel can have three possible values which decides the nature

of the section.

Eoy = 00035 Een = 0.0035 Ecw=0.0035

"Under-reinforcd M. A :“

Ez 4 .
= lim Es > Extim £s< Eslim

(2} Balaanced section (b} Under-reinforced section (c) Over-renforced section

Fig. Strain diagrams

a) Balanced section: Actual strain &, in steel is equal to failure strain or ultimate strain &,
of steel, i.e., & = & i

b) Under-reinforced section: Actual strain & in steel is more than failure strain or ultimate

strain &, of steel, i.e., &, > ¢

s,lim*
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c) Over-reinforced section: Actual strain ¢, in steel is less than failure strain or ultimate

strain £, of steel, i.e.,, &, <¢

s,lim*

DU—

Es > Exlim

(b) Under-reinforced section

Eep = 00035

1

Es< Es lim

(c) Over-remforced section
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Een = 0.0035
]

Under-remnforced N. A

Balanced N. A ---------

Oer-remforced W. A

I

Es< Eslim

£z lim

E5 = ES:H.'III.

Singly reinforced rectangular section

A singly reinforced rectangular beam section with strain diagram and stress diagram are shown

in the Figure . The formulae are derived by the assumptions as in limit state method.

5 | 0.0035 0.446 fok

-
i 2 J Cu=0.36 fok xu &
d - e —_—— P P .

-=—— Tension zone

L
© e o T, = 0.87f, 4,
0.87f,
— +0.002
ES-
Fig. Singly reinforced beam
Neutral axis:

Total compressive force on the section, C, =0.36f, x b

Total tensile force on the section, T, = 0.87f A,

For equilibrium of the section, C,=T,
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0.36 f, x,b=0.87f A,

_087f,A,

X, = ——— 5t 1
“ 7 0.36f,b @

The value of the depth of neutral axis, x,as obtained from the above equation should not exceed

X, mex TOF @ given section. If x, > x the depth of neutral axis shall be taken as x, ., -

u,max ?

Lever arm, z=d-0.42x,

Moment of resistance:
1) For balanced section,

Moment of resistance = total compression x lever arm
= total tension x lever arm
Considering compressive force (under-reinforced and balanced section),

M, =0.36 f, x, b(d —0.42x,)
M, =0.36 f, );—”(1—0.42);—“) bd? @)

For limiting value of neutral axis, substituting x, . for x,and M for M

u,lim u,lim?

Xurmx XUTTB.X
we have M, im = 0.36 fg J (1—0.42 | ]bd2
:Qlim bd?
where
Q _Mu,lim
lim— bdz
=0.36 f Xo o 1 042)(“'rrax
=00 ta 0 ®3)

Q,im IS known as moment of resistance factor for balanced rectangular section.
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Limiting moment of resistance factor for various grades of material

fo, N/mm? f,, N/mm?

250 415 500 550
20 2.96 2.76 2.66 2.58
25 3.70 3.45 3.33 3.23
30 4.44 4.14 3.99 3.87

2) For under-reinforced section
Moment of resistance, M, = 0.87 f, A, (d —0.42x,)

0.87f, A,

Substituting the value of x, =
0.36f, b

0.42x0.87f, Ast}

M, =0.87f, A | d-
“ ’ AS‘( 0.36f, b

_ fy A
=0.87f, Astd(l— kade (4)

Dividing both sides by 0.87f bd?

M AL B A
087 f,bd?  bd |~ f,bd

.I: 2
Substituting A, = P.bd , M, = P} v [ P
100 0.87 f, bd 100) f, \100

f(p Y _(pY_ M
f, \1200) (1200) 0.87f,bd?

which on solving gives
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()

p, =50

i 1

The positive value of the root of the equation will give larger area of steel than p,,,and hence

not considered.

. : . M
From equation (5), for given values of f and f,and for different values of bduz’ the

reinforcement percentage p, can be plotted and tabulated. SP:16 contains chart 1 to 18 and

tables 1 to 4 based on the above equation.

Limiting reinforcement

Substitutin Moim for Mu_in equation (5)
9 ba? " pa? "

For M20 grade of concrete and Fe 415 grade steel

Q _Mu,lim_276
lim— bdz - &

1- 1-4, 276
50 20 = 0.96

415/20

Hence p, =

For different grades of concrete and steel, the values of p,,are tabulated as

Limiting Percentage Of Reinforcement pyim For Singly Reinforced Rectangular Section

Grade of Grade of steel f,, N/mm’
concrete
fo o N / mm? Fe 250 Fe 415 Fe 500 Fe 550
M15 1.32 0.72 0.57 0.50
M20 1.75 0.96 0.76 0.66
M25 2.19 1.20 0.95 0.83
M30 2.63 1.44 1.14 0.99
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Types of problems:

There are three types of problems in singly reinforced beams.

Type I: Determination of moment of resistance of a section.

The moment of resistance of a singly reinforced rectangular section is determined as follows.
1) Determine the depth of neutral axis from the following equation.

x, 087f A

d  036f,bd?
2) Compare this with the limiting depth of neutral axis, x, ., determined from the following

equation.

Xoms« 700
d  1100+0.87f,

X X, L. . ) ) .
If F“< ™ the section is under-reinforced. The moment of resistance is determined from

any of the following formulae.

M, =0.36f, X—“(1—0.42);—UJ bd?

d
f, A
M =087f A d|l1-—2"
u y ASt [ ka de
M, =0.36 f, x, b(d —0.42x,)
X
If );—“= LT the section is balanced. The moment of resistance is determined from the

following formula.

u,lim

Xunax Xurmx 2
Moy =036 fy 02| 1- 04222 | bd

If X > Xo. o

, the section is over-reinforced. The moment of resistance of such section is

limited to M since code has prohibited the use of over-reinforced section.

u,lim
Type Il: Determination of actual stresses in a given section subjected to a given B. M.
This problem will be dealt with a numerical later with example for better clarity of

understanding.
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Type I11: Design a section to resist a given ultimate design moment.

Design of section requires determination of

1. dimension of beam, i.e., width b and effective depth d, and

2. area of steel so as to develop a given moment of resistance.
Ideally, the objective of the designer is to design a balanced section so that the ultimate stresses
in both the materials are developed simultaneously. However such a design may not be
economical. Practical considerations may demand to fix some uniform cross-sectional
dimensions. In such situation, the design may result in a singly reinforced balanced section,
under-reinforced section or doubly reinforced section. However, if the section has to be singly
reinforced, an under-reinforced section is always desirable in limit state method.
The following steps may be followed for the design of beam section.

1. The width is generally decided by the functional architectural requirement of the

building.
2. The depth is then determined by considering the beam as balanced section.
M u
dyoy =
Qlim b

Design of a balanced beam with this depth is hardly possible since it requires a fixed percentage
of reinforcement to be provided for perfectly balanced section. If more area of steel is provided,
the section becomes over-reinforced. Therefore under-reinforced section with larger depth
remains the only option.

3. Assume 5% increase in effective depth for d <500mm (Case 1) and 10% increase in
depth for 500 < d <£1000mm (Case 2).

4. Assume one layer of 20 mm diameter bars for Case 1 and two layers of 20 mm diameter
bars for Case 2.
5. If the clear cover to the reinforcement is 30 mm,
effective cover = 30 + 10 = 40 mm (Casel)
=30 + 20 + 10 = 60 mm (Case2)
6. The overall depth can be obtained as

D=d+40mm (Casel)
=d+60mm (Case2)
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7. The value so obtained shall be rounded upto nearest 25 mm.

8. The revised effective is determined as
d =D-40mm (Casel)
=D -60mm (Case2)

.M : : : .
9. Determine ﬁ p, and A, using the relevant equations for under reinforced section.

1- 1—@x MUZ
f, bd
or

fy/fck

p, =50

M, =0.87f, A, (d-0.42x,)
Also determine the A, ..
10. Select the suitable diameter of bar and numbers such that A, > A, ., and also
Ast < Ast,lim'
Type IV: Given factored moment, My and dimension of section (b x d), determine the area

of reinforcement
The following steps may be followed for the design of beam section.

1. Determine the limiting moment of resistance

M

u,lim

Xurmx Xu max
=0.36 f, 'T(l— 0.42T] bd?

There are three possibilities.
a) If M, =M., it will result a balanced section. The area of steel is found by the

following ways.

Xu,im
M, im = 0.87f, Astd[l—0.42 d' ] or

u,lim
_ T -
1 148, Mo
) 50 f, bd
Jlim =
t fy/fck
20
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by f M,>M it will result in a over-reinforced section. Since, design of over-reinforced

u,lim?
section is prohibited by code; a double reinforced section shall be designed.
c) If M, <M it will result in an under-reinforced section.

u,lim?

f A
M =087f A .d[1-——>1| Or
u VA“( fckde

/ 1
1- 1—‘;'6x:)\:|j“2
°" Or

fy/fck

1- 1—ﬁx M”2
f, bd
bd

p, =50

A, =05
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Numerical
Problem 1.

A rectangular beam of 230 mm wide and 520 mm effective depth is reinforced with 4 -16 mm
diameter bars. Find out the depth of neutral axis and specify the type of beam. The materials are
M20 grade of concrete and HYSD reinforcement of grade Fe 415. Also find out the depth of

neutral axis if the reinforcement is increased to 4-20 mm diameter bars.
Solution:

Case I: A, =4x201=804mm?

Total compression =0.36f, bx, =0.36 x 20x 230 x, =1656 X

u

Total tension =0.87f, A, =0.87x415x804 = 29284 N
Equating 1656 x, = 290284
X, =175.3mm
Limiting value of neutral axis, X, ., =0.48d =0.48x520 =250 mm

X, <X

u u,max

Section is under-reinforced.

Case Il: A, =4x314 =1256mm’

Total compression =0.36f,, bx, =0.36x 20x 230X, = 1656 X

u

Total tension = 0.87f, A, =0.87x415x1256 = 453479 N
Equating 1656 x, = 453479
X, =273.8mm
Limiting value of neutral axis, X, ., =0.48d =0.48x520 =250 mm

X, > X

u u,max

Section is over-reinforced.

Depth of neutral axis, X, = X, =250mm
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Problem 2.

A singly reinforced rectangular beam of width 230 mm wide and 460 mm effective depth is
reinforced with 3-20 mm diameter bars. Find out the factored moment of resistance of the
section. The materials are M20 grade of concrete and HYSD reinforcement of grade Fe 415.
Also find out the factored moment of resistance of the section if the reinforcement is increased to
5-20 mm diameter bars.

Solution:

Case I: A, =3x314 =942mm?
Total compression =0.36f, bx, =0.36x20x 230, =1656 X,
Total tension = 0.87f, A, =0.87x415x 942 = 340109 N
Equating 1656 x, = 340109
X, = 205.4mm
Limiting value of neutral axis, X, ., =0.48d =0.48x460 = 220.8mm
Xy < Xy e
The section is under-reinforced and x, = 205.4mm
Moment of resistance, M, = 0.87 f, A, (d —0.42x,)
= 0.87x 415x942(460— 0.42x 205.4)x10°°
=127.12 kN

Alternatively, M, =0.36f, bx, (d —-0.42 xu)

= 0.36 x 20x 230 x 205.4(460 — 0.42x 205.4)x 10
=127.12 kN

Case II: A, =4x314=1256mm?
Total compression =0.36f, bx, =0.36x20x 230 x, =1656 X,
Total tension = 0.87 f, A, =0.87x415x1256 = 453479 N
Equating 1656 x, = 453479

X, =273.8mm

Dr. Santosh Kumar Nayak 23



Limit State Method

Limiting value of neutral axis, X, ., =0.48d =0.48x460 = 220.8mm

X, > X

u u,max

The section is over-reinforced and x, = X, ., =220.8mm
Moment of resistance, M, =0.36f, bx, (d —0.42x,)

= 0.36x 20x 230 x 220.8(460 — 0.42x 220.8)x10™°
=134.29 kN.m

The actual stress in the steel, f., when the section is subjected to M is determined by

st? u,lim

equating the total tension and total compression.
A, f, =1656X,
1256 f, =1656x 220.8

_ 1656x220.8
T 1256

as against 0.87 f, =0.87x415=361N/mm’

=291.1N/mm?

Problem 3.

A singly reinforced rectangular beam is subjected to a bending moment of 36 kN-m at working
loads. The width of the beam is 200 mm. Find the depth and steel area for balanced section. The

materials are M20 grade of concrete and mild steel reinforcement.
Solution:

Factored moment My = 1.5 x working moment = 15 x 36 = 54 KN.m

For M20 grade of concrete and Fe 250, Q,;,, = 2.96

M 6
d= |- wim =\/ 94x10° 505 mm
Q.. b \2.96x200

For area of steel,

X .
M, i = 0.87 f, A, d(1—0.42 d”“]

54x10° = 0.87 x 250 A, x302(1—0.42x 0.53)

54x10° =57995 A,
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A, =1057mm?

Problem 4.

Design a singly reinforced rectangular beam subjected to an applied factored moment of 120
kN.m. Assume the width of section as 230 mm. The materials are M20 grade of concrete and
HYSD reinforcement of grade Fe 415.

Solution:
M, =120kN.m f, =415N/mm’
b =230mm Qi =2.76
fu =20N/mm? Piim = 0.96
M . 6
Balanced depth of neutral axis, d=_|—4m = \/ 120x10" _ 434.8mm
Qb V2.76x230

Increase the depth by 5% and add 40 mm effective cover.

D =1.05x434.8+40 =496.5mm

Taking D as nearest multiple of 25 mm, D = 500 mm
d =500 — 30(clear cover) -10 (upto centroid of reinforcem ent)

= 460 mm

M,  120x10°

u

bd?  230x 4602

1- 1—ﬁx M"z
f. bd
bd
1- 1= 455047
20 230 460 = 873.96 MM?

415/20

A, =05

A, =05
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Alternatively, p, =50 =0.826

A, =[P \bd = 9825, 530 460 = 873.91mm?
100 100

A jim = [ i‘(’)'gnjbd = %x 230x 460 = 1015.68mm’
Provide 3-20 mm # = 3 x 314 = 942 mm?.
Thus, Agtreqt < At provided < Asttim
Dimension of designed beam bx D = 230mmx500mm
A, =3-20mm#=942mm?
Problem 5.
A rectangular cantilever beam of size 230 mm width and 500 mm effective depth is subjected to
a bending moment of 80 kNm at working loads. Find the steel area required. The materials are

M20 grade of concrete and HYSD reinforcement of grade Fe 415.

Solution:
M, =120kN.m f, =415N/mm’
b =230mm Qim =2.76
f, =20N/mm? Py jim = 0.96

Factored moment, M, =1.5x80 =120kN.m

M, im = Qumbd? = 2.76x 230x 500 x10°°
=158.7kN.m
M u < M u,lim

The beam will be designed as under-reinforced.

Area of steel

Dr. Santosh Kumar Nayak 26



Limit State Method

M, 120x10°

u

bd? ~ 230x500°

p, =50
fy/fck
1—1/1—‘;§x2.09
415/20

A, = (&)bd = 0673 230500 = 773.95mm’

100 100
A tim = Puin 4 = 99 . 930 %500 = 1104mm?
: 100 100

Provide 3-20 mm # = 3 x 314 = 942 mm?
ThUS, Ast,reqd < Ast,provided < Ast,lim

Dimension of designed beam bxd =230 mmx500mm

A, =3—20mm#= 942mm’

S "K‘\"
§ 3-20mm #

[——0
-0,

-—E:'—-r

Beam section
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Problem 6.

A beam of 230 mm width and 400 mm effective depth is reinforced with 3-16 mm ¢ mild steel
bars in tension. Compare both flexural capacities My and the strain in steel when (a) M20 mix is
used and (b) M25 mix is used. Comment on the calculations.

Solution:
3-16mm o f, =20N/mm?
b=230mm f, =25N/mm?
d =400mm f, =250N/mm’

Case I:

Area of steel, A, =3x201=603mm?

Depth of neutral axis  0.36f, x,b=0.87f A
0.36x 20x 230 x, = 0.87x 250x 603
1656x, =131152.5

X, =79.2mm
Limiting depth of neutral axis, X, mx = 0.53xd =0.53x 400 = 212mm
Since, X, < X, » the section is under-reinforced.

Flexural capacity, ~ M, =0.87f, A, (d—0.42x,)

= 0.87x250% 603(400 — 0.42 x 79.2)x10°°

= 48.1kN.m
Strain in concrete = 0.0035
Strain in steel, &, =&y X (d_—x“) = 0.0035x M
X, 79.2
=0.01418
Case II:
Area of steel, A, =3x201=603mm?

Depth of neutral axis  0.36f, x,b=0.87f A

0.36x 25x 230 x, = 0.87x 250x 603
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2070x, =131152.5

X, =63.4mm
Limiting depth of neutral axis, Xy mx = 0.53xd =0.53x400=212mm
Since, X, < X, . » the section is under-reinforced.

Flexural capacity, ~ M, =0.87f, A, (d—0.42x,)

= 0.87x250% 603(400 — 0.42 x63.4)x10°°

= 48.97 kN.m
Strain in concrete = 0.0035
Strain in steel, £, =€, X (d — Xu) — 0.003SxM
Xy 63.4
=0.01858

Comment:
Increase in the moment of resistance due to increase in the grade of concrete,

_48.97-48.1
48.1

Increase in moment of resistance due to increase in the grade of concrete is insignificant.

%100 =1.808%

However, the strain in steel has increased considerably. This results in more ductile section,
which results more deflection before failure.
Problem 7.

A singly reinforced beam of 5 m span is simply supported and carries a characteristic dead load
of 18 kN/m and live load of 12 kN/m in addition to its self weight. Design the beam for flexure
at mid span. Also, find out the section where half the reinforcement can be curtailed

theoretically. The materials are M20 grade concrete and CTD bars of grade Fe 415.

Solution:

Span,l =5m f, =415N/mm’

fu =20N/mm? Qi,=2.76

Assume the width of the beam, b = 230 mm.
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Depth may be assumed to be % to %of span, say D = 600 mm.

Load calculation:
Dead load = 18 kN/m
Live load =12 kN/m
Self weight = 0.23x0.6x25=4kN/m
Total load = 34 kN/m

2
Maximum bending moment, M = 34;5 =106.25kN.m

Factored moment, M, =1.5x106.25=159.375kN.m

Assuming one layer of 20 mm # bars

d= D—30(cover)—g
= 600—30—%=560mm

M, 159.375x10°

u

bd?2  230x5602

1- 1—ﬁx M”2
f, bd
Area of steel, A, =05 bd
1—,/1—4—'6x 2.21
=05 20 230560

415/20

=221<2.76

The section is under-reinforced.

=027.32mm?

1- 1-%%xq,,
fck
50

Limiting percentage of steel, p,,, =
' fy/fck
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1- [1- 46 076
_50 20 =0.96

415/20
A i = Puim 4 2 996 5304560 = 1236.48mm?
: 100 100

Provide 2-20 mm # + 2-16 mm # = 2(314+201) = 1030 mm?

ThUS, Ast,reqd < Ast,provided < Ast,lim (Ok)

Hanger bhars

Stirrup/shear

DeEE L ai reinforcement
Effective depth =4 Longitudinal/main
remforcement
MNominal Cover - f
f——

Half the bars are required to be curtailed.
A, (remaining) = ? =515mm?

100x Ast,remaining _ 100x 515

P = bd ~ 230x560
- fote M,
f. bd
So, 0.4=50
415/20

04x415 _, [ _ M,
50x20 " hd?
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1-0.23 t!\iljuz =1-0.166 = 0.834

_ 2
|\/|u2 _1-0834° oo
bd 0.23

M, =1.3237x230x560° x10~° = 95.475kN.m

M= Mo 95475 o ook
1.5 15
'/ 34 kN/m
K ———
Sm—
V=85kN V=85kN
34x5

Reaction at support = — = 85kN

——

x=09%17Tm

34x?

Bending Moment at section XX, M, = 85x — = 63.65

x? —=5x+3.744=0

(9= J(=5)% —4x1x3.744
Bl 2x1
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X=0.917m or 4.083m

Thus, half the bars can be curtailed theoretically at 0.917 m from either end.

Note: This distance is theoretical one. The actual curtailment in practice is done by observing a
few rules which will be discussed in detail later.

Problem. 8

A simply supported rectangular beam of 8 m span carries a uniformly distributed load of 23
kN/m inclusive of its self weight. Determine the reinforcement for flexure. The materials are
M30 grade concrete and TMT bars of grade Fe 415.

Solution:

Span,l =8m f, =415N/mm’

f, =30N/mm? Qi = 2.76kN.m

Q,, =036 f Xumex [ 4 _ 5 g9 Kumex
ulim — ¥ ck d . d

=0.36 x 30x 0.48(1—0.42x 0.48)=4.14

. 1
1- -8, uam
f, bd

fy/fck

1—1/1—4—'6><4.14

415/30

50

pt,lim

2
Maximum bending moment, M = 23;8 =184KkN.m

Factored moment, M, =1.5x184 =276kN.m

Assume, b = 250 mm
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M 6
dreqd = b im :\/ 276>10 =516.4mm
Qimb 4.14%x 250

Increase the depth by 10% and add 60 mm effective cover.
D=1.1x516.4+60=628mm

Taking D as nearest multiple of 25 mm, D = 650 mm
d =650 —30(clear cover) - 20 (dia of bar) -10 (upto centroid of two layers)

=590mm

M, 276x10°
bd?  250x 590

1- {1—:1:'6>< :;g“z
50 ck

fy/fck

1- 1-40 317
_ 50 30 ~1.023

415/30

=3.17 <4.14

P, =

el Hk» Hanger bars

Effective depthd |, Stirrups
J‘ :_._:L_ 5 nos. 20 mm #
main/longitudinal
f— b —] reinforcement

A, =[P \bd =192, 250590 = 1508.925mm?
100 100

A =| Pum o = 143 250%590 = 2109.25mm?
' 100 100
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Provide 5-20 mm # = 5 x 314 = 1570 mm?

ThUS, Ast,reqd < Ast,provided < Ast,lim (Ok)

Problem. 9

Determine the main reinforcement for a simply supported one-way slab of span 3 m carrying a
uniformly distributed load of 5.5 kN/m? inclusive of self-weight. Thickness of slab is 100 mm. T
materials are M20 grade and HYSD reinforcement of grade Fe 415. Clear cover to main bars
may be taken as 15 mm.

Solution:

Slab is designed as a beam of 1 m width. Consider 1 m width of slab.
Load on the slab =5.5 x 1 = 5.5 KN/m.

2
Maximum bending moment, M ., = 55x3 _ 6.19kN.m
Factored moment, M, =1.5x6.19 =9.28kN.m
Using 10 mm bars, d =100-15-5=80mm
Width, b =1000mm
M, 9.28x10°

=145

bd2 1000 x 802

1- 1—4%6><M“2
0, = 50 V f, bd
=

fy/fck

1- 1-*0 145
_50 20 0442

415/20

A, =[P bd = 2442100080 = 353.6mm?
100 100

Area of 8 mm diameter bar, A¢ =50mm?
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Slab

One-way slab

No. of 8 mm diameter bars per meter = % =7.072 say 8

1000< A, 1000x 50
A, 3536

Spacing of bars, s = =141.40say140mmc/c

Problem. 10
A singly reinforced concrete beam of 200 mm width and 400 mm effective depth is reinforced
with 4 bars of 16 mm diameter of Fe 415 steel. Take M20 grade of concrete. Use IS code method
to

a) Find the moment of resistance and redesign the beam if necessary.

b) Determine the actual stresses when the section is subjected to the limiting moment of

resistance.

Solution:

a) Moment of resistance

4-16mm o f, =415N /mm?

b =200mm f, =20N/mm?’

d =400mm Py jim = 0.96
Area of steel, A, = 4x201=804mm?
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Depth of neutral axis  0.36f, x,b=0.87f A
0.36x20x200x, =0.87x415x804
1400x, = 290284.2

X, =207.34mm
Limiting depth of neutral axis, Xumex = 0-48xd =0.48x400 =192mm
Since, X, > X, . » the section is over-reinforced.

The section is over-reinforced and the code recommends that such a beam should be redesigned

keeping X, = X, m =192mm
Moment of resistance, M, ;. = 0.36 f, b X, 1 (d —0.42%, 1. )

=0.36 % 20 x 200x192(400 — 0.42x192)x10°®

=88.30 kN.m
Area of steel, A = Pum g = 996 200100 = 768mm?
™ 100 100

Alternatively

1- [1- 7% Qu,
Area of steel, Ay jim =0.5 o bd

fy/ fck

1- 1-45,276
~05 20 200 400 = 762.76 mm’

415/20

b) Actual stresses

A, =4x201=804mm*, M, =88.30kN.m

u,lim

X, =207.34mm, Xy max =192MmMm

The actual stress in the steel, f,, when the section is subjected to M is determined by

u,lim
equating the total tension and total compression.

A, f,=036f,x,Db
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804 f,, =0.36x20x192x 200

276480

. = 343.88N /mm’
804

Sy =0.0035

[=—

b
=
E_FI

I
I
I
I
|
I
|
|
I
|

d=400mm |

2
e

(=]

=Xy e

[=—

-0 0 0 0
4 nos.16 mm # I I
;= 0.0033
(a) Section (b) Strain diagram

The corresponding strain in steel,

Strain in concrete = 0.0035

Strain in steel, g, =&, X @-x,)_ 0.0035x (400-192)

X, 19
=0.00379

Check:
Lever arm, Z=d-042X, . =400-0.42x192 = 319.36mm

Moment of resistance, M, = Compressive forcexZ =0.36 f, X, ., bxz

=0.36x 20x192 x 200x319.36x10™°
=88.3kN.m

Moment of resistance, M, =Tensile forcexZ = f A, xz
=804x343.88 x316.36x10°°
=88.3kN.m

Problem. 11

A beam simply supported over a span of 7 m carries a live load of 20 kN/m. Design the beam for
flexure, using M20 concrete and HYSD reinforcement of grade Fe 415. Take width equal to half

the effective depth. Assume unit weight of concrete as 25 kKN/mm?.
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Solution:
Span,| =7m f, =415N /mm’

fu =20N/mm? Q=276

Depth may be assumed to be % to %of span, say D = 600 mm for calculation of self weight of

the beam.
Width of the beam, b~ 0.5D =0.5x600 = 300mm
Load calculation:
Live load =20 kN/m
Self weight = 0.3x0.6x25=4.5kN/m

Total load = 24.5 kN/m

2
Maximum bending moment, M, = 24.58X7 =150.0625kN.m
Factored moment, M, =1.5x150.0625 = 225.09kN.m

After the above step, there can be two approaches:
Approach I:

Assuming one layer of 20 mm # bars

d = D—30(cover) —g

= 600—30—?=560mm

Width, b=0.5d =0.5x560 =280mm

6
M, _225.09x10° _, o e

bd®>  280x5602

The section is under-reinforced.

L e,
Area of steel, A, =05 o bd

fy/fck
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1- 1-45, 2563
5 20 280x560

415/20

=1357.508mm’?

1J1—Q}

Limiting percentage of steel, p, ,;, =50

y/fCk

1—1/1——x276
=50 =0.96

415/20

Overall depth : “‘k Hanger bars

Stirrups

Effective depth @ = 360 mm 1y = 600 mm

4Dn_m1 I_I_I_I_I":%-“
T — ]

=280 mm 4 pos. 20 mm # + 1-16 mm #
Main/lengitudinal
reinforcement

Ay im = Piim bd—@ 280x 560 =1505.28 mm?
* 100 100

Provide 4-20 mm # + 1-16 mm # = 4 x 314 + 201 = 1457 mm?

Thus, At reqs < Astprovides < Astiim (Ok)
Approach 11:

Let d = effective depth required

Width, b=0.5d
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M, im =Qimbd? =2.76x0.5d xd?

1.38d°% = 225.09x10°
d =546.38mm

Increase the depth by 5% and add 40 mm effective cover.
D =1.05x546.38+40=613.70mm
Taking D = 620 mm

d =620 —30(clear cover) - 2—20 (dia of bar)

=580mm
Width, b=0.5d =0.5x580 =290mm

Load calculation:
Live load =20 kN/m
Self weight = 0.29x0.62 x 25 = 4.495 ~ 4. 5kN/m

Total load = 24.5 kN/m

2
Maximum bending moment, M, = 24.58X7 =150.0625kN.m
Factored moment, M, =1.5x150.0625 = 225.09kN.m
M, 225.09x10°

= ——=2.307 <2.76
bd? 290580

1- fl—i'Gx t’n“z
ck bd

fy/fck

1- 1-45, 2307
5 20 290580

415/20

The section is under-reinforced.

Area of steel, A,=05

=1298.214mm’
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1- 1-*%xq,,
fck

fy/fck

Limiting percentage of steel, p,,,, =50

1- [1-48,276
=50 20 = 0.96

415/20

Aslim = Poim bd = 0.9 x 290x 580 =1614.72mm?
' 100 100

Provide 4-20 mm # + 1-16 mm # = 4 x 314 + 201 = 1457 mm?

ThUS, Ast,reqd < Ast,provided < Ast,lim (Ok)

Overall depth : “‘:k_ Hanger bars

Stirrups

Effective depth 4= 580 mm 1 — 620 mm

4Dﬂ_1m I_I_I_u*:%—“
T D~

=290mm 4405 20mm # + 1-16 mm #
Main/longitudinal
reinforcement

Problem. 12
A singly reinforced beam has width equal to 300 mm and total depth is equal to 650 mm with a
cover of 40 mm to the centre of reinforcement. Design the beam for flexure, if it is subjected to a
working moment of 160 kN.m. Use M20 concrete and HYSD reinforcement of grade Fe 415.
(Use SP 16).

Solution:

Dr. Santosh Kumar Nayak 42



Limit State Method

b =300mm f, = 415N/ mm?

D =650mm f, =20N/mm?

Working moment, M, =160kN.m

Design moment, M, =1.5x160=240kN.m

M

XUI’TBX XUITB.X
=036 f, b(1—0.42 . jbdz

u,lim

=0.36x20x0.48 (1—0.42x 0.48)x 300 x 610° x10°°
=308.02kN.m > M,

The beam is under-reinforced.

M, 225.09x10°

> = — = 2.307
bd 290 x 580

From Table 2 of SP 16

M, Pi

bd?

2.30 0.757

2.32 0.765
For M”z =2.307, p, =0.757 + 0.765-0.757 (2.307-2.3)=0.7598

d 232-23
Area of steel, A, = p, xbd _ 0.7598x300x 610 _1319.434mm?
100 100

From Table 2 of SP 16, p,;,, =0.955

_ Puimxbd  0.955x300x 610

=1747.65mm?
A 100 100
Provide 5 nos. 20 mm # bars = 5 x 314 = 1570 mm?.
ThUS, Ast,reqd < Ast,provided < Ast,lim (Ok)

Dr. Santosh Kumar Nayak 43



Limit State Method

FLEXURE - Reinforcement Percentage, p, for Singly Reinforced Sections as in Table 1, 2, 3, 4

& E of SP 16 are reproduced as follows.

TABLE 1. FLEXURE-REINFORCEMENT PERCENTAGE, p, FOR SINGLY

0740 0710 0428 0-370 0-355
0752 0722 0435 0376 0361

0734 0442 0382 0367 +Fi : o .
0778 0747 045 0389 0373 Figures in the re.d boxes indicate _lrrmtmg
07% 0759 0457 0395 o379| percentage of reinforcement for different

0803 0711 0465 0402 0386 :
0816 0784 0412  odos  o39s| Sradesof reinforcement

REINFORCED SECTIONS {k = 15 N/mm>
ol f.{' :N"‘nnn'z & f]‘ ,N/ﬂ]nl‘

M,/bd" n - | M, /bd" = n -
N/mm> 250 413 430 00 | Nimm® 240 25 415 480 500
030 0147 Ol41 0085 0074 0071 | 1'0 0829 079 0480 0415 0398
035 0172 0166 0100 0086 0083 152 0-842 0-809 0487 0421 0404
040 0198 019  Ol114 0095 | 1's4 085 0821 0495 0428 041l
045 024 0215 0129 0112 0107 | 1'S6 08689 084 0503 04M 0417
050 0250 0-240 0144 0-128% 0120 158 o2 oR47 o510 0441 0423
0SS 0276 0285 015 0138 0132|160 089 080 0518 0448 040
060 0-302 0290 0.178 0151 0145 162 0900 0873 o526 0488 0436
065 0329 0316 019 0164 018 | 164 0923 0886 05M 0461 044
070 035 0342 0206 0178 0171 | 166 0936 0899 0542 048 0449
07 0383 0368 o7 0191 0184 168 0950 0912 orsso 0475 0456
080 0410 0394 0237 0205 0197 | 170 0964 0925 058 0482 0463
082 0421 0-405 0244 o211 0202 1'n 0978 0939 566 0489
084 0433 0415 025 0216 0208 | 1'74 0992 2 03574 0496 0476
086 0426 0257 022 0213|176 1006 0966 OS82 0503 048}
088 0455 0437 0263 027 O02a8| 178 1020 090 0390 0510 0490
09 0466 0448 020 0233 024 180 1035 0993 0H8 0517 047
092 0477 0458 0276 0239 182 1049 0607 o
oM 0 0283 0244 0235| I'84 1064 1021 0615 0332 03
09 0500 0430 0289 0259 0240 | 186 1078 1035 064 0539 OS5I
098 0512 041 029 02% 0246 188 1093 1049 0632 0546 0525
100 0523 0502 0303 022 025 19 11108 1063 0641 0554 05R2
102 055 0513 0309 0267 0O 1492 123 1078 0649 0561 0539
104 0346 U324 orile 0273 0262 194 1138 1092 0038 U0y 0340
106 0358 0536 0323 0279 0268 153 1'07 0667 0576 &
108 0570 0547 0329 0285 027 11168 1121 0676 0584
110 0581  0SS8 0336 0291 0279| 200 1184 1136 0685 0592
12 0593 0570 0M3 0297 0285| 202 I'19 1151 0693
114 003 0381 0330 0303 0290 1°213 1"166
116 0617 0592 0357 0309 029 1231 11181 ﬂ%}
'8 0629 0604 0364 03NS  0302| 208 1247 1197
120 0641 0615 0371 0321  0308| 210 1263 1212
1’22 0653 0627 08 0327 034| 212 1219 128
124 066 0639 0385 033 03MY] 214 1295 1243
126 0678 0650 0392 039 0S| 216 132 129
128 069 0662 0399 0MS 0331| 218 1328 1275
1 0702 0674 0406 0351 0337 220 1M :
1 0715 0686 0413 0357 0343 1362 dﬂl
: o727 0-698 0420 0364 0349 ] 224 1-379
1
1
1
1
1
1

L8888 23288
®
&

NOTE - Blanks indicate inadmissible reinforcement percentage (see Table E)
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Limit State Method

TABLE 2. FLEXURE-REINFORCEMENT PERCENTAGE, p, FOR SINGLY

REINFORCED SECTIONS f. =20 N/'mm*
(43
. £ N/mm® 5 £ Nimm'®
M, /bd” = " - | M, /bd" = " -
Nmm® 240 250 4 430 00 | Nimm® 240 % 418 480 $00
N 0l 0% 0083 oo 0070 2 1253 1200 o o627 oeo2
o3 01N 0l64 w9 0086 0082 | 224 1987 1216 0733 0633 o608
04 01956 0188 ol 0058 004 | 226 128 12% 0741 0640 0615
04 o022 0213 0128 om 0106 | 228 1’95 1243 0749 0647 0621
050 024 023 14 L g i) ong | 2% 109 §256 0157 0654 o624
033 0212 022 o138 o1 o1 | 232 13 120 0763 06l 06
080 0298 0286 orin o149 o1 | 24 19W 128 o 0668 0642
065 0124 o3 o1y o o156 236 1-351 1297 o781 0675 0648
070 030 03¥% 203 0173 0168 | 238 1365 1311 O 068 0633
075 06 0361 o218 0188 o151 240 1% 1324 0798 0650 0682
oM o0 07 o o220 019 a2 1254 138 0 806 oo 0 N
oss 04N 0412 0248 215 026 | 244 1S 1352 o84 0704 0676
0% 043 0438 0264 o228 029 | 246 14 1366 o823 o o6
09 048 O 444 0280 242 0222 243 108 1% o o719 QW0
1 o 0490 0253 0245 | 250 1482 1% 0840 o
105 o052 0517 o311 025 0248 an 1467 1-408 0248 o7 0704
1'0  0%6 034 037 0283 022 | 24 12 1423 0857 o741 o
"1 054 0570 0343 09 028s | 2% 1'&7 1437 0866 074 o719
120 0422 ©0397 O3% 0¥ 0ok | 23X 1512 451 04 076 O
125 065% 0624 037 0328 oM | 260 157 1°466 088} 0764 o™
13 0678 0651 o392 033 0326 262 1-%42 1481 o8 o™ o740
135 oW 0679 0409 0184 03% 4 1'552 1495 0901 o
10 0736 007 0826 0368 0353 1573 1’510 09510 0786
145 O%%S 07 o4d O o-z ISR 125 0919 oTM
1’50 09 0763 0450 07 o 20 164 1'% 0928
158 oRs o 08; 0-%6 1 1-55%
160 085S o 0454 o 0410 1 1
165 088s 0350 o5 o0 Qs 1651 1585
1’70 0916 o 0530 0458 040 1667 1601
s o oS4 043 0454 | 280 1'88) 1616
l «
f2 0%p om: ow s |du ihe 1%H
l'” 1041 1000 62 o521 0500 | 286 172 1663
w 1073 103 o621 o os1s | 288 170 9
1'106 i o0 0553 0331 29 176 s
;8 ‘Rg 04 0647 05y 0837 | 292 1W\2 171
v 057 0633 0360 0343 1 17
206 1')45 1099 0682 o573 0350 11416
208 119 11 0670 os» 0-5%6 4
Z10 1172 FID ok Uas o
o O I SN MM | . niaans
. ; i
3¢ 1212 1164 oM 0§ oz | - Fisures m the red boxes mdicate hmitng
218 1% 11177 07 0613 O-%8 percentage of reinforcement for different
P 125 i o o0 LU grades of remnforcement.

NOTE - Blanks indicate inadmissible reinforcement percentage (see Table E)
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Limit State Method

TABLE 3. FLEXURE-REINFORCEMENT PERCENTAGE, p, FOR SINGLY

REINFORCED SECTIONS £, =25 Nima®

, £y N/ : fy Nimar
M,/%d - ~ - | M, /bd" —~ ~ -
N‘mm~ 240 250 418 430 500 | Nimm® 240 250 415 480 $00
00 0146 0140 0084 0073 0070 | 255 1415 1358 O8I 0708 06
035 0171 0164 009 Q085S 0082 | 260 1448 |30 083 0724 0693
[ ] o9 U188 o1 0oy ouUe 263 1482 14922 LR 30 0l Ll ]
045 0220 021 0827 0110 0106 | 270 1515 1455 0476 018 0727
050 0245 026 042 0120 OlS | 275 149 1487 0896 0TS 07
0S5 0271 020 015 0135 0130 | 280 1584 1920 0916 0792 0760
060 029 0284 OI7L 018 0142 | 285 1618 1554 0936 0809 0777
065 0321 o9 o186 o161 o134 % 1653 1587 09 o827 0T
070 0347 033 0W o174 0167 | 295 i 1621l 0977 0844 0311
075 03T 038 026 o018 0179 | 300 124 1655 09T 0862 o828
080 039% 033 02 019 019 | 305 1760  146%0  10I8 0880 084S
085 0425 0408 0246 0212 0204 | 310 1797 1725 1039 0898 038
0% 0451 o4 026] 0225 o6 313 184 1760 1061 o7 0880
095 0477 0458 0276 029 29 | 320 18 1996 1082 0936 0398
100 0304 0483 0291 022 0242 | 325 1909 1832 108 09 0916
105 030 o 007 0265 0255 | 330 1947 1869 126 0973 &
110 0557 9% 0322 029 0267 1962 1884 1135 098
115 (s 2 ) o561 0338 0202 0-280 ¥ 1978 1899 1'144 0989
120 0611 ©387 0353 0306 029 | 336 199 1914 115
125 0638 0613 03 0319 0306 | 38 200 1929 I'I&
130 0665 ©06% 0385 0333 010 | 340 2025 196 117
135 069 0666 0301 0347 0333 % 2040 1939 ﬁ
1-40 o721 o6 o7 0360 0346 2056 1974
145 049 O©O719 043 0314 0359 | > 20 1989
'O 0717 ©OM6 0449 0388 03 | 348 2088 2005
IS5 0805 ©773 0466 0403 0387 | 30 2104 2020
190 0834 0800 0482 0417 0300 | ¥S2 2120 2036
l'gz C-862 [13. %71 499 o4l 414 154 2117 20%1
190 O0%91 036 03515 0486 0408 | 356 2153 2067
19 0920 ©083% 02 0460 042 | 358 2170 2083
190 0949 ©0911 049 0475 0436 | 360 2186 209
190 Too 538 % o ol im b
193 1038 o1 o o3 ows | 38 3w Y
200 1068 102 0618 OSM O3 | 368 2253 216
205 109 1055 06 oS 0% | ¥ 2270 .
210 1129 1088 0653 0565 042 dﬂ 2287 ﬁ
215 116 114 0671 0380 0357 | 374 2304
220 11Vl 143 0689 059 0572
225 122 1473 0707 06l 0587
235 1385 13u 010 o6t 087 |4 prowecs indicate fuitin
240 1317 1288 0762 06% o | - riguresin the red boxes indicate lmiting
245 1'3% 1296 0781 08)S 0548 percentage of reinforcement for different
2% 1382 1327 0799 0631 0663 grades of reinforcement.

NOTE - Blanks indicate inadmissible reinforcement percentage (see Table E)
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Limit State Method

TABLE 4. FLEXURE-REINFORCEMENT PERCENTAGE, p, FOR SINGLY

REINFORCED SECTIONS 7 = 30N
ok :
p fy. N/'mm" " £y N/mm®
M,/bd” - " = | M,/bd" 7 2,
N/mm® %0 43 40 0 | Nimm® M0 250 415 480 500
8 oM oi o g oo | 2e ras s om3 0w oo
D . ,
340 gl” o1 113 %‘; 0093 26 1°435 1378 0830 0718 0689
045 0219 0211 0127 0110 0105 270 1467 1408 0-848 0733 0704
050 0244 0235 0141 012 0117 | 2275 1498 1'438 0866 0749 o9
055 0269 0259 0156 0135 0129 | 280 1530 1-469 0885 0765 0734
060 0294 0283 0170 0147 0141 2:85 1562 1499 0903 0-781 07
065 0320 0307 0183 010 0153 290 1'594 1'530 0922 0797 0765
070 0345 0331 0200 0172 0166 295 1626 1561 0940 0813 0781
075 0370 0-356 0214 0185 0178 300 1659 1°592 0959 0829 0-796
080 0396 0380 0229 0198 0190 305 1691 1624 0978 0846 0812
085 0422 0405 0244 0211 0202 | 310 1728 1°656 0997 0862 0-828
0% 0447 0429 0239 0224 0215 | ¥15 1738 o8/ 1017 U8y 0¥44
095 0473 0454 0274 0237 0227 320 1M1 1720 1036 0896 0860
100 0499 0479 0289 0250 0240 325 11825 11752 1055 0913 0876
105 0525 0504 0304 0263 0252 330 1859 1785 1075 0930 0892
1'10 0-352 0529 0319 0276 0265 | 335 1'893 1818 1095 0947 0909
1115 0378 0355 0334 0289 0277 | 340 1928 183 I'113 0964 0923
120 0604 0580 0350 0-302 0290 345 1963 1884 1'135 0981 0942
125 0631 0606 0-365 0315 0303 | 350 1998 1918 1156 0999 0959
130 0658 0631 0380 0329 0316 355 2034 1952 1176 1017 0976
135 0685 0657 0396 0-342 0329 360 2069 1 1'197 1035 0993
140 0712 068 0411 0356 0342 | 365 2105 2021 1218 1053 1011
145 0739 0709 0427 0369 0-155 370 2142 2056 1239 14071 1028
150 0766 0735 0443 0383 0368 375 21178 2091 1260 1089 1046
1'55 0793 0762 0-459 0397 0381 380 2215 2127 1-231 1108 1063
160 0821 0788 0475 0410 0394 385 2289 2:163 1:303 1"126 1'081
165 0840 ORIS 0401 0424 0407 2291 2499 1338 1148
170 0876 0841 007 0438 0421 égj 2329 223 1347 1is  [h
1175 09504 0868 0523 0452 0434 2:367 2213 1369 1"184
180 0932 0-895 0539 0466 0448 2 2:310 v
185 0961 0922 0-556 0-480 0461 2:445 2:348
190 0989 095 0572 0405 0475 | 1S 2485 2386
195 1018 0977 0-589 0509 0488 420 2528 2:424
200 1046 1005 0605 0523 0502 | 425 2566 2463
205 1075 1032 0622 0338 0516 | 430 2607 2:502
210 1'104 1060 0639 0352 0530 | 435 2648 2:542
oG I% g ng oo 4e e Al
225 1'192 1°145 0650 0-596 0572
33‘,’ }%; {;’é gg} m g,’{,’ + Figures in the red boxes indicate limiting
X 123 742 0641 0615 i i

%‘3 }% ¥ 81 S &% > percentage 9f reinforcement for different
250 11343 1289 0777 0671 0645 grades of reinforcement.

NOTE - Blanks indicate inadmissible reinforcement percentage (see Table E)
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Limit State Method

TAELE E. MAXTMUM PERCENTAGE OF
TENSILE REINFORCEMENT,FOR
SINGLY REINFORCEMENT RECTANGULAR

SECTIONS

fox, fy, Njmm?
N/mm?* v A y

/ 250 415 500
15 1-32 072 057
20 1-76 096 076
25 2-20 1'19 094
30 2'64 143 1"13

Beam width (5)

Shear and torsional
l . reinforcement (stirrups)

_“_ (A»§+ A f )
S fongiininditorsina
’g‘ reinforcement
o
w
-5
D
E ‘Tension reinforcement
| 3 (As)

(a) 3 - Dimensional view of beam

(b) Longitudinal section (c) Cross-section
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Limit State Method

Minirmum horizontal distance between
two parallel reiforcing bars shall usually
not be less than the greatsest of

i) the diameter of the bar if diameters
5= are equal
i) the diameter of the largest bar if the
diameters are unequal

g it} 5 mm more than the nominal size of
Concrete | tirrups coarse aggregate
cover
Spacing_a Minimum vertical distance between
___4 T L--— the bars shall be greatest of
I_Dnmtudmal 1.) 15 mm_ . .
}.-— b _...,| renTorcEment i1} two-third nominal maximum

size of aggregate or
iif) maximum size of bar

Dia. of main bar
2

{Effecﬁve cover to main reinforcement

= Clear cover to stirrup + stitrup diameter +
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