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Preface

It is indeed gratifying to know that the first edition of this book has been found useful by
students, teachérs and. practising engineers. This has encouraged me to update this book with
reference to the very jmportant and currently significant topic of earthquake resistant design
of reinforced framed structures. : - '

" Since the first publication of this book in 2001, the Indian Standard 1893 (1984) Criteria
for Earthquake Resistant Design of Structures have been revised and published by the Bureau
of Indian Standards as 15 1893 (2002}, Fifth Revision. This has made it necessary to completely
revise Chapter 18 of the first edition to comply with the revised code. This opportunity was
taken to review aiso Chapters 19 and 21. which also deal with earthquake design. A number
of minar omissions and errors which had crept into the first edition of the book have also
been correcied. : S T

A summary of elementar design of reinforced concrete members has also been added in
this edition as Appendix € for a.quick evaluation of ‘the approximate quantities of steel
required in ordinary buildings. 1 am sure that this addition will be very useful to structural
designers to rapidly check the results of their design calculations and arrive at a quick
decision of the necessary stee! reinforcements to be used in the construction of reinforced

concrete members of ordinary buildings. A

i hope that this ook will continue to be useful for all those interested in reinforced

concrete design.

P.C. VARGHESE

xvit



Preface to the First Edition

‘This text is the outgrowth of the lectures 1 have delivered to the postgraduat? students in
advanced reinforced concrete design. It is a sequel to my first book Limit Siate Design of
Reinforced Concreie which has been well received by students, teachers and. professionals
alike [and is now in its Second Edition]. These two books together explain the. provisions-of

18 456 (2000). Besides, the text analyzes the procedures specified in many other BIS codes

such as those on winds, earthquakes, and ductile detailing. .
The book also discusses such modern topics as design of shear walls, design of beam—

.column joints, and inelastic analysis of reinforced concrete. An analysis of these topics is s0

necessary because, during the last two decades, considerable advances have taken place in the
theory of design of reinforced concrete members which form the building blocks for design

. of all specialized reinforced concrete structures, for. instance, tall buildings, bridges, and
chimneys. Even though a number of textbooks on advanced reinforced concrele dealing in

detail with specialized structures tike bridges are available in Tndia, hardly any book, covering
the fundamentals of the modern advancements in the theory of reinforced concreie design, can
be found. This text strives to address this need. :

The book is fecture-based, with each chapter discussing only one topic, and an indepth
coverage being given to the fundamentals. Such treatment has been found most suitable for
self-study and class-room teaching.

Since the book is also addressed to the practising engineers, often the topics have been
discussed in greater detail than found necessary for the students. For example, the chapters
on deep beams and flat slabs give more information than is covered in IS 456 (2000). Teachers
are urged to orient their courses accordingly. They may restrict their lectures to the necessary
fundamentals as required by the prescribed course (emphasis added). But I dobelieve that
the practising engineers will find the detailed analysis very useful.

The book has a number of distinguishing features. Codes of other coontries, specially of
USA and UK, have been presented and compared with the Indian code to explain the fundamentals
and expose the reader to ‘jnternational practices. Also, a large number of worked-out examples
have been provided to illustrate the theory and to demonstrate their use in practical designs.
Finally, a number of typical detailing of reinforced concrete members have been included,
which will be found useful in field applications.

1 fervently hope that both students and professionals will find the text stimulating and
useful. Any constructive suggestions for improving the contents will be warmly appreciated.

P.C. VARGHESE

xix
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" Introduction to IS 456 (2000) _

Since 1S 456.(1978).was in use in India for 22 years, in July 2000 it was revised as IS 436
~ (2000). Till the next revision is made, it is mandatory that teaching and practice of the subject
in India be based on this latest code of practice. An introduction ‘explaining the important
revisions. made is presented here, which can be used to have a full understanding of the
changes and their impact on future design practice. ‘

1. Make-up of the Revision

Of the six sections into which IS 456 (1978} was divided, the first-five sections have been
retained in 1S 456 (2000) also. The working stress method, which constituted the sixth section
of the old version, has now been discontinued and is presented as Annex B of' this code.
Accordingly, the status of working_ stress method as an alternative method for design of
reinforced concrete has now been removed.

However, due both to the introduction of References as Clause 2 in Section 1 of the new
code and to the revision of the various clauses concerning durability in Section 2, there has
been a one-digit-forward shift of the various clauses in Sections 3-5. For example, whereas
stability was dealt with as Clause 19 in the 1978 version, it is dealt with as Clause 20 in IS
456 (2000). In fact, there are not many changes in the contents of the various clauses regarding
limit state design presented in Sections 3-5 of the Code. As far as limit state design clauses
are concerned, the main changes are only the one-digit forward shift of the clause numbers,
as stated ahove, and a complete change in numbers of the tables and figures of IS 456 (1978).
A list of the changes in various sections is given below. For changes in the nimbers of tables
and figures, reference should be made to the BIS publication IS 456 (2000).

2. Changes in Section 2 on Materials Workmanship, Inspection and Testing

Most of the changes that have been imade in IS 456 (1978) are in Section 2 of the Code. The
revised code has incorporated many changes to give imporiance to durability of concrete
structures, which of late hads been neglected at the expense of too much importance on
strength. The following are the important changes:

1. Recognition of all the three grades of OPC cements along with other types of cemenis
[Clause 5.1 of IS 456 (2000}].

2. Enumeration of allowable mincrai admixtures (Clause 5.2) and the approval of the
practice of chemical admixtures (Clause 5.5).

3. The method of testing water for concreting has been described (Ciause 5.4),

4. Characteristic strength of steel has been defined as the minimum yield or 0.2% proof
stress (Clause 5.6.3).

xxhif
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xxiv  INTRODUCTION TO 18 456 (2000)

5. The minimum strength of concrete for structural purpose is specified as M20, with
minimum cement content including admixtures of 300 kg/m® and maximum water-
cement ratio of, 0.55 (Clauses 6.2.1.1 and Tabic 5). Grade up to MBS0 has been

included in the code (Table 2). The maximum cement content {not including admixtures)
has been specified as 450 kg/m® (Clause 8.2.4.2).

6. The value of modulus of elasticity of concrete is to be taken as E¢ = 5000Vf
(in N/mm?) (Clause 6.2.3).

7. Workability has been tabulated in terms of stump (Table 7).

8. The factors affecting durability have been fully explained (Clause 8). The new
_ environmental classification into five categories has been described {Table 3); the
, requirements to \withstand sulphate astack of concrete has been expanded (Table 4);

the minimum cement contents and aflowable maximum water—cement ratio for different
exposures (Tables 5 and 6) and the limit of chlorides in concrete (Table 7) have also
been specified. The recommendation for using a minimum grade of M30 in sea-water
construction, as -well as other precautions to be taken to protect steel in saline
atmosphere, has been laid down (Clause 8.2.8). Alkali aggregate reaction prevention
has -also been dealt with in this important clause (Clause 8.2.5.4).

9, The recommended. value to be used for standard deviation for concrete mix design
under Indian conditions has been revised (Table 8). lis value remains constant at
5 N/mm? from M30 to M50

10. Qual‘ity‘ assurance factors have been clearly defined (Clause 10.1).
11. Tolesance limits for cover 10 steel fabrication have been specificd {Clause 12.3.2).

12. The accuracy of measuring equipment for weighing cemeat, aggregates, water and for
batching has been laid down (Clause 10.2.2).

13. Recommendations for curing of concrete have been made (Clause 13.5). Whereas
ordinary portland cement concrete (OPC) requires seven days of good moist curing,
portland puzzolana cement (PPC) concrete requires at least ten days of good curing
to attain full strength.

14. Requirements of concrete for under-water placement have been described (Clause
14.2.7) and placing concrete by pumnps has been included (Clause 14.2.4).

15. Simple acceptance eriteria have been introduced for acceptance and quality contrel
of small batches of concrate production (Clause 16 and Table 11}.
Thus, a large amount of additional information has been provided in Section 2 to ensure
durability and control of quality of concrete.

3. Changes in Section 3 on General Design Considerations

The text-of the main clavses remains more or less the same as in the earlier version. However,
as pointed out earlier, the one-digit forward shift of clause numbers and the changes in table
and figure numbers coustitute the main difference between the two versions in this section.
The following are the inain changes:

1. The base for design (Clause 18), the status of working stress method without. using
load factor as an alternative method, has been discontinued. Design should be normally

——— e ——

made by limit state method, and Work_ing stress method is to be used only where the
former method is not applicable,” for example, for carrying out serviceability limit
state of deflection cracking, etc.

2 The factor for stability against overturning against dead load should be 1.2 or 0.9

depending on ‘its action and that for imposed load 1.4. The lateral sway due to
transient loads should be limited tor_H'J_SOO (Clause 20).

1. Fire resistance requirements are important additions to the code in this section.

Minimum dimensional requirements for skabs, beams, columns and walls as well as
minimumm cover requirements for different fire ratings have been specified (Fig. 1
Clause 21 and Table 16A). '

4. The effective length of cAntilc\;ers has been defined (Clause 2_2.2.6(:.).
5. The bending moment coefficient at mid-point of interior spans has been increased

from 1/24 to 1/16 and brings its value to 3/4 the value _at the support (Table 12).

6. The curves for the modification factor for tension reinforcement for checking deflection

requirements of beams and slabs have been changed to represent the actual steel stress
at service loads instead of the old curves based on types of steel and allowable

stresses (Fig. 4).

7. The method for adjustihg differences in support moments obtained in restrained slabs

by Table of coefficients for two-way slabs has been described (Clause 24.4.1).

8. The concept of determining effective tength of columns by ‘stability index" defined

in ‘Annexure E has been introduced (Clause 25.2).

9. While considering biaxial bending, it is sufficient to ensure that eccentricity exceeds

the minimum about only ope axis at a time (Clause 25.4).

10. Specifications for. lap slices have been modified (Clause 26.2.5.1)
11. Strength of welds has been modified 50 that for joints in tension values of 100%

strength can be taken if there is strict supervision and not more than 20% of the bars
is welded (Clause 26.2.5.2).

12. The maximum spacing of main steel in slabs has been limited to 300 mm (Clause 26.3.3b).

13. The term ‘nominal cover’ has been defined, and both the nominal cover and the

strength of concretc necessary to satisfy durability conditions have to be satisfied for
various exposures (Clause 26.4 and Table 16}

14. The minimum covers for various fire ratings have been specified (Table 16A).

4. Changes in Section 4 on Special Desigh Requirements for Structural Members and

Systems - . . o
The main changes in this section are the addition of the following topics. The one-digit
forward shift of the clause numbers of the old version of the code and changes in the numbers

of the tables and figures continue in this section also.

1. A new clause on design of reinforced concrete corbels has been added (Clause 28).

2. The clauses regarding design of plain concrete walls have been modified to include
design of walls in horizontal shear also (Clause 32).

3. Mention has been made of precast joints and filler block construction (Clause 30.8).

" NTRODUCTION TO IS 456 °(2000) v
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5. - lea_hg‘és in Section 5 on Structural Design by Limit State

. “There have not been many changes in the contents of the various clauses of this section.

However, the one-digit ffarward'shift in clause numbers and also changes in table and figure
Pumbers have been carried over to this section also. The following are the main changes
mlfpduced in IS .456 (2000) Section 5. : '8

1. The limit state of cracking guidance re | i .
= state ¢ garding width of cracks 1l in di
environments has been specified (Clause 35.3.2). ‘ ® allowed in different

2. The design shear strength for tension reinfor : & ' ' o
r cement val
" has-been added (Table 10). alues equal.. or less than 0.15 per cent

3. The most important rcvi§ion has _been the increased shear. strength cloée- -tor the
supports- and rules regarding detailing of steel close to the support (Clause 40.5),

4. The general approach to desi i
) gn of reinforced concrete members in torsil
explame_d in detail (Clause 41.1). " l'n torsion has been

5. A new clause on deflection of flexural me '
7 laus mbers has been added (Clause 42). F
for calcilation of deflections have been presented inI'Annex ((I ' ) Formdlse

6. é&egzzfdc;:usc on gg‘ackigg of flexural members has been added. {Flexural member is
one subjected to axial loads less than 0.2f.A;) (Clause 4
crackwidth calculation are given in Annex F. fahe) (Clouse 43) Formelas for

6. Secticn 6 of IS 456 (1978)Von Structural Design (Working Stress Method)

As alréady stated, this section has been deleted as all future routine designs are to be carried -

out by limit state method. How ituati
L : . ever, as there are situations where the conce
the section has been given as Annexure B. pis have o be e

E:::é::uia:.sfe\csﬁ can !;c 5see.n from the above list of changes there have not been many radical
Section o i wh(;::]}s, th_ .Of the code, but lhe{e. are many additions. The major changes are in
Tt has éls; n e, he :lmp.c_)rtance_ c')f durability has been fully dealt with in 18 456 (2000).
e bels o 1fc ed with additional clauses regarding design for fire resistance; design
corbels, gn of plain concrete walls, and the British practice of considering enhanc:d

“shear close to - i itnati
. to support in favourable situations. It also gives guidances for calculation of

“deBection and idth i
3 crackwidth in members under bendings. In general, we may say that IS 456

“has kept abyr
i 3 east H A
Péumge design.. b _ _Of the rapid developments in concrete technology and reinforced

Mdi'{

cnapTeR 1

Deflection of Reinforced

Concrete Beams and Slabs

1.1 INTRODUCTION

Excessive deflection of beams and slabs causes cracking of finishes, loss of strength of
meinbers, improper,drainage and unsightly appearance. IS 456 (2000) Clause 232 and BS
8110 limit allowable deflection under cervice loads as follows:

1. The deflection in the members due to all causes (namely, loads as well as effects of

temperature, Creep, shrinkage, etc.) should not exceed span/250. .

2. The deflection which will take place after completion of the main consiruction
d applications of finishes) due to long-term effects of the permanent
loads (i.e, due to creep and shrinkage) together with the deflection due to the transient load
(that part of applied load which is applied and removed intermittently) shonld not exceed span/
350 according to IS 456 and span/500 according to BS §110 or 20 mm, whichever is less.

(including

erection of partitions an

The first condition refers to the deflection that can be noticed by the eye and the second
condition is to prevent damages to the finishes. The.empirical method to limit deflection is
to_ limit span/depth ratio as given in 1S 456 Clause 23.2.1. However, in marginal cases and
in‘the case of special structures, deflection may have to be calculated. The accepted methods

of calculations are discussed in Section 1.5.5.

1.2 SHORT-TERM DEFLECTION OF BEAMS AND SLABS

The instantancous load deflection curve of a beam with increasing load is a flat S curve as
shown in Ejg. 1.1 It has five parts: '

1. An almost lingar portion OA wilh cracking of the beam starting at A due to tenston

in concrete. ] .
2. A curvilinear cracked-portion ABC with increasing loads leading t0 decrease in the

value of the moment of inertia [ and hence rigidity EI
3. A linear part beyond C extending to D, where EI remains more or less consiant {in normal

beams this portion corresponds to the service loads where the stress in concrete is of the order

of one-third cube strength).
4. A curvilinear part DE where further cracking of concrete occurs.

1
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5. An almost horizontal part beyond E, where a small increase in load produces a large
increase in deflection. (We should be aware that in countries with tropical climate, where beams

.and slabs are directly exposed to solar radiation, variation of thermal stresses can also cause
additional cracking leading to enhanced deflection.)

Curve (5)
I
E
D
—_ — Linear
k: c
B
14~ .
Linear
o
) Deflection

Fig. 1.1 -Load deflection diagram-of béams.
1.3 DEFLECTION DUE TO IMPOSED LOADS

The total load that: comes on a struciuie is composed of dead and applied loads. The dead
load-and that part of the live load that always act on the structure are called pernmianent loads,
The balance of the applied load that is applied off and on at short intervals of time .is called
the rransient part of the applied load. The portion of the applied load that may act as permanent
load in buildings as recommended by the Australian code (AS 1988), is given in Table 1.1.

TABLE 1.1 LIVE LOAD FACTORS TO CALCULATE PERMANENT LOADS
FO ESTIMATE DEFLECTION

Ttem Long-term factor Short-term factor o
Roof with fraffic ‘ 0.2 0.7
Floor—residential 0.3 0.7
Floor—office 0.2 0.5
Floor-retail - 0.3 0.6
Floor—-storage 0.5-0.8 1.0

With this informaticn we can identify the following different aspects of deflection in
beam and slabs due to applied loads:

¥
\
?;I‘

DEFLECTION OF ReINbUss b A s

1. r-term deflection due to permanent load. - . TR EL L

;' gillzit-term defiection due to varying part of applied load. Further, w;, hat\}fle tge;ciit:;s
cffect-s of creep in increasing the deflection due to permanent load and also the eflectio
caused by shrinkage of concrete.

1.4 SHORT-TERM DEFLECTION OF BEAMS DUE TO APPLIED LOADS .
The bas:.i'q.-é.du'atiba-of deflection of beam is ] . ) N
M
a= ‘” 'EI— dxdx

" i ! -e. Deflection can be calculated either by
ity M/EI = Ur = y is called the curvafure )
2;21121:{2“;1::3.xﬁéﬂiéd'-pr' by the curvature method. The latter method has the following

advantages:

1. The curvature-area theorem is equally applicable to elastic or plastic state as it is ?purely

i i i lope and deflection.
trical relationship between curvature, ® flec ' t
gﬁo.l‘ge Unlike moment-area theorem, it can be used also for deflections other than that due to

tending,-e.g. deflection due to shrinkage. ‘

The formuta for deflection of a simply supported beam due to a uniformly distributed load

w is:
5 wif
4= —
384 EI
The maximum bending mon_le:it is
=
max - 8 .
Hence, -
_iﬂm. 2
W E

However, M/EI = 1/r = . Therefore,
o 5 ' (1.1)
= 2y = KWl
T

where

Y = Maximum curvature in the beam = My/El

v E = Modulus of elasticity of concrete

I ] .
K = A constant depending on the type of beam and loading as given in Table 1.2,

I

Effective moment of inertia of the cracked section usually represented as Ler
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 fABLE

_ _1_.'2: D_EFLECTION COl-ii-F‘FlClENTS-FOR SOMEF, LOADINGS
- S.No. - Lbading; : Mo T : K
‘ D M : . .0.0625
2
) W - Wi
W i M .
4 Cfmc:cr_:ocjb M My 0.104[1 - (5/10)]
. ; B = (M,+ Mp¥Mc
i . Wi . =
5 ‘ al l "2 . —’r;—c:]
5 |- _
_ 1@1 0.125 - (a6)
6 C'———l———) N Me Ay 0.083(1 = (B4 -
7 - D My \l/ 8 B= (M, + Mg)M
T - 7
al
7 Wa(l - a)L
. ' T ' (3 - 42481 ~ a)]
1 al d o 7
8 :l___—. ,ﬁ)\‘ Wal
o a(3 - @16
7 o I . Wall?
9 f/’amwaam__.—-
2 : a4 — )12
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[
There are two types of moment of inertia: -

(i) The gross moment of inertia, [y = bd*12.

(i1} The mouient of inertia of the transformed cracked section where concrete below the
neutral axis is .congidered as ineffective = Iy (Table 87 of 8P 16). Iy will be less than [g bul
equal to and greats than 1,, depending on the amount of cracking in the beam under the applied

moment M. S

1.5 CALCULATION OF DEFLECTION BY 15.456
The pr‘océdure'rccorrirﬁénded for calculation of deflection by IS 456 and SP 16 Section 7 is a3
detailed in the following section. . EERE , - '

1.54 Calculation of Deflection due to Load.
As already derived, deflection is givén by the fornula

a= M nax KLZ
EI effl - ’
An empirical expression for the value of Iog has been recoramended by 1S 456 Annexure C. This
is similar but not the same as the expression in ACL. InBS 8110, EJ is calculated by a different
approach. ‘ :
I, =
I eff = _______.___-——-————'—"___'_—._—. > g - (12)
1.2~ (M /M) (z/d) 1= (x/d )){b,/B)

where
L& Lg<ly
M, = Cracking moment = (Tg/Yfer .
y, = Distance of extreme tension fibre from centroid of Section

£, = Modulus of rupture = 0.7

» = Lever am in elastic theory = d — x/3

x = Depth of neutral axis (Tables 91-93 of SP 16)
d = Effective depth '
b, = Breadth of compression face

Figure 1.2 {which is Chart 89 of SP 16} is 2 readymade chart for reading of Je/1- As specified
in the formula, the value of the applied moment M (under service load) should not be more than
4M, as, otherwise, there will be considerable cracking and the equation will not be valid for

calculation of deflections.
Accordingly, we can calculate the following:

{mmediate deflection due to permanent load = a3
‘Immediate deflection due to total load = ai
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Tl

1.5 1 x = Depth of N.A.

d = Bffective depth

1.9

2.0

AK

_Fig., 1.2 Effective moment of inertia of section for caleulation of defiection of beams.

(Ref. SP 16 Chart 89)
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152 Long-term Deflection due 1o Creep by IS 456

Deflection caused by permanent loads goes on increasing with time due to creep of concrete.
For taking the effect of creep of concreéte, it is generally accepted that strain due to creep is
proportional to the elastic strain (or_stress) in concrete as long as the stress does not exceed
one-third the cube strength which is also'the usual service stresses in reinforced concrete. We
write the relationship as ' N

Cieep strain = Elastic strain X Ultimate creep coefficient = £.6

The ultinate creep coefficient &is considered as the result of a number of factors at which the
important-factors are huniidily, age of loading; cemposition of concrete, thickness of member,
and duration of loading. However, IS 456 takes into account only the effect of age in creep
coefficient as shown in Table 1.3, :

TABLE 1.3 ULTIMATE CREEP COEFFICIENT ¢
: (IS 456 Clause 6.2.5.1) :

Age at loading Value of €
7 days . 22
28 days 1.6
1 year 1.1

Accordingly, the long-term strain &, can be expressed as
EC@
We modify the short-texm value of the elastic modulus by taking
_ Stress _ Stress
= Stin &,

We get

E = Stress _ E;
= g (1+0) 1+8
As deflection is inversely proportional to creep, for calculation of long-term deflection with

creep effects we simply multiply the short-term deflection by (1 + 0). Applying this principle
to deflection due to permanent load, the long-term final deflection due to loads will be as

follows if we consider I a constant value.
Final deflection = (Initial deflection)(1 + &)

(Refer SP 16 amendment and Step 8, Example 1.1 for new value of T using £,
A .

1.53 Graphical Representation of Defiection due to Load

The various components of deflection due to the permanent loads and varying loads
visualized as shown in Fig. 1.3.

can we

=g +£0=6.(1+6) ' (13)

R e L
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Fig. 13 Approximate calculation of deflection of beams.

1. The total elastic of immediate deflection due to all loads (dead and applied loads) is
represented by OBT and designated as @i (2 for total). This is calculated by using E. and Jerr
" 2. The elastic deflection due to the permanent load is represented by point B. Tt is
designated by dip (p for penmnent). : - :

3. The immediate deflection due to the vérying part of the applied toad then will be

(aw-tip): ( for immediate).
4. The long-term deflection including cxecp effects due to the permanent 1oad acting on
““ithe beam will be represented by the line OL and the final deflection dwp = Tip Q1+ 8
approximately.
5. Assuming that the deflection due to the varying part of the five load will be elastic,
we have the total deflection due 10 all loads including the effect of creep a8 equal 10 Guop T
(ay— Fip)- This is represented by point F in Fig. 1.3, LF being parallel to BT.
6. The long-term deflection due to creep will be equal to (0op — ay)-

1.5.4 Deflection due to Shrinkage

It is more appropriate t0 calculate shrinkage deflection by ‘the curvature method. 1S 456
Appendix B uses the following equation for shrinkage deflection: o

as =kl =K -k—‘*gﬁ"L’ ' (14)
where
ke = @l = PP S 1.0
@ = 0.72 for - P = 0.25 to 1.0%
p = 065 for (p;— Po) * 1.0%
k, = Constant depénd‘mg on the support condition of the beams a3 given in Table 1.4.
€5 = Shrinkage strain (average = ©.0003 and maximuin = 0.0006) '
WYes = Shrinkage curvature )

D = Total depth-

— Qnan
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TABLE 1.4 DEFLECTION DUETO SHRINKAGE y

(_IS 456 Annexure. Q)

et

No. ", Support condition " Coefficient &
. v . - g - - A = . ~ N
1. - Cantilever _ 0500 (125
2. Simple beams - oA (U8
3. ~ Continuous a one end only - 0.086 (11/128)
4 " Coniinuous at both ends . 0063 (1/18)

k; can be derived from the curvature ‘area theorem for deflection. For cxample, gé'_shown:in"

Fig. 14
M - j M
C‘ - Beam‘\ rSteel D A

+ Curvature +

LAY,

Fig. 1.4 Deflection of beams due to shrinkage.

for a simply supported beam undexgoihg deflection we use the theory of conjugate beam; the

maximum deflection is bending moment at mid-point.
ILML_1
g mo = Zas gl
s~ 2 El4 8 v

Thus, in Table 1.4, we have ky = 1/8 = 0.125 for a simply supported bear.

1.5.5 befléctlon Requirements According to 1S 456

The two requirements in Section 1.1 can be expressed as follows:

1. (Long-term deflection due to permanent load) + (elastic deflection due 0 yarying part
of applied loads) + (shrinkage deflection) should not be more than L1250.

: L '
Cop + {1 — Q)+ e 1--2?6 (1.5)

2. (Creep deflection) + (shrinkage deflection) + (elastic deflection due to varying part of
applied load) should not be mote than L350

L
(@p — @)+ A +{ay -—a;,,);‘-gs—a : (1.6)
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1.6 CALCULATION OF DEFLECTION BY BS 8110

The BS method' is based on th,c' recommendaﬁon of CEB-FIP model code using curvature area
method. In this proceduse, a reduction in the applied moment causing deflection is made, as in

reality the concrete below the neutral can carry limited tenision between the cracks. Its effect, |

called the fension stiffening, .can be looked upon as a reduction of moment causing deflection
to (M — AM), where AM is the moment carried out by the tension in concrete. In addition, in the
BS method the curvature due to shrinkage is calculated more accurately than in the IS method.

The BS method does not assume Zog, as in IS 456 or the ACI method. Instead, it calculates
E. I, for short-term and long-term loadings scparately by using the appropriate Ly and Lo
values. o

1.6.1 Deﬂqction due to Loads

As explained, in the BS method, the concept of partially cracked section has been introduced.
For corivenience in calculation, the maximum tension (f,) at the C.G. of the steel of 1 N/mm?
for short-term loading and 0.55 N/mm? for long-term loading independent of the applied moment
is assumed in BS 8110. AM is the moment of these tensile forces about the neutral axis as
illustrated in Fig. 1.5. ’

Fig. 1.5 Effcct of tension in concrete on deflection of beams.

Assuming £, as tension at C.G, of steel, we proceed as follows:
- h-x
d-x

Taking moment ‘of this triangulat distribution of tension about N.A., we get

Tension at the extreme tension fibre = S

anp bz (1.7)
3(d -x)
M —-AM

Moment causiag deflection = (M - A¥) and 1 = o
o

= . Deflection azK-l—[} =KWMLZ
¥

as .in Section .1.4.

DEFLECTION OF REINFORCED CONCRETE BEAMS AND SLABS 1

162 Deflection due to Shiinkage In BS 8110

The shrinkage curvature is to be separately calculated in BS 8110 by the following formula:

: m Ss'Ecs
W = '—_I'r—_.

where
&, = Free shrinkage strain
m = Modular ratio = E/Eeqr
E. = Long-term modulus, EJS(1 + &)
Moment of inertia of cracked section using Eer

I =
S. = First moment of area section using the centroid of the cta_cked section (ncu_trgl
‘ axis) is equal to Z.4,e; the moment of compression steel being taken as negative.
The above formula can be derived with reference 10 Fig. 1.6, Table 1.5 and Ref, 1.
SCS
PEERE

T falEe HIW
D - .fltjEC ‘El
_L O - I .

Fig. 1.6 Deflection due to shrinkage.

1.7 DEFLECTION CALCULATION BY EUROCODE

‘The Burocode follows generally the same procedure 2§ in BS 8110 except that th; value o;'
AM is modified by a correction factor to account for the fact that crac‘:ks are sp::u:el at s,f atI}l,
only portions between the cracks can carry fhe tension 2. Accordingly, the value © e

curvature for deflection due to load y is modified as follows:
 (mean) = yf(c.racked) + (1 - é)w(uncracked)

where )
£ =o'~ fifAMIMY
p =1 for HYD bars and 0.5 for plain bar

B, = 1.0 for short-term loads and 0.5 for sustained and repeated loads

Details of the method can be obfained in Ref. 2.
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24.0 e 1274 1326 1374 1419 l'so; IR L _ 24.0 0493 0479 0465 0453  0.440 0417 0396 0377
25.0 1250 1309 1364 1415 1464 1552 1a7s 250 o500 0485 0471 0.458  0.445 0422 0400 0380
26.0 1.280 1.342 1.401 1.456 1.508 1'632 1.639 1.699 ' 26.0 0.507 0.401 = 0477 0.463 0.450 0.426 0.404  0.384
e 1308 1376 1438 1497 1552 1631 155 13 ‘70 0513 0497 0482 0468 0455 0430  0.407  0.387
20.0 1364 1'433 :;':(5) 1-237 1305 1701 1.794 L 28.0 0.519 0503  0.488 0.473  0.459 0434 0411 0390
' ' - 1576 1.638 5 ' ' 29.0 0.525 0508 0493 0478  0.464 0437 0414 0392
30.0 1. 1.750 1.848
391 1.471 1.546 1615 1.681 1798 1.902 1993 30.0 0.531 0514 0498 oagz  vaes 044 0417 0395
i — : S
Similar tables arc available in SP 16 for d'/d = 0.10, 0.15 and 0.20. egimilar tables are available i SP 16 for d'/d = 0.01, 015 and 0.20.
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1.8 ACI SIMPLIFIED METHOD

The ACI method uses the simple approach suggested in 1960 by Yit and Winter, It also assumes
an effective moment of inertia proposed by Branson in 1977 [3). Itis based on a study of beams
with M/M, values varying from 2.2 to 4.0 and I/, varying from 1.3 to 3.5. The equation for
Ly is gwen in Clause 9.5 of ACI 318 as follows

PRY! 3
M, M
e o A |
Its value should not be more than I Calculations for deﬂecnon can be made as in IS 456
method using the above formula for Icﬁ

1.8.1 Long-term Deflection in ACI Method

Additional long-term deflection due to combined effects of creep and shrinkage is obtained in
ACI method by multiplying ‘the short-term deflection by the following factor:

4
= 1.8
A= 1+50p (1.8)

where
" p = Ratio of compression steel 4,/bd at midspan of simply supported or
continuous beams, and at supports in cantilevers

¢t = Time dependent factor taken as follows: 3 months = 1.0; 6 months = 1.2;
1 year = 1.4; and 5 or more years = 2.0

1.9 DEFLECTION OF CONTINUOUS BEAMS BY IS 456

IS 456 Annexure C specifies that deflection of continuous beams should be calculated by
modified values of I, I;, M,. The modified value is given by the formula

X, =k ’;Xﬂ +{1=k)X, (1.9)
where ‘

X = Modified value of X ({, I, M,)
X, Xp = Values at support

Xo = Value of the mid-span.

"k, = A coefficient given in Table.1.7 for values of &,

ky = (M + M) (Mp; + Mpy)

M, My = Acwal support moments -

Mg, Mg = Theoretical fixed-end moments if the loads are placed only in the span with
’ its ends fixed, this condition being considered as the standard to which all
the others are considered relative.

DEI;LECTK)N OF.REINFORC'ED CONCRETE BEAMS AND SLABS -

TABLE 1.7 ' VALUES OF k; FOR CONTINUOUS BEAMS
(15 456 Table 25) :

o7 08 09 L0 11 12 13 14

ky 0.5 or less 0.6 - | | 13
016 030 050 073 091 097 10

ki 0 003 - 008 -
In this .tablg, b, =' M+ M,

My +Mps

1.10 DEFLECTION OF CANTILEVER’S C
lear span plus one-half effective depth
For deﬂectlon in cantilevers, effective span is taken as clear sp thg e O e are. This

depends on
tilever. Deflection in cantilevers also
32;:::(1: zr;l;any factors,. especlally when the cantilever forms part of 2 frqrftéd member. This

effect is shown in Fig. 1.7..

Slope @ . . 1 »
frmemmusmTesmEasaws C 3
A ."aI ¢
A TE
K
Flg
a |3
b h

Fig. 1.7 Deflection of cantilevers.

111 DEFLECTION OF SLABS

The present empirical method of calculating deflection of slabs is shown in F?g. 1.8.

Y

X
of middle strips in X and ¥ directions,

Fig. 1.3 Deflection of slabs: &g, and Jg, are deilections

respectively i

H ]'-5 \ GO
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. Maximum deflection of two-way: slaB’ ‘= Mean mid-spaﬁ d_eﬂeétion of co.lumn_strip in_‘the long

direction + mean mid-span deflection of middle strip Reference Step - Calculations .

B . - in tae short direction
. Referring Fig. 1.8, we take deflections o in both directions along the strips. Average : ‘ E, =}§!2=9_05
: ~ deflections are obtained as follows: : ' : E, .22-| . |
’ . . 3 -\ Caleulate cracking moment M,
B =8y, Oy . e
o 7 O 000w s QL 622 7, =0.715= 271 Nimeo?
600

Y -_——-'2—'5300!’!\11‘\

: B 523 ="2'(5Dy+5Ey)+5Bk. T (1.10)
i _..b_d_—_-s’o_o_(i.g)—:izixlo’ .

- 5='E(513 +523) L4 iz 12
e A o , M, -.=1,i'-=(5.4x10")(2.71'/300) _
As deflection of colomn st;ips-‘cpnt_ributes mote to the toial deflection (as much as 75%), a Y
" proper estimate of Iy should be made for the various strips. As compared to beams, slabs do . =43.8 x 10° Nmm = 48.8 kNm

ot crack much below the neutral axis. Hencs, as 2 conscrvative estimate of Je, we can use

I, for the column strip and ([, + I y2 for the middle strips. Using these values, the same 3 Check value of MIM,
procedure as used for beams can also be used for calculation of deflection of slabs. -
i i e M _210_ 430
EXAMPLE 1.1  (Deflection of a eantilever beam by IS 456 method) M, 483
e Estlmatc'the deflection .of a car}tll.e vc: beam of breadth 300 mm, total depth. 600 mim, span ACI limits application of the theory to ratios equal or less than 4. For values
" 4 m, subjected to a maxinmm bending moment due to characteristic dead and live loads of 210 more than 4, cracking will be more than allowable. Let us assume that the
- kNm, of which 60% is due to permanent loads. . 1 theory is applicable in this case.
Assume tension stee_:l is 1.17%, compression steel 0.418% cover to centre of steel is
37.5 mm; creep factor = 1.6; shrinkage strain = 0.003; grade of concrete M, 15; grade of steel 4 Find xid and 2id
Fe, 415 (Example SP 16 (1980), p. 212), see Fig. El.1. [Example 12 of SP 16 (1980) of BISL | s short-term
A .
TL! : ) ‘ E 20 _q05
: : - : E. 221
G OpLpenrefeitemesen _
g ot T p(m=1) _0418 %805 _ o4y
DL}--+ 1 A » 4.7 ) 1,117 x 9.05 R
Lo R d=600—-30—-135-=562.5mn
-1 185
Deflection p,(m)=10.10;
Fig. 1.9 ELL '
: 4375 _ 506 (usc0.05)
4 5625
Reference | Step ) Calculations
: %=0.333

1 Data for design " Table 1.6

E, =5700415=22.1 KN/min? (IS 456(2000); E, =5000V f) : ’ %= 1 _?’;mo,ss-;
E, = 200 kN/mm? ' '
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Reference

Step -

Calculations

Table 1.5

sP 16

Chart 89
Fig. 1.2

Table 1.2

Table 1.3

Step 3

5

Obiain I,
Il’
bd*N2
0.720 x 300 5!
I = X (5625)" _ 45 04 % 10* mm*
12
Find It

={.720

Either catculate by Eq. (1.2) or use 5P 16

Ieﬂ'
—L=1.
I 0

r

I;=3.204%10"mm’

Calculate immediate deflections

M

Cantilever deflection = 0.25(4) X
Erl

(i) M (total) = 210 kNm ‘
(ii) M due to permanent load = 0.6 x Total load
= 0.6 x 210 = 126 ¥Nm

Immediate deflection: due to total load

0.25(4000)* 210x10° '
Oy = -
ST 1x10°  3.204x10° 11.86mm

Immediate deflection: due to permane;nl load

11.86x126 .
a, ==
o 210 7.12mm
Determine total déﬂecﬂdr-: due to permanent load
1+6=1+16=26

Long-term deficction due to permanent load = (7.12)(2.6) = 15.51 mm

(Na.te: For more.exact values, we recalcutate x/d and Je using Eeoto find a.p
as in B.S. practice shown in Example 1.2 Step 3. This procedure is adopted
in later editions of SP 16 as an amendmerit.)

Find deﬂection due to varying part of load
i Gipe= 11.86 = 712 = s74mm

§ AND SLABS:*

REINFORCED CONCRETE_BEAM

DEFLECTION OF

Calculations

Reference '

et ]

Obtain deflection due 10 ‘shrinkage

See. 1.5.4 = kWl

Table 1.4 k,=0.5 for cantilever

P—Pc= 1.117-0418= 0.689<1.0
_ €0.72) {0.699) _ 0.476

SO KT

assuime £, = 0.0003

o =Ko - 0476x0.0003 _, 35, 10”7
=D 600

Cay= (0.5)(:&3&‘10")(4000)2 =1.90 mm
Assume‘one—ha\f occurs after 28 days = 0.95 mm
il Check deflection requiremems—Condition I

 “Totat deflection. due 10 all causes L/250 = 16 mm
Maximum deflection components

1. Permanent Toad with creep = 18.5L mm

"2, Varying load with nio creep = 4.74 mm

3. Shrinkagé (tota) = 1:99 wm
| Total = 25.15 mm
12 Check deflecticn requiremen!——Condlﬁon 2

Total deflection after all construction ¥ Lf350

L 5% 1142 mm

350 350
Component ¢f deflection after construction

1. Creep = (18.51 — 7.12) = 11,39 mm

2 Shrinkage = 12 total = 0.95 mm

3. Varying part of load = 4.74 mm
e
Total = 17.08 mm

Actual deficction is more than that is allowed.
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Refercnce | Stép

N Ca!cu}‘an'&ns'

——

Note: Posmbie remedial measures are as fol]ows :

1. Revise lhe section - by, increasing depth . e e

of 10 m'rxf"ét the end.

as permanent loads (partitions and other non-varying applied Ioads)

_,

EXAMPLE 1.2 (Deﬂectlon by BS 8110 method)
Esumate deflection of cant:lever i Example 1.1 by the method recommended in BS. 8110

Reference Step

Calculations

Table 1.3

Example 1.1

Step 5

Table {.5

Design dafil

200
E, = 22]kNlmm m=—-=9
22.} 03

T1+0 1416
m,, =200/8.5=123.5
Caleulate EI for instantaneous deflection
= (22.10) (32.08) (10'") = 70.80 x 10"
Determine EI for long-term deflection
. d’

m, =233 and -E-= 0.05

P (m—1)=0418x225=9405

P(m)=117x23.5=27495

. .4
Ratio of p{m — 1} and p{m) = 597—:% =0.342

1.

W—l SO (approx) (refer Steps Ex. 1.1

3
- =150 éi--—tiﬁ‘]xm’ mm

E, I =85 x 6.67 x 10" =56.69 x 10" Nmm?

(Note: This value is less than EJ, of Step 2.)

2. Provide an upward camber durmg consrrucnon (to correct lhe total deﬂechon)'

3. Reduce:long-term effect by delaying app]lcatlon of apphed toads that act’

——a——

Referencé :

i

Table 1.6

Eq. (1.7

Table 1.6

Table 1.2

Step 7,

_ Example 1.1

-

ﬁEF'LECTION OF REINFGRCED‘ CONCRETE BE‘A,MS AND SLABS 21

C"alculafions

R

Find. &M taken'by concrete in short-ternl deflection

2o, 388
a .
x—«O 388x4897 l90mm

bk~ : A
AM =—'_’;((d'__—% Sur w.here Joe -1 Nl‘rnrn2

300 600 ]90 =18.5x10° Nmm
] 362. 5- 190
185 Kiim o
" Calculate AM taken by'conc'rere on long-ierm effects '
With values from Step 3 and assuming d'/d = 0.05
X 0455
i
x= =0.455% 562.5=256 mm
F =0,55 N/mm (forlongotenneffec::,)

3
300(600-- 256 %055 _ - 31nm
3(562.5-256)

Determine shor(-term deflection due 10 permanent load

1 M-am (126- ~18.5)%10° _

7 EH T 70.80%10"

107.5%10°

__.—-——-,—,- =1.52% 107 mm™
70.80%10

a, —k-—- 2 =025(.52 x 10°%)(4000)* = 6.08 mm

Find shori-term deflection due to varying load
M = 210 - 126 = §4 kKNm
By proportion

84
= 608——=475
8] 67.5

Obiain long-term deflection due fo permanent lead

M= AM=126-73= 118.7 kNm

L _‘_1-3—"-"—'3—-—20%10" mm™*

r EI 5667x10
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__,_-———] ‘ o - Calcu!atibns
Reference Step B . L . .

!T 11 Check deflection requiremenrs—-Candfﬂon 2

22~ ADVANCED REINFORCED CONCRETE:DESIGN:

Reference | Step o Calculations

..—-—-—-—-_ -
" | 2 ! L -
= i — 11 42 mm
Deflection a,, 025 L ! . . Deﬂecuon aﬁer constn.lctlon :ﬁ 350" i.e.
. : £ mm
=0.25(2.09x 1074 ){4000)* = 836 mm ‘ 1. Deﬂect:on due to croep= 836 :2(;2 2126 mm i
- . . ) d ﬂectwn =3 =
{This is tess than that obtained from 1S method.) . B o 2. Oﬂe-ha‘f shrinkage de = 4,95 mm_-
ok : : : 3. Varying part of load ey i
9 | Calculate deflection-due to shrinkage ‘ : e ) Total = 8.82 mm
Shrinkage curvature = -l-= Egm$, Deﬂ.gbtion"is- satisfactory.
X e Fy . - - R
Sec. 1.6.2 I, =6.674x10° S, and moment area of teinforcement about the natural axis
Step 3 -d=600-37.5 = 562.5mm

REFERENCES

= —————-ll'l 17 (3:):; 5623 . 18.85 mm? at top

.. . . ' - , iy
1. Hughes, B.P, Limits State Theory. of Reinforced Concrete Design, Pitman’s Boo
. Hug

0.416{300x 562.5) 2 : ' : Company, London, 1981. ‘ i
A A st/ hutmind ‘ . n Handbook, Berhin,
b 100 702 mm” 2t botton 2. Joseph Eibl, Emst and Sahn (Eds.), Concrete Struciures: Eurodesig
‘Position of both steels = 37.5 mm from surface k: 1954. McGraw-Hill, New York, 1977.
] i ) ructures, - ' ?
Depth N.A. (long-term effects) = 256 from bottom and 344 from top of bezm. ; 3. Branson, D.E. Deformation of Concrete S ructt Bureau of Indian
\ : ) 16 (1990) and (. Amendment), Design Aids for Reinforced Concrete,
S, =1885 x(344~31.5)~T0%(256~37.5) '- 4 SP16( i
: Standards, New Dell.
= 4,24 % 10° mm® (moment for comp. steel is —ve)
=1_gmS,
v r I,
H
_ 0.003 % 23.5x4.924x 10 = 4.48%10° mm"
6.67x10

Deflection = k¥ = 0.05(4.48 X 107)(4000)" =3.58 mm ~

(This is much larger than that obtained from by IS method.)
10 | Check deflectian requirements—Condition {

Total deflection: * --£'——-, ie. 16 mm
250

1. Long-term deflection: due to permarent load = 8.36 ‘mm

2. Varying load with no creep . = 4,75 mm i ’
3. Shrinkage deflection (total) = 3.58 mm

Total deflection = 16.69 mm

Deflection is satisfactory.
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cHAPTERz B

~ Estimation of Crackwidth in
_Reinforced Concrete Members

21 INTRODUCTION
The :'lllo“fablé. qrf:ckwddth iln reinforced conorete members are given in Tablé 2.1. The empirical
methods to limit crackwidth in normal concrete structures due to nb_mial loads are the

following:”

(i) Limit the allowable stgel stresses in the ‘members as is done in the design of water

(i) Detail the steel in the members according to the. rules laid downzin. the Code of

* Practice as given in IS 456 Clause 26.

TABLE 2.1 ALLOWABLE CRACKWIDTHS FOR BUILDINGS

Expostire condition 15 456 BS 8110 ACT 318

1. Normal (in mm} 0.3 0.3 0.33 (outside)
- ’ 0.44 (inside)
2. Aggressive (in mm). S0l 0.1 0.1

'H.owcver, under exceptional cases such as severe exposure conditions and 'in water-
retaining structures we may check the crackwidth by theoretical calculations. Cracks can be
produced also by shrinkage and temperaturc variations. Extra reinforeements to reduce such
cracks are always necessary in reinforced concrete. The methods for calculation of widths of
f:ra;:(.s dt;e'to loads as Vf'ell as those due to shrinkage and temperature changes are discussed
ﬁ ml?ncc;[:::éf;};mamn of crackwidth in water tanks recommended by BS 5337 is dealt

2.2 FACTORS AFFECTING CRACKWIDTH IN BEAMS

2:;0:3;:“ factors that affect crackwidth at a given point in a reinforced concrete beam are the
g

1. Distance of the point from the surface of the nearest main reinforcing bar ac, (Fig. 2.1)
24

ESTIMATION OF CRACKWIDTH 1N REINFORCED CONCRETE WMEMBERS - 25

2. Spacing of the tension reinforcement (s) - - , : ‘
i 3. Cover to steel (¢). (Greater the cover the larger the crackwidth. Under niormal condition,
crackwidth is said tobe 0.004 time the nominal cover) . N :
4. Stress level in steel and hence the tensile strain in concrete (&) and in steel (£).

Fig- 2.1 Factors affecting crackwidth In beams.

23 MECHANISM OF FLEXURAL CRACKING:

of a beam, the first cracks are ,fqr_med when the tensile strain in concrete
ment and the cencrete are bonded

which will release the tensile strain
p. 2.2, Further loading increases

On gradual loading
reaches the limiting value. We assume that the reinforce
together and these cracks are formed at a regular spacing.
in concrete on both sides of the cracks as shown in Fi

Fig. 2.2 Crack spacing in beams (B -primary; 8, secondary eracks)-

the width of the cracks. With bars having good bond characteristics, there will be no slip
between the bar and the concrete. Hence subsequent secondary cracks are formed to release
the strain on fusther loading. The width of these cracks will be finer than that of the primary
cracks. From statistical point of view, we may us¢ the following relation for the mean width of

cracks Wpeanr
Wypesn, = (Tensile strain in conctete at the level considered) x (Mean spacing of
cracks)
=g xS, @D
Taking the maximum crackwidth will be twice _thé mean
(2.2)

Wne™ = 26 * Sm

2.4 CALCULATION OF CRACKWIDTHS -~

The following are some of the proposed methods to estimate width of cracks in beams:
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; ISSin;pIe empirical méthods

2. I8 456 and BS 8110 methods [1

3. ACI method [3] [4] - .
4. CEB-FIP method inqdiﬁcd as Burocode method [5]

We Sha“ l'es['l'ict Ourselv me V ; . 4
) ¢ 1 - thods m thlS bcok and references 3, and S can

2.5 SIMPLE EMPIRICAL METHOD

The study of the empiri
_empirical method gives L .
crackwi ; o us an insight int .
i .dth. In this method we arrive at suitable vahgxcs lnfo th-c various factors t.h at affect
ckwidth. . _ of & in Eq. (2.2) to arrive at the

2.5. 7
5.1 Empirical Value of Mean Spacing of Cracks (S,)
. m
Test results show that spaci |
1€ h pacing of cracks at i
from the outside of the ncarest tension t:‘auf.1 I?I(;l::edepends o (¢ the distance of the point
8 = {Constarif) (ac;)
= 1.67a,, for deformed bars
= 2.00a,, for plain bars

As shown in Fig, 2.1,

a“= X +y ——
(2.3)

!

1ﬁ'here X and are [he .hon‘zonta aﬂd ‘,ern'ca dlstanch thh a
l, M .
J 1 pOlnt fl‘om the nearest baf Sul‘faces

2.5.—2 Mean Strain in Concrete &,

As plane sections remai
main plane even after i .
at the same level are the same. bending, the strains at a point of concrete and steel

2 - (2.4)

where ¥ is the distanc ' -
e of point from the : .
and & the concrete strai = 4 neutral axis, & is the steel strain i .
¢ strain at 7+ (d — x) is the distance of stee] from the n:::lttrl;i :erfsmn seeel
Xis.

£ =
Thercfore,

where f; is the stress level in steel and £, = 200 x 10° N/mm?

CRETE MEMBERS n

ESTIMATION QF CRACKWIDTH .IN REINFORCED_CON

2.5.3 Expressions for Crackwidth

Using Eq. (2.1), we have

Winean = Smfe
= 1.67a,€, for HYD bars

=2.00a,¢. for smooth bars

with

Wax = 2Winean
= 333a,€, for HYD bar

= 4.00a,£, for smooth bars

Using this formula crackwidth at different positions can be estimated as foiows:

1. Crackwidth at the surface of steel is zero as der = 0.

2. Crackwidth at the neutral axis is zero as £ = 0. .

3. Along the bottom of the beam, where £, is constant,
is the largest at the point midway from the steel (Fig. 2.1).

4. Cracks at the corners, position 2 in Fig. 2.1, a, is large and so crecks will also be large.
5. Along the side of the beam towards the bottom, &, is large but a,, is not large. Towards
the top & is small but Gc is large. It can be found that the widest crack occurs at about one-
third the distance from the neutral axis and the level of the reinforcement. .

¢ of the follov.;ing'enmirical rules in IS 456 for crack contro] is evident

crack will be the widest and er

The importanc

from the above discussions,
e, large cracks can occwr

(i} Rule regarding spaciﬁg of steel; If the spacing is too lasg
between them. Smalier diameter bars at closer spacing is better than larger diameter bar

further apatt.

(ii) Rule regarding side reinforcement for beams of large depth greater than 750 mm.

cedure we ca
Fig. 2.3 with no width at

From the above empirjcal pro n also deduce that cracks in concrete beams
the level of the steel.

are diamond shaped as shown in

—...-—.-—.-.——.—_-——.-..—

Fig. 2.3 Theoretical shape of erack in beams.
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' _ -2.6: ESTIMAT]ON oF CRACKWIDTH 11 BEAMS BY IS 456 AND BS 8110
© 15456, Annex 10 specify d i |
_ exure F and BS 8110 specify the same formula for estimation of crackwidth in beams

* " data, where th PR N

L e siress in tension stee},3§ lirmited to 0.8 £,. It is based on the following assum "

':: S"T = l_.Sa,:, (is a function of a,,) p l9n3.

2 W is 2 function of S, and€, i
3. Wiax = 2wmn o . : m

Crackwidth w, = e 3
ahore er ™ Crnin )/(h - I)
Cin = Minimum cover of ten.;,__ion steel |
. = Overall depth of the member

.. x = Depth of neutral axis .

Ihe Value Oi £, 15 t‘he average tIaill al 3] evel Whe 1] thB [+ dcklll 15 bﬂlﬂ COIlSldeted. All
m g S tth l T I g g
- . .
CIﬂ(:ked section and thcn Ieduce it fOI the Sll'ffenmg effBCt Uf concrete a[ound the Stcel.

Assuming that the cone ;
| Tete below f :
shown in Fig. 2.4. he neutral axis can take a tension equal to 1 Nimm® as

/ T § |
NEEL s
d
v | (@~ x) f _
& P
1 N/mm?—» i l :
«— b —»}

Fig. 2.4 Estimation of E,, for point P of a beam section.

Also, assuming b, i i i
g b, is the width of the section at the centroid of tension steel and AT the

tension in the concrete a

I round the steel, which is

} to be ¢ ion i
obtained from the cracked section AT reZiuccs to the follo(\];.:‘;?ted from the tension in stee

by (h-x)
3(d-x)

AT =

[assumed] AT

Strain (due 10 AT) = ——~
4,E, (2.6)

The BS method is b
_ ased on the work of Bezby [6] and is the best fit of extensive experimental'

@.5) -
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Based on the above de_.-riiration, the value of the E,,.,'at"depth a.l' in Bq. (2.6)'will be given by
the equation (see Fig: 2.4)- e e ' '

' b, (h—x) (@, =) ) o
g m gy e
o TR TTSE AW ) | @n

where

Ep == _Avcragé strain in conctcté at the levct where crackwidth is required. In cases,

'wherc_»it-is-.‘expected that the: ¢oncrete mMay be subjected to abnormally high
shrinkage strain as much as 0.006, &, may be increased by adding 50% of the
expected shrinkage strain in it (with good curing, the effect of shrinkage may be

- . ignored) o

Strain at the level considered of a cracked section ignoring the stiffening effect
of concrete in the tension zone and cffective E, taken as one-half the value to
allow for creep effect (see Chapter )] -

&

b = Width of gection at the centroid of tension steel

ay = - Distance of compression face to point considered for, crackwidth calculations

Mx, : ' T
Pa——" - (2.8
17 T,(0.5E,) _ - @9
with E of concrete being taken as 0.5E.. Xy i8 the -distance from the neutral axis to the point

whiere the strain is required. I is the moment of inertia of the cracked section.

It can be seen from Fig. 2.4 that the second term in Eq. {2.7) represents “the stiffening effect
of concrete’ assuming concrete at level of steel can take a tension of 1 N/mm. A negative value
of &, denotes that the section 18 uncracked. For a gection which is subjected to bending and
tension, the value of h — x, may be interpolated by the following conditions:

1. When the neutral axis is at the least compressed face then x is zero, S0 h — X = h

9. For axial tension where the whole section is in tension, A — X 1% taken as 2.
2.6.1 Specitying gervice Stress for Limiting Crackwidth

Reducing the stress level in steel is one of the easiest methods of reducing crackwidths, Let
£, be the steel stress. The strain £ at point P in Fig. 2.4 is given by

P A USL)) 29
VR (d-%)

Substituting this value in Eq. (2.7), the vatue of &, can be found in terms of f. BY specifying
the value of the design crackwidth at the point where the crackwidth will be maximum the
value of the limiting fs ‘the stress for the designed crackwidth’ can be determined. This method
is nsually used for limit state design of tiquid retaining structures based on S 5337 and is
dealt with in Chapter 26. Both BS 8110 and BS 5337 give similar formulae for
crackwidth. However, there are slight differences in the expressions due to the following
reasons: '
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L."BS 8110 allows crackwidth up to 0.3 mm whereas in BS 5337 it is to be limited to lower
values (see Chapter 26). : : ;
" 2, InBS 8110, the probability of the crackwidth exceeding the mean design crack is taken
as 20% whereas in BS 5337 it is taken as. only 5%. :

2.6.2 Crackwlidth under Long-term Loading

The effect of sustained loading (creep effect) on crackwidth is at present only qualitatively
understood, At present, the effect is taken in calculation by the reduced value of E, to find the
denth of the nentral axis,and l_:nv addding a percentage of the ‘excepted shiinknge strain into g,

2.7 SHRINKAGE AND THERMAL CRACKING

Shrinkage and temperature changes produce strains in concrete. Extra reinforcements are to be
provided in concrete to take care of these strains. -

2.7.1 Shrinkage Strains in Concrete

The final shrinkage strain in concrete is of the order of 3 x 10, If concrete is allowed to shrink
freely there will be no cracking but restrains produce tension in concrete if reinforcements are
introduced, it goes into compression (IS 456, Section 6.2.4).

Total shrinkage = (Tensile strain concrete) + (Compression strain in steel)

R % +.-£.‘L‘

¢ z
From force equilibrium ot: Itension and compression
Afu=Af = pA.1s
where
P = Steel ratio 4,/4,
Ja = Concrete stress in tension
fo= Steel. stress compressidn

If we designate the sieel ratio at which £ and f, simultaneously reach their maximum
allowed values. p is the critical steel ratio. Then, iaking £, as the tensile strength of concrete.
We get

P, =.&=0'24‘Jf;:k
‘ f}’ 7 fy

(Another expression for £, = 0.12(£,)®” and in any case f;,is less than the modules of rupture
Jor given in 1S 456.) If p is less than p,, the steel will reach yield and the cracking will be
random. So that it is always better to have tightly more than the critical steel ratio in all
structures,

(2.10)

 with
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fa=25 and f,=415

125 _ 0.003= Critical steel ratio

Pe=7ae ™

. 415
Therefore, the steel should not be less than 0.3%.

following expression:

Values of fi, fu and £ are given by q.m?_ -

gcsE ' fct ) . .
+mp (2.11) .
fsc 1 £ ’ fct pf;.c’ Eqy Ec 5 k
v n as U.o0&y.
Th Iue of £ varies with the spacing of cracks, but the mean alue can be take ot
e va ot ki O

2.7.2 Ccﬁhbined Thermal and Shrfnkage Str_ains

ete can be divided into two parts:

Temperature changes in concr | _ . i
p maximum value during hydration to the ambient

1. Temperature drop of concrete from its

tcmp;I?I'hnieVQasonal yariation is equal to £7T deprees after hardening. In this case,

Eieap= *TR |

where _ :

a = Coefficient of thermal expansion {Table 2.2)

T = Variation of temperature (drop or rise In temperafture) t0s t{_) L0 vigi

R = Restraint factor usually taken as 0.1 to 0.4 for ordinary cases and U. .
restraints ' : .

in is given by
The total strai g -, {2.12)
et
respectively.

i i [ ion in concrete
are strains due to shrinkage and tension X o the

. Co i e
ess the capacity. of concrete to \vlthst.and cracku;g in
: f concrete as given in Table 2.2.

where & and &
Many authors expr
maximum strain depending on the type ©

THERMAL EXPANSION OF CONCRETE

TABLE 2.2 rmal Cement Contents)

(For Concrete with No

Coefficient of expansion (°C) Tensile strain capaciiy

Type of aégregafe in concrete
&
Limestone . £.0 x 107 90 % 1()-6
' x 10
Granite, basalt 10.0 % 107° 80 .
’ ' 12.0 x 10°¢ 70 % 10

Gravel, quartzite
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273 Spacing of Cracks dugr to Shrlnkag.e; and"‘l"eiﬁperature |

- Method 1

EJ_smg‘the assumption that at thq ciack there is no stress, and between the cracks there is 1o
- alip between concrete and steel with bars diametsr ¢ spaced at 5, we get .

fiuA¢r= (Bond) (Perimeter 6f bars) (Crack spacing)
To =Total pcrim.eter = 4pA¢ ¢ '
fade =(R)BPAIDE
s = (fulfs)(94P)
where
p = Steel ratio
s = Spacing of cracks
" f3 = The bond of strength
¢ = Diameter of bar

Experiments show that fylfer = 1 for lai
2 i . plain bars and 1.5 for deformed bars. Accordingl
s = ¢/(4p) for plain bars and it is ¢/(6p) for deformed bars. (Mean value = #15p) (2.g13)';

" Method 2

The B.S. crackwi ; i o
e 1(:-, ;?1_ dih formula can also be’used to calculate the width of these cracks as shown

EXAMPLE ?.1 (Calculation of crackwidth by 1S 456 and BS 8110)
1:;\ bt:‘am ?f width 450 mm, dzeptl.l 750 mm and cover of reinforcement 40 mm is reinforced with
rods of 40 mm (3780 mm®) diameter. Calculate the crackwidth when the section is'subjeéted

. to’'a bending moment of 490 kNm at the following points.

450

304

136

750
z

446 wla
14&»:
! . |
1
1
I
]
!
}
= 61;\

@ !36'6 “ ]65’l

Y Y® P I
3 © © FEOXC)

Fig. 2.5 E2.1.

PENENEES e

1. At a puint on
2. At a point mi

‘the side of the beam 250, mm below the neutral axis -~
dway between bars at the _tegsion face ’

3. At the bottom corner Lk
4. At the tension face directly under the bar

Assume fox
8110,

Reference

SP 16

~ Table N
(Table 1.6 of
Text)

sP 16
Table 88
{Table 1.5)

= 25 Nimm? and f, = 413 Nfmm?. Use the rﬁgthod regommc'nded

1 Calculate the. position of the NA. .
b a50; h=750; d =690; fix = 25

£, = 5000y, =25%10° Nim’

Eca::"—'
2
m=§a‘-—=~.‘&=]6
E, 125

[, ORI
450% 690

mp, =1.le]4.29=173

X =044
d
x=0.44x690=304 mm
d —x =386 mm
2 Determine strain in concrete

By method 1 from stress in concrele
Find I, and [,
4 _ 60 _5.08(use 0.1)
d 690
pm=113% coefficient = 0.991

I cracked =M —122x10'¢ mm*

LMy R
" g I E 1_22,(1010“4“0,

By method 2 from stress In steel
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b

by IS 456 and BS

=272x107
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Reference Ste, ' j —— - Reference Ste; . Calculations
i Calculations ' f -' | P I
. C — ' 364,85 11Tx1074 oo
_ M s . W= e = 0.20mm - E .
1 . ' ) ) 226 7 . 6 Culculate cr&ckw:‘d!h under‘!he bar on tensian faced
Straini = e ' s ' L
ain in stee] 701 =1.0%x107 . . gm=]1.7><10"‘4; a,, =40 mm
& = strai in concrete at 250 mm Eq. (25) = Bags,=3x40x11.7x 107 =0.14 mm )

1.0x107x 250 ‘ : )
Ty — EXAMPLE 2.2 (Critical steel ratio to avoid eracking of walls) 7
00 mm thick. Determine the critical ratio of horizontal steel

386 =6.4x107*

. A reinforced concrete wall is 1

required to control ghrinkage cracks with grade 25 concrete and grade 415 steel. If 10 mm
grade 415 steel at 300 mm spacing is provided on both. faces of the wall estimate the spacing

of the cracks and its width due to 2 drop in temperature of 20°C.
Assume the following data: :

3 Calculate crackwr’drh at side 250 mm below N.A
h-.-x = 7§0~304=446 mm

£.=b(h—x) a=-x
IE 4 -
oy d-x 1. Drying shrinkage of concrete = 100 x 107
o 450x446x250 0.6x105 9. Coefficient of thermal expansion = 10 wec
3 =00x
3x200x10° x 37805 386 3. Modulus of concrete in tension E = 10 X 10° Nimm?
4. Strength of concrete in tension = 1.5 N/mm’ .

b =8 =6 = (1.2-0.6)x10™ =66x 10"

i
= 2 " .-
e =V136" +160% = 20 = 90 mm Reference’ Step Calculations
1+ 2(190 - 40)/ 446 =0.225 mm T 1 Determine critical steel ratio p;
4 Calculate crackwidih mid o : L 0.0036
midway between bars at tension face See. 2.7.1 pe= 5y Tas
g =M= 11.5%10°% 2 Calculate spacing of cracks with 10 mm @ 300
b 386 10 mm @ 300 on both faces gives
k- x) 446
£'= (_.._.. - —6 2
» 34, 386 10 p=ﬁ_)26’-‘x—21%65=0.0052>0.0036
Ey=g—& =1l -6 .2
=8y 1.7x10 Eq. (2.13) | R— spacing=s=—s%
= 2 : .
g = ¥82.5% + 607 ~20 = 82 mm : 10
. §=E———r—= 385 mm
Eq. (2.5) : o 3X82x17x1074 o : (5)(0.0052)
1+(2x42)/446 35 mm Sec. 2.73 Secondary cracks at sf2, i.c. 190 mm (say)
5 Caleulate crackwidth at bottom corner 3 Delermine contraction strain
£, =11.7x107* ¢ = Due to shrinkage + Due to drop in lemperature = Due to
elongation of concrete because of tension
1. Due to shrinkage = 100 * 10-¢ ) (given)

g = V607 + 607 - 20 = 64,85 mm
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. '_R-eﬁ.arence

 Step

Calculations

Egq. (2.5)

2. Drop in femperature = 10 X 107¢ X 20 = 200 >-<:)I(]'6
3. D.ué to elongation of concrete = fﬂ:’f'.',;t -

S - Y
: RECE A _
Item 3 ";'arigs from zero at crack fo maximum at the middle betwéen
cracks. Hencé the average strain = ~75°X 10°% )

= —150)(]0'G

& = (100 + 200 - 75) x 10= 225 x 10"
Estimate the crackwidth .
S s_p_aiciﬁ'g 5 Strain = 385 X 225 X 10°%= 0.087 mm
V_Ca!_r;:u‘l“a'le érackwidth from B.S. formula
Assume cleal; covef of 25 mii and steel as 10 mm at 300 spacing.
@, = VI50% +30% - 5=148mm
Spaclng of cracks
5 =38 = 31X 148 = 444 mm
Crackwidth
Y s 2(aiais";h)/2h

_ 3142510

= =0,045mm @ 445 mm spacin
Ty oRmm @ Spaciie

Note: The second methed gives smaller crackwidth than the first

empirical method. Al) these methods give only an estimate of the

magnitude of crackwidth and its spacing. In actual practice the

degree of restraint also affect the results.

EXAMPLE 2.3 (Early thermal eracking)

A concrete wall 600 mm thick is reinforced with

10 mm bars at 100 mm centres in the

horizontal direction and 20 mm at 250 mm in the vertical direction on both the faces. The
vertical steel in the outer layer with clear cover of 25 mm so that the clear cover to horizontal
steel is 40 mm. Check the wall for cracks due to early thermal cracking for a change in
temperature of 32°C, assuming o= 12 » 10-5°C and that the net strain &, for early thermal
cracking can be expressed by the following formula: &, = 0.8Ta R, where T is the rise in
temperature and R is the restraining factor.-Use the IS formula '

w= da, &,
1+ 2ag, —Cngy ) (R —X)

IN REINFORCED CONCRETE MEMBERS 37
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Referencé

Eq. (2.5)

Step . :

| ————

1

]

Value of R .

e

_‘ Calculations

Let us consider tﬁe base ofithe wall where the restraining factorfw‘:‘ll :
be high 0.8 (on the top, the restraining factor vurill pg: s_mall of the
order- of 0.2 to 0.4).. R -

Calcnlate strain for 20°C temperature
g = 08TaR '
= (0:8)(32)(12% 107°)0.8)

:

=246x107 | .
Check horizontal bars for vertical cracks

Horizontal steel spacing = 10 mm at 100 mm centres
Cover to centre of steel = 50 mm

Ciackwidth is maximum midway between rods

o, =50 +50% ~5=65.7

Calculate crackwidth

Aésume x=hi2; hx= 100 mm

3a,5,

R TC TR ()|

| (OXE5TH2:46%107)
=71+ 2(65.7-45)/300
=004 mm<03mm

Note: Horizontal steel controls the cracks pormal o thathste'el, 1:‘:"
vertical cracks. Similarly, we check vertical bars for horzo

cracks.
Check vertical bars for horizontal cracks

Assume 20 mm bars at 250 mm in the vertical dirctions 38 outer
layer. Let the clear cover be 25 mm.

a“=\’1252+(25+10)2 —10 mm =120mm

_ (3)120)(246%} 0™
W 2(120 25)/300

= 0,05 mm < 0.3mm

This is allowable.
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Redistribution of Moments in
Reinforced Concrete Beams - -

3.1 INTRODUCTION

. ) B ¥ the )
’ L botatory tests on ﬁ.xed aﬂd‘ cﬁﬂtlnuous R-‘C. beams‘have concluslvel,’ provcd.ﬂ‘lat a
d00 3 i

istributi ' in R.C. Because
i i bution of moments takes place in
he indeterminate structures redistri ' takes pl I ccause
o Oflfstc'il,dt rt:)tation cﬁpacily of R.C. sections, the alloxyable redlsmbuhonsd_fn n;?; trir:) oments
o s uch as in steel structures. More so, these limited allowe.tble r? 1sd. butions can
are not atg;a msteel placement in R.C. beams and slabs. Hence, fhe subje?t (I){ _ (r‘e :.:; tlbution of
lmPfOV(: hzs received much attention and rules have been laid down in R.C.-c
moments
istributi 1s. o .
!‘edlsmb;tlolla c;)fenllrgﬁzrx;bered at the outset the redistribution of mqments is allfowtr::lic ;Tg
. !s 0uoments have been obtained by theoretical methods of eias_nc ar;)al;;)sls c?i ns rutures
wheiln t lfn?ment.distribution, slope-deflection analysis. Moments obtalnf:dt yofir‘lvo_\%ay oment
Su(;fi'as'ents as in the case of direct design method or-tables of coefficients 3
coefficients, > of
d to be redistributed. ) ) codes for
e I’}‘ok:isa lt:l(::;er exainines the general requirements laid dowr} by IS, I;S Zggi i(:clalculations
1 redistribution of moments in R.C. members, and explains how t e : ﬁc caloulations
normh?e 1;:earried out. For larger redistribution of moments we can usc Inelas
can . ;
analysis discussed in Chapter 22.

3.2 REDISTRIBUTION OF MOMENTS IN A FIXED BEAM

in Fi jected t
Let us take the example of a fixed beam as shown in Fig. 3.1 of éezg_t_hsl, na;md subjected to a
uniformly-distributed load w per unit length. Let w = 24 kN/m and L = .

,532: o / :jg

Fig. 3.1 Redistribution of moments in beams.
L3
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The bending moment diagram in elastic behaviour is shown in the figure and the values of the

salient: moments’ are given below:

. L o2 o
M,=M L QUKD _ sounim

ST 12 12
L e QAXSKS)
M ot e TN =D
contre = "o % 5kNm

 The points of contra-flexure arc 3t 0.21L (1.05 m) from cither ends.

Tt is required 10 reduce the value of the fixing moments M, by 30% (i.e. M,=0.7 X.50
=35 KNm) and Mpby 20% (icc. Mp=' '
By finding the point where the shear force is zero, we can calculate the distance x,, of the
point of maximmsm positive moment from A )
v, ML MMy

2 L
(24)(5) . 35-40

5 _

+

=58.75kN

3.
X =-5-£=2.45m

We obtain the maximum positive moment by Eq. (3.7).

o5, 0.5(58.75)°
- () M, = 5(5;475) 35=37%Nm

The points of contraflexure are found by equating the bending moment at xp to zero.

xp = 0.69 m from A and 0.78 m fiom B.

3.3 POSITIONS OF POINTS CF CONTRAFLEXURES

The following points should be noted from Section 3.2. The position of the points of contraflexture
of the elastic bending-moment diagram and the one obtained after redistribution of moments
are not the same. The actual point of contraflexure in the structure can be anywhere between
‘ the corresponding points of the diagram before and after the redistribution. So, one should

_carefully follow the second rule given in the next section (condition for moment redistribution)
that the reinforcement provided at all points in a structure should not be less than 70% of
the maximum elastic moment at the point. This will ensure that the structure is safe both in
clastic and plastic stages.

03( 0.8 = 40 kNm) and plot the resultant bending-moment g
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3.4 CONDITIONS FOR MOMENT REDISTRIBUTION

I8 456 (2600) Clause 37.1.1 and BS 8110 give -_the'fdlldwing five conditions to be satisfied for
moment re-distribution in reinforced concrete structures: _
Condition 1: Bquilibrium must always be maintainéd at all times beiween the internal
forces and external loads applied. R
Condition 2: The ultimate moment of resistance'_,p_,l"ovided for at any section siould not

be less than 70% of the moment at the section obtained fiom the elastic analysis for obtaining

" the maximufm moment diagram covering all load combinations.

Condition 3: When using limit state design of R.C. section motments obtaiticd at any
section by elastic analyses should not be reduced by more than 30% of the numerically largest
moment (i.c. the redistribution should not be more than 30%) covering all load combinations.

_ It may be noted that with working stress design, the redistribution allowed is oniy 15% {as

456 Clause 37.1:1 and Section B.1.2). ACI code does not allow any redistribution when
members are designed by the working-stress method.

Condition 4: At sections where the moment capacity provided is less than the moment
obtained from the elastic analysis of the section {i.e. locations from which moments are to
e shed and which have to undergo large rotations), the following relationship should be
satisfied:

L2 fﬂ_ <06 ’
d 100
which may aiso be stated as
x AM '
L £06———
d M . @D
where
x = Depth of neutral axis
d = Effective depth
SM = Percentage reduction in moment =.A_M_1()o and @__-:_i‘y._
. M 100 M

In BS 8110 the same condition is stated by a simple rule that the depth of neutral axis should
obey the following relationship:

-3 < f3, -04 ) G2

where
Moment at section after redistribution

Moment at section before redistribution

B = Ratio of moments =

M-AM =l—-AM
M M

Hence Eq. (3.2) reduces to Eq. (3.1).
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- Condition 5: For structural frames over 4 storeys in height and which provide lateral
stability. also, the reduction of moments should be restricted to 10%. :

Addit_fqndi condition: Even though IS 456 specifies only the above conditions, one.

‘should in addition check that the sections of the maximum moments are provided with
enough latgral binders to help the necessary rofation for redistribution, by increasing the
allowable value of &, the strain of concrete at failures. (See Section 3.9 and Chapter 22)

3.4.1 ‘Influence of x/d Condition on Redistribution

Condition 4 in Section 3.4 puts severe limitations on the allowable redistribution moments in

structures. By Eq. (3.2), in design of beams for 30% of redistribution the depth of neutral axis
should be restricted to ' C

-—Z— £0.6-03=03 ' 33)

Most of the formulae for design have been worked out on the assumption that the limiting
value of x/d = 0.5 {for Fe 415 steel it is 0.479). To obey Condition 4, the real redistribution that
can be allowed works out to approximately only 10 to 12%. In columns, x/d is very large so
that no redistribution of moment can take place in columns, Pecause of the rotations that are
necessary for. the redistribution, it has to be very limited in the case of celumns.

These discussions show that redistribution of moments is mot. as easy as it may look at
first glance. Larger redistribution should be carried out with care. However, redistribution of
moments up to 10 to 30% of the beams can be accointed for in routine designs without any
difficulty. (The Australian code allows redistribuition of 75(0.4 — x/d} for x/d more than 02
and 30%- for x/d less than or equal to 0.2.) :

3.5 FINAL SHAPE OF REDISTRIBUTED BENDING MOMENT DIAGRAM

It should be noted that two conditions that (1) the elastic moment should not be reduced by
more than 30% and that (2) the moment value at any section should not be less than 70%
of the original elastic valge, are not complementary. I these are to be satisfied simultaneously
the point of contra-flexure should be assumed (as already pointed out in Section 3.2) to Lie
in a zone and not at a particular point on the beam.

3.6 MOMENT REDISTRIBUTION FOR A TWO-SPAN CONTINUOUS BEAM

3.6.1 Theoretical Method for Redistribution of Moments

To consider the redistribution in a two-span continuous beam, we first draw. the elastic bending
moment diagrams by considering the various cases of loading (IS 456 Clause 22.4.1).

Case I: Both spans loaded with dead load and lef span only with live load.
Case 2+ Both spans loaded with dead load and right span only with live load.
Case 3: Both spans loaded with dead load and live load.

e et

For a purely theoretical solatien of redistribution we have to first choose a suitable value for

; i for each of the three cases aré then drawn
1t as the base value. The B.M. diagram of th
:rl::tlf l:'l;g?su-i;sution carried out separately for the chosen value of the fixed support moment.

Finally, the envelopes for positive and negative pending moments for each section are drgwn
’ ° .

as the design envelope.
362 Shortened Graphical Method

ich is vali i : 1 however, be made by drawing
i jon which is valid for all. practical purposes can, e y drawi
g:.l l::l::'(g:o:;h::tl'ot;e undistributed moments for the three cases and working the redistribution

on their envelope as jndicated bqlo_w: ‘ B .
Step 1: Draw the individual elastic bcnding-momen_t diagrams for
3 as explained in Section 3.6.1.

Step 2: Draw the elastic mome!
3 (envelope curve A) o

Step 3: Draw the 70% value of the above envelope to confirm the Vspet;;ficatlo?_.tht_ the
chosenpva{ue should be at least T0% of the elastic value (envelope curve ). :

of redistribution is to teduce the difference between span and support

. As the aim ; ;
momsetfft)s i'th:‘iatteer?‘is usually the larger of two), choose 2 suitable moment from the envelope

(curve A) as the base value. This value should not be less than 70% of the Vmaximum elastic

moment at the support. - .
at values at the various supports to form the base line.

op §- Join these support mome
On titi‘:‘.pb;ejﬁ;l; drzs\.: fhg l1}’-:e;: bending-moment diagrams for the three cases of dead and full

i inati ined in Step 1.
design combinations already obtaine . .
Step 6: Draw the envelope of the diagrams thus obtained (envelope curve C).

Step 7: The conditions satisfying the values of envelopes B and C give the dlstantcd
dcsign-mm.ncnt diagram for the continuous beam {envelope curve D).

the loading cases 1, 2 and

nt cnvelope ;:onsidering all the three loading cases 1,2 and

37 ADVANTAGES AND DISADVANTAGES OF MOMENT REDISTRIBUTION

i iti increased
The main advantage of redistribution is that the maximum positive moment can be i

g t p g l sser
r *

and the “lax“num ne; ative rﬂo[ﬂcnts at su po_rls can be IeduCc‘d thus [esultl“ n e

Congestl()ﬂ Of Steel at the Supports. on the Oﬂler hand, W1mOUt Iedlstrlbuhon the[e 18 always

d tage that the m-axlm\;l\m mﬂmcnts at U’ ario p nts ) h d simu aneous y

an a van | 1us pot ts arc n { reac = lt |

i Tun
erve (= m the Sﬁuctul'e even lf one Of the po“lts Uf maxu
S0 that ﬂ'lete 18 TEs of str ngth

i . redistribution of 30%
ed the failure stage. However, the tcc.hs of 31 e lar
!il:lclril:me'l? :tiﬁhdcsign and 15% in working stress design all_owed in IS 456 are quite reasonable

and safe for-all types of R.C. structures.

3.8 MODIFICATION OF CLEAR DISTANCE BETWEEN BARS IN BEAMS (FOR
" LIMITING CRACKWIDTH) WITH REDISTRIBUTION

- : . - bution:
BS 8110 (1985) uses the following expression for modifying spacing of steel with redistribution
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Clear spacing of steel = 7500022 300 mm

? . Mioment after redistribution,
S o _ %" Moment before redistribution . :
Thus, if the redisiribution is negative; i.e. the design moment is less than the theoretical
= -curve, ¥ spacing of bars has to be dé}:rcased. 1S.456 Clause 26.3.2 Table 15 gives the clear
.-+ distance between the bars to be provided for crack control in beams when redistribution of
mioments is ‘also made in the: analysis. It is to be noted that using Fe 415 steel with no
vedistribption the maximum spacing is 180 mm whereds with the moments reduced by 30%
the spacing is to be reduced to 125 mm (70% of 180 'mm) ‘and when the moments are
" increased by 30% the spacing can be increased to 235 mm (130% of 180 mm). Thus proper
" spacing and adjustments in niaxifmim ‘spacing of ‘

7 : bars for ¢rack control should be incorporated
- jn design. when usiugre_disu'ibution ‘of moments. : A

- 3.9 ﬂbllEMT—CUHVA‘fURE M ~ ) RELATION OF REINFORCED CONCRETE
. SECTIONS = . . _
' -'ffhe redisﬁﬂ)ﬁﬁon of moments and collapse analysis of reinforced concrete indgtem)inate

structures invelve rotation characteristics of R.C. sections. Hence, we will examine briefly

this proi;erty of R.C. beams. More details of elastic analysis is given in Chapter 22. _
From theory of simple bending we know that the rotation of a section undergoes when .
a bending moment is applicd. The rotation is given by the following relation:

, TR ¥
Taldng x as the depth of neutral axis (Fig. 3.2), we get

: E R x Bx '
_ . Strain in concrete '—fﬁ- =g,
. Ec
- Strain in extreme ﬁb.re = Curvature
Depth of nreutral axis
5

Fig. 3.2 Calculation of curvature In reinforced concrete beams.

RC ETE BEAMS _ #2
RE[)lSTR‘lBUT]O‘N OF MOMENTS 1N REINFORCED CQNCR

L S——"

iha ’ or . : tul e’ -I.el‘a- t on-1s lc!ated 1o thl.’. dlstﬂbntlon
The abo € CKpresslon_ 1ie

; the maxinum value of £ at
;o juaximum value of curvature 1s ;r:]ated to ! . the depth
o e, b e ally assumed as 0.0035. 1t is alsth mmvemly y mp?t:(i’:cfﬂ?re’lated 10 &-
failure, v;h;:‘tilslfr‘;'-:“mmﬁo n capacity of reinfor;:efi ‘co_- te secnonsc;s B evision " stcel
g\::esl:lg:tions ‘show that the value of & Can be m;s ob‘lligv:t?ryn:z provide adcquate lateral

. . i ointed o“t in Secﬁon 3.4, lt.ls aiso ) X S moment when
2;:::?1; T£?fﬂ of binder® =2 mdcloser _spt::mgl o _zc:;n:e;fgns This capacity for large

. e ,ments are ass to take place " oo altention to the
?"f“ﬁ.ﬁ'&ﬁffﬁiﬁfﬁ is called duciility. It can be cosured by paymg @
eformallth: = o K
" following factors: . ) . n that the col
S _ ‘< i should be suc ) v
 desi ofbeamandcohnmnmﬁams_ : ; " [his is sometimes
L1 . iﬁ‘:‘::]d redg?gm‘buﬁén' of moments takes place :$ beams
Ir:femd to as adoption of strong ;:ohm vs beam A
' ; an of tensilc steel in beams S ; vision ©
- 112: .[t"he“:;lun;x:’: :;nsthemewm allow suitable ‘redistribution of monw;lls Pro
dep o neu e . . 1!‘:“']'] of the .section. LU AT ST .
mmmsniompsnminfmﬂmt al:zclose t;:‘longimdtiynﬂ steel and concrete u::lma‘;l:! t:e ﬁz::ed
. 3 O T -
3. S 1l :::; s;:mvals at sections of maximum moments. 'l'hlsail sho O o of concrete at
i amycdlowerendsofcomm.niswiﬂincrcasethef ure
at the upper and Jowet €1 O E . ]
these PIECES,  cinforced concrete meribers for duetility s major requirespent for canhank
tesistntmctmesandisdeahwithincwfn-

MENTS
3.10 ACI'COND“'IONS FOR REDISTRIBUTION OF NEGATIVE MO

redistry MOTREN ised i i 1963.7The conditions
i i BwasrecngmscdmAClcodﬁm ons
“eméon of x:t:; beams and slabs accordimg to the present ACI code Sectio!
for -

8.4 are the following:

Bendin| ical inethods of elastic analysis with factored
i obtai by . o . . e
load!t;nly are agllowed :1(:5 be redistributed. (No redistribution is allowed in elastic design

lhe seciion. u p alﬂ p are ‘he tension m COmplesslm Stﬁtl Iallos ﬂ‘cn

por(p-p)+ 0500

e st e L

_.
..M
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K REDISTRIBUTION OF MOMENTS IN REINFORCED CONCRETE BEAMS 47
10 1 OF b |
| v 28 8 M8 S 68 U8 104
(=)
e
& 05— .
S 7
= : _ (2). Simply suppo_rted Beam
Allowed J\I o . L >
0 | N
0 30 o

(AM/M] x lOO

! Fig. 3.3 'AC[ condmons for redistribution of negative moment. ' r__oan__y“'\l\ !
IR :

I 4, Ad_]ustment af negative momcnt is to be made for each configuration of loading and (b) Fixed beam
10 menibers should be proportloned for the maximum adjusted envelope developed from all Fig. £3.1.
loading conditions.

5. Static cquilibrium must always be maintained: increase or decrease in momens is 1o

Calenlations for Example 32

be -accompanicd. by corresponding decrease or increase in other moments. R‘-’.f_e""-’"ﬁ*3 N Step
6. In the case of unequal momeits occiring on 'the two sides of a fixed support (which i 1 ‘Data . :
happen when the adjacent spans are unequal) the difference between the two moments is ' ' ) g = 30KN/m
taken into the suppor. M; =-lQOOkNm; M = 500 KNm; = 20 w; w
7. The resultant redistribution will generally amount to only 10 to 20% depending on the wit .
reinforcement provided. : e 1500 > 1000 kNm (given)
' 2. | Find Ry

3.11 CONCLUSION

i Redistribution of moments obtained from elastic analysis of structures is allowed in 1S:456
Clause 37 when the structure is designed by limit-state methods. By using I.S. and B.S. codes 3
of practice, a redistribition upto 30% can be achieved. ACI code permits a redistribution

500

oW M MB =
=Mt -300+3%2 o =325 KN

Find posm'on bf the maximum moment (L.e. point where S.F. = 0)

varying from 10 to 20% depending on the reinforcement ratios. If higher amounts of redistribution =t 35 o83 from 4

has to be made, this can be achieved only by using inelastic methods of analysis of the L w ) . p

structures as described in. Chapter 22. : 4 Caleulate the maximum bending monen
' _ ' R R,Y _05R}

EXAMPLE 3.1 (Bending moment f a simply-supported beam) =R¢¢_A'_'_2{ w} T ow

Mark out the ordinates of the bending inoment diagram of a beam subjected to the following

loads and end conditions at every one-eighth points atong its length, _ 0-5(;5;5)2 =1760.4 kNm

1. A simply suppdrted beam with a uniformly-distributed load. :
2. A beam fully fixed at both ends with a uniformly-distributed load. Mex
5 Find position of zero momen! (m from A}

=1760-1000="760kNm

EXAMPLE 3.2 (Bending moments of beams with specified fixing moments)
Determine the ordinates of the bending moment diagram at every one-cighth point of beam
AB of span 20 m with a uniformly-distributed load of 30 kN/m if the fixing moments at 4
is 1000 kNm and that at B is 500 kNm.

={

2
1000325 1+ 2m

m =371 m from 4 and 17.95 m from B
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i L - . - o - e i
Reference Step Calculations” 13 . Reference Step Calculations . ;
= ~— ‘ 3 Design the section at B for 30% redistribution and find x/d
. (Note: Position of zero morieit for a ully-fixed beam of 0.211x20 | Design moment at section B (centre of beam) (30% redistribution’
~ 4.2 m from A. Hence théie isa shift of the P.L from 4.2 m to 3N ' . . and minimum 70% M) = 0.7 % 600 = 420 kKNm
m from A.) e : ’ . e
. : e . M__ 420x10° 55
Example 3.1 & .\ Tubulation of moments at /8 points bd? -"3"'00;7"70‘ 3 =~ _ .
PR IR Pl $P 16 R
. Distdnice froni Adn (M) Table 3 for fu =25 and Fe4lSmeelssngly-reln:orzed percentage s:_eo.;|=0.743 )
" e T — - ¥ : " For rectangular sections assuming the desigh stress strain curve o
1} Y8 us 38 48 5B &8 U8 1OL concrete if‘ valid. . ST
1. Fixing o Y R =l 1S 456 0748, oagf
D ¢ 1000 -937 -875 812 <750 -687 625 —s62 -s00 | Ciause 37 0.87f, =g b4 =036/a b
(Mp S o ) ) '
; 0.748 0871, _0.748 0.87x415 ;4
o ‘ L s0 - X 036 100 036x2
Moment O 656 1125 1407 1500 - 1407 1125 656 O R e S
(Mo) - I ' 4 Check fhie condition for 30% redistribution
3. Final  —1000 -281 250 ‘593 750 720 500 94 -500 % 2 0.60-2M.~0.60-030=030 '
: moment Max B d M o -
: L (M) ' ' (760) . . B . ' As xid < 0.30, we can redistribute 30% of the moments into the span.
? S . ‘ 5 Determine the maximu span moment
EXAMPLE 3.3 (Conditi i m ' i i B ‘ '
(Conditions for redistribution of moments from one section to another -} - - Shear at A ___,7_5___"3..i2_(l=241.5 kN
section) o F : o 2 3
A tee beam ABC is continuous over two spans of 8 m each and it carries uniformly distributed b ’ g Point of maximum moment X from A, where shear is zero
factored load of 75 kKN/m, Assuming fix = 25 and £, = 415 (with bitinear stess strains curve) check | S : 15 . RS
whether we can reduce the maximum moment by 30% and redistribute to the spans. Width of * ¥ ' ' =22 o33 m M =241.5x3.3—_—--2—'—-—=408.38 KNm
flange 1000 mm, width of web = 300 mm, thickness of slab= 150 mm, D = 820 mm, d =770 mm ‘ } 7 .
arc given. ‘ : 6 - Design the section for the enhanced moment value . .
e ‘As the section is a T-beam, the failure by yielding of steel will be
Reference Step Calculations i M 408.38x10°
, A= SR L, (08TxA15KT10-75) (approx.)
i Determine elastic bending moment diagranm & i SyA ’
' 2 = 1627 mm’
wil 75%x8x8 : : . -2
Beam ABC. Moy 2t support Mz =2 o 2 = 600KNm : - Provide four rods of 25 mm (1963 mm®)

g - B8 ———

At support the beam is rectangular

2 Caleulate the maximum monient in span

| | s 600 iy REFERENCES
e Shear at support 4 = R,|=—-§—-———-—=2'25kN e _ N
' B 8 1. 1S 456 (2000), Code of Practice for Plain and Reinforced Concrete (4th revision), Buread

: 'of Indian Standards, New Dethi, 2000.

As My =0, the maximum positive moment = R

- Step 4 Example 3.2

2252 2w 2. BSS81 10. 1985, Structural Use of Concrete; British Standards Institution, London, 1983.

=22 =3315kN _ _ e _

2515 m 3. ACI 318 (1989}, Building Code Requirements for R.C., American Concrete Institute, h
In the span, the beam acts as a T-beam. ) Detroit, 1989. . ;
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_ Design of Reinf_grced Concrete
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41 INTRODUCTION . M
Beams with large depths in relation to spans are called deep beams. In IS 456 (2000) Clause 29, ' ’
a simply-supported beam is classified as deep when the ratio of its effective span L to overall : _ ’
depth D is-less than eep when the ratio L/D is less
- ———

5 Continuous beams are considered as d
_than.2.5. The effective span’is -defined as the centre-to-centre distance between the supports
or 115 times the clear span -whichever is less. @
The strain distribution across the section of a deep beam will not'be linear as in a shallow .
beam. It can be determined by the theory of elasticity. Before 1970, designs of deep beams were o ) P e o e e Y OYONTY:
based on this elastic strain distribution. However, experimental investigations by Leonhardt and - : — |
o Walter around 1966 [1] showed that such desipns are 1ot valid for reinforced concrete sections
bg which crack under low. value of tensile stresses. These tests also showed the importance of ' - : . ing; 2. side loadin 3 3 'bottpn‘\_}oading.
i correct detailing of steel in deep beams. The present-day design practices are mainly based on . Fig. 4.1(A) Types of toadings In deep beams: 1. Top loading b & Y
i these tests and somie other tests. As shown in Fig. 4.1, behaviour of a deep ‘beam depends also m

1 ‘ on how they are loaded and special considerations should be given to this aspect in our I l I I . ) W_____.___—
il designs. This chapter deals with the commonly accepted methods of design.and detailing of ——
these deep beams. . : _ //j ‘%

1 42 MINIMUM THICKNESS : , , /,_// \'\;\
A Q’ Wl w e
y

i~

Slab of water tank

L——-——-—_"——_;—‘"

The minimum thickness of deep beams should be based on two considerations. First, it
should be thick enough to prevent buckling with respect to its span and also its height. The
empirical requirement to prevent bulking can be expressed as follows: '

\

N

D 25 wa L<so @1 - 0 @ . .
' ‘ L Fig. 41(B) Variation of ceacking of deep beams with tYpe of loading: (i) Top loading, (1) bottomw
where ¢ is thickness of the beam. Second, the thickness should be such that the concrete itself . Joading. ’

should be able to carry a good amount of the shear force that acts in the beam without the

assistance of any steel. This aspect is dealt with Section 4.5.3. _ 43 STEPS OF DESIGNING DEEP BEAMS

The important steps in the design of R.C. deep beams are the following:

1. Determine whether the given beam is deep accotding to the definition.




fn;rt of the shear force by the cbncretgiﬁi_is_elf.

». ogteel for shear requirements. -
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-2, Check its thickness with respect to buckling as well as its capacity t(é carry the major.

3, Design for flexure. * ; . ' : |
4, Design for the minimum web sicel and its distribution in the beam.
5. Design for shear. If the web $tet

6. Check safety of supports and loading points for Tocal failure.

- 7. If the beams ate not top loaded. design the special features requii'cd for deep bcarﬂ
- .action under the special loading condi_iions. . ' - ‘

- 8..Detail the reinforcerents according to accopted practice.

4.4.1 De_termihatlon of Design Bending Moment

. The design bending moments are calcutated as follows:

In a simply suppoﬂed-beam, ihe bending moment is calculated as in ordinary beams. For

a total load w aniformly distributed on the beam

wi? _
Mman =g~ o (422)

In _'d:'i‘;ontinuous beam the bending moment, according to American practice (2] fora uniformly

dist’:;i,butcd toad, w per unit length is as follows:

. _
At mid span, M. = l";‘Tu—e’) positive (4.2b)

wl? 7
At face of support, M . =—-2—z-(l—e)(2—-e) negative - (4:20)

where e is thé ratio of width of subport to effective span.
4.42 Check for Com_pression in Concrete

Even though stresses in compression in concrete in deep beams are always low, a routine check
should be made o estimate the maximum compression in concrete by the standard beam
formula. T :

4.4.3 Determination of Area of Tension 'Stée!

The arca of stee] fo carry the tension is determined by the empirical mwethod of assuming a value
for the lever arm. IS 456 Clause 29.2 [3] follows the CEB {Commitice Fuso-International du
Beton) and gives the following values for z, the lever arm length. T

For simply-supported beams, C

£ =02(L+2D) whenL/D is between 1 and 2

=0.6T when L/D is less than 1 (4.3a)

' ~_...—-———-.-."""'————"""‘,

5

1 already provided is inadequate, design additional © -

- peams. They can be symmarised s follows:

S . DESION OF REINFORGED COHCRELE bt

Tor continuous beams, . -
z =0.5L when LID is Ies3 than 1 -

- o.z(ux.ab) when L/D is:bevween 1 and 2.5 (4.3b)

From these: values, 4.4

Mu : Asf!z

here f, = 081 in limit-state desiEn

-4.4.4 Del,a‘il_ihg of ﬁ’ansion Sicel

15 456 Clause 29 .3rgivés gpecific ules for detailing of the tension steel in siriple and continuous

1.In simply-supporled beanms, the tension steel should develop tension as ina tiefddarctl;‘
as shown in Fig. 4.2. They should consist of many bars prefer_ably place§ in g zon& 13 :End _
equal to (0_25D'.— 0.05L) adjacent to the tension face of the beam. All.tl}g bars shou : ext nd
through ihe épan without curtaitment beyond the siipports and preferably bent upwards.a
ends to obtain adequate embedment and anchorage. S

%,

—ye Steel —L b

Fig. 4.2 Placement of tension steel in deep beams.

2. In contimious peams there will be positive steel for the positive mm;\egtstaa:tlx;:gﬁ:)ef
i i ts. Termination an etal
ve steel over the supports for the negalive momen

e s 456 and are a8 follows:

negative steel is dealt with in Clause 29.3.2 of 18

! inati - { the negative reinforcements aré allowed to be
(a) ‘Termination of steel. Only one half of the neg sl o

terminated at a distance of 0.5D from face of support. All the 1¢l
over the full span- .

(b} Distribution of negative reinforcement.
i When the span depth ratio js less than unity the negative steel should be

cvenly placed over @ depth of 0.8D measured from the tension face.

(i) When the ratio of LY/D is in the sange of 1.0 to 2.5 the steel over the support .

of a deep beam shall be placed in WO following Zomes:
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e A zone of depth of 0.2D adjacent to tension face which shall contain a proportion of
the -tension steel given by '

. . o
Ay =05 —-05 4.5
As ( b J @s)
where L' is the clear span.

* A zonc measured 0.3D on either side of the mid-depth 6f the beam which shall contain
the remainder of the tension steel.

As shown in Fig. 4.2(b), when the depth of the.beam is much larger than the span the
portion above a depth equal to 0.8 time. the span can be designed as a wall. Beam action is
present only in the lower portion of such a member,

4.4.5 Detalling of Web ‘Steel

All specifications require minimum amount of vertical steel A, Horizontal steel A, in the form-
of U bars to be placed on both faces of deep beams. They not only overcome the affects of
.shrinkage and temperature but also act as shear reinforcement. The amounts are the same as
in walls and are specified in IS 456 Clause 32.5 as follows:

1. Ver_tica'l steel shall be 0.15% for Fe 250 or 0.12% for Fe 415 steel or welded fabric. The
bars shall not be more than 14 mm diameter and spaced at not more than- three times the
thickness .gf V_t};e beam or 450.-mm. :

2. Hprizontal steel shall be 0.25% Fe 250 or 0.20% for Fe 415 stes] or welded fabric. The
bars shali not be more than 16 mm diameter and spaced not more than three times the thickness
of the beam or 450 mm. ;

3. In addition, the necessary side face reinforcement should also be provided.
4.4.6 Deslign for Shear in IS 456

No separate checking for shear is specified in IS 456, We assume that arching action of the
‘main tension steel and the web steel together with concrete will carry the shear. In simply-
supported beam the arching action as shown in Fig. 4.3 can be depended on if the main
tension steel is properly detailed. However, in continuous beams, this arch action is not
present and ACI recommends that we should design them as in ordinary beam.

4.5 DESIGN ACCORDING TO BRITISH PRACTICE

The British practice is adopted from the Guide published by CIRIA (Construction Industry
Research and Information Association) and also the recommendations of Kong, Robins and
Sharp [4, 5, 6]. '

4.5.1 - Design for Flexure

The value recommended as the value of z by Keng is the lesser of the two values given by
the following equations:

DESIGN OF R e

area obtained from Eq. (4.4) are ke

_Arch action

-
>
[ |

Fig. 43 Arch action in simply-supported deep beams.

Vz =06L of 0.6D {4.6)
1t will be z = 0.6L when L/D < 1 and'z = 0.6D when L/D 2 1.

recommends the CEB values given in IS 456. Th“e vlallg:g_s of;;s;el
pt very conservative as the tension steel is also as_gumgg
£ the beam in British practice. Using Egs. (4.4) and (4.0),

The CIRIA Guide, however,

to contribute to the shear resistance ¢

we get
Mu _..1°9Mu ) ;
45 = (087£,X06D) f;,D @
M, 1.9M,,
'As =

“0SIf)06L) Sl

The greater value of 4; is taken as the tension steel.

'4.5.2 Minimum Steel for Crack Control
control of tension cracks

. ided is enough for
whether the tension steel provided is & of the area of concrete.

We should also check atleast not less than 0.2 to 0.3%

due to beam action which should be

453 Designing for Shear
i i i lations for design of deep beams
i iti tice requires numerical calcu ¢ I
e e The the_BHt.lSl'}lJ;)::; on thie results of research carried out by Kong and oth'gls.
for shear [6]. The design is Ko o e

i i 3 rted beams of span depth ratio not ' )
e applicam?sogirit:dsgftp {)];sz;ls.psﬂ?rﬂng a structural idealisation of ‘critical diagonal tension
shear analysis 1 surn]

ailure ling” alon L¥] p f d lﬂads 18 takeﬂ as th{:
f ] ] I th nﬂ!llla| l()ad aﬂl Whlch m lhe case 0 Cotlccn‘irate
4
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Jine joining the load and the suj)porl 45 showr in Fig. 4_',4;'A uniforady 'disttibuted loa’d"iis'

replaced by two equal concentrated Joads acting at ane-fousth the span_from: the. supports

[Fig. 4.4(c)}- The tota}l ghear V is carried out by the shear strength of concrete and steel cutting
across the assumed line of crack. For 4 number of 1oads {none of which is more than 50% of

the. total) acting on the beam, the resultant load. can be assumed 0 act at the centre of gravity -

L of the loads,

Wi 2

2
W2 i W

©

Fig. 44 Design of deep beams for shear: (a) Deep beam withont holes, () deep beams with - -

" holes, and {(c) action of UDL equated to ‘concentrated loads.

The procedure of design is as follows:

Step 1: Deteymine the nominal. shear in concrete. It should not exceed the maximum
. allowable shear. - o ) A

where ¥ ¥ T

~ whete

. . DESIGN OF REINFORCED CONCREYE_DEEP BEAMS 57

- 08 Ve

(Table 20 of 1S 456 may also be used 10 find Tuax OF Q_emay uSe timax '

Step 2: V= Ve + Vo : -
wheré . Iﬂ_:é Shcaf that can be carried _by-.concr_etc )
v, = Shear. that can be carried By. steel .-

Step 3: The shear cépacity of concrete Ve is _given_by the foﬂo\#'{hg forrﬁu\a;'r: ) ‘_

v, = c‘(l—oss%)f,rp o (4.8)
C =2 coefficient equal to O,?=2 for nénnaf weight conc'rétc
a, _ Shearspan . ' T

D Depthratio

fi= 0.5+ f, the tensile strength or the cylinder gplitting strength as showr’}.'u; Fig. 4;4(Aj.

Loading
pieces -
- (steel}
Packing strips
{hardword)
‘25 mm

L= Lengthofspecimen -
lP D = Diameter of width of specimen

picces
(steel)

Packing strips
(hardwood)

- ™ surface as
P " cast . .
Fig. 4.4A Split test on cylinder or cube for tensile strength. {Hardwond, 25 mm wide and 3 mm
thick 15 used.)
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Hence Eq. (4.8) becames o - .
V,=0.72(D-0.35a,} f¢ - {49
When designing for shear it is also recommended that concrete itself should carry atleast

65% of the ultimate shear. This can be ensured by choosing a suitable thickness of the beam
given by the following formula: s T

(o OV, .
_ 0.72(D=035a,)/, . (4.10)
We assume that the shear failure is due to tension failure along the assumed line. Hence

the tensile strength of concrete controls the shear capacity. The tensite strength can be

detamined by the splitting test on a cylinder or ¢ube as shown on Fig. 4.4(A) [B.S. 1881. Part
117-1983]. :

Step 4: The shear capacities of the tension stecl and the nominal web steel should also

be taken into account in resisting the shear. Their shear capacity can be calculated from the
following empirical formula: .

n
N
V‘ =C2; AI"I)Lsza (4'11)

where .
C, =225 N/mm? for Fe 415 steel ard 100 N/mm? for Fe 250 steel

Ay to A; = Areas of reinforcements (horizontal and vertical) cut by the assumed crack

. (The areas should also include the tension steel, and each bar is to be taken
scparately.)

¥ = Depth from the top of the beam to the point where the bar intersects the critical
diagonal crack line.

o = Angle between the bar considered and the critical diagonal crack (Fig. 4.4)

n = Number of bars including the tension steel cut by the assumed crack line
D = Total depth of beam

Step 5; Checking for shear. If ¥, is less than (¥, + ¥;) the beam is safc in shear with the
minimum web steel provided. If (¥ + ¥,) is less than ¥/, then additional steel should be provided
as horizontal or vertical steel to satis{y the value of V,,. Provisibn of horizontal steel will be more
efficient than the vertical steel. : ‘ ’

4.5.4 Design of Deep Beams with Holes

References [4, 5, 6] give gnidelines for design of deep beams with openings. The shear diagonal
o1 Iine of crack is taken as shown in Fig. 4.4. The design steps-are as follows:

1. For determining the tension steel, the lever arm depth 0.6D should be replaced by 0.75D,,
where Dy is the distance of bottom of the hole from the soffit of the beam as shown in
Fig. 4.4. Accordingly, the equations for tension steel can be expressed as follows:

4 = LOM,. 1.55M,,
- a 4.12
! fyL fyDO ( )
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- . . . - an
2. For determining the shear strength of beams \‘;-1:]1: og;zlct;g& it:;:ge::azi 'olp}e::;g:fcﬂl_e
o etely discarded if they ate reasonably clear of (e C nal ocack. If 203, OF £
be clzrx?g:ifl\zifﬁ?ﬁ;e tine of crack, the value of ¥, 1s__obtgmed by modlfym_g“t e.cq 7
ope : R . . : : . B
V, as follows: S

() .ay is replaced by k;a,, the

(i) Dis replaced by Do s

Then, we get

distance 6f the edge of the .hblle to_ the_ facg of supp'?_rt.

- ~0.35ka, )i R
Vc CI(DD 1 v)fl (4'13)

2
’ V,=/1C1ZA|%Sm a .
’ mai v = bars).
where A= 1,5 for web bars and 1.0 for main bars (or assume A=1for al]j__ars)
B - ¢, =225forFe415and 100 for Fe250
© € =072 - o . .
It is also recommeded that, _ _ _ o

. i L] 1 ]' EIL Olm 7
- 3 . - o . ) - ) . ma

L . ; g :
and at leaSt SSA) Of the Sheat ShOllld be carrl : .l ]J. g

also use the 65% rule here as well. Tbe proce

" DES - S
. TABLE 4.1 DESIGN OF DEEP BEAMS WITHOUT HOLE

. 0.65%,
1. Design thickness: minimnum thickness ' . 0.72D "0'35“?)_'{'
’ . 7 ) . Whﬁreﬁ= 0.5'\{{;‘; B

-

- o o ined from 1S rules for z
2, Design for flexure: arca of tension steel 4, (a) 4, lob.tal.ne ‘ g m

TOMy ond ¢ 19M, - ' ) 4; 0.3%:of gross ared
A,“ fyD fyL - L

- R Minimum 4, € 0:12%; Ay ¥ 0.20%
-3, Provide web steel. , , . B i P |
¥, =0.72 (D - 0.35a,) fi .

+ 225 T ALYy/D) sin’ _

¥V, >V,no additional shear steel required

2

: ¥ — Vy=225 TA(/D) sin"e

5. Design forshear i1, > ¥4 ' s P:ovidle steel area A, preferably as
horizontal or horizontal plus vertical
steel -

4. Check for shear capacity along shear diagonal

6. Check bearing pressure, see Section 4.7

. P el 1 beam g.". pe .‘.ieel lequﬂed
7 Plovide ) Bc.lal ste 1 ‘f iS Side of bo“oﬂl loaded a"d desl llle 5 cla‘

ection 444 . . e

8. Detail the steel, as explained in S

(For beains with holes, medify D and- a,, as given in Section 4.5.4.)

—
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45 ACI PROCEDURE FOR DESIGN OF DEEP BEAMS .

[

L JACI318 defines siﬁiﬁlé beams with 74 LD 2 ech bestrs. Contimuor n
. 1318 , m  £4tio L/D less than 1.25 as deep beams. Continu '
are-consideed as deep wheri the clea: span/dcpth ratio (ie. L/D) s Toss hin 25, e

. ”_4.6.1 Design for Fléxure

“The ACi code does not give ¢ oy S : _ _ .
: I od not give anty specifi it e
arm factor as follows: ' y_ peeitl recommendatlon, buf PCA publication [2] gives a lever

4w1-"ré-d is. the effective depth. It als o - . : o w9
S _ epth. It also;recommends one to ch mount of IR
. Obtained for crack control as given in; Section 4.5.2. © cheek fhe o ount of tension stcel

7 4.5.2 Design l_or' Shear by ACI.?'é'ode

ACI 318 (89) Clause 1.8 gi P ar de
3 8 gives the procedure for shear design of beams wh
- . N s e 1
::jit::itwebdepth ratio is less than 5 and is loaded from the top so that compressi?): setfxt:p::jn
op between the load and the support. The design procedure is as follows:

‘Step 1: The critical section for shear is taken as shown in Fig. 4.5 and is as follows:
(a) 0.15[.,@ for uniformly distributed load and -

{b) 0.5z for concentrated loads placed at not greater than the effective depth from™

the face of the suppo:rt. Let the factored shear be V.

' " Concentrated load
1 L X

=T L O

=
. o

:

]
=

L

‘ - ‘ i
Fig. 4. :
g. 4.5 Design for shear in deep beams by ACI method (£, = clear span; g = shear span)

Step 2: Calculation of allo@ah_i h i . '
s giel by the Dollowing express : ni: ear (ACI Clause 11.8.4). The maximum all.pwable shear
For L,/d less than2 (with reduction factor 0.85) |

Toa = 053Vf, - (4.16)

_ Hence, - v

NCRBIE o ——r———
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For L,/ between 2 and 5 taking LJd = f, -
B 7 =0044{10+ NV - @17

¥, St

where ¢ = thickness of the beamiand d = effec-t'ive_ depth.

Step 3:. ‘The sheat ﬂ;at can Abe' _resister:l__t_aj _concrétc is given by the formula (with reduction

factor 0.85) :
| v, =013V | “13)
“Fhis gives a very conservative value and nnre. @xact}_value can, \g;:,_obtainegi by Eq. (11.30) of

ACI 318 (89)-

-Step' 4: Mininimn specified values of steel.as web steel in the ferm of horizontal and vertical
hoops shouid be provided in deep beams. The shear resistance of web steel can be expressed
by the following gquation using a reduction factor 0.85.

o .

v, = 0.85[%:—%+-§—;’-1—%f—)fyd : @.19)

where - ‘ R 7

A, = Area of vertical steel at spacing 5y

4, = Area of ii;_)rizpntal steel at spacing 5;
fouljd

ACI requires 0.15% ﬂ:c:rt-ical'steel and-0.25% horizontal steel for 415 steel (IS 456 stipulates only '
0.12% and 0.20%, respectively) putting Adst = p, the steel ratio, Eq. (4.19) is reduced as

_ v, =0.07[d(p, + 11pm) = Lkon = 2y
where s is the spacing and is the thickness. Putting o, = 0.0012 and py = 0.002 in the equation,
we get
v, =0.07(0.0232d - 0.0008Im)f, {4.20)
This is the shear that the minimum steel can carry.

Step 3: Check for shear. Thé heam is safe in shear if the area of concrete and the minimum

“steel can carry the shear. That is, ¥, + Vs = Vir Otherwise, put additional 4, or 4, steel or A,

and A, steel so that the shear capacity is _satisﬁed by Eq. (4.19).

463 "Deslgn' tor Shear in Cor_itlnuous Beams and under Special Loading Conditions
Design of continuous ﬂeep ‘members in sh_r_:ér should be based oﬁ the design procedure for
ordinary continuous beams. Similarly, side and bottom loaded decp members should be designed
for shear by conservative principles, as in the case of regular beams.
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4.7 CHECKING FOR LOCAL FAILURES

Specfiai care should be taken to check the bearing stresses at the supports as well as at the
loa_dmg points. In IS 456 Clause 33.4, the permissible ultimate stress is limited to 0.45f,,. The
area of support should be strengthened by vertical steel and spiral binders to avoici br'i::t-le or
premature failure at supports. BS 8110 Clause 5.2.3.4 allows the following bearing stresses:

'."lj Dry bearing on concrete = 0.4f, {noifitermediate padding)
2. ‘Bedded bearing on concrete = 0.6f;; (with cementitious padding)

, 3. Concrete face of steel bearing plate casts i
) into member or support i
40% of concrete dimension = 0.8/, Pport snd not cxceediog

4.8 DETAILING OF DEEP BEAMS

The methods of detailing of reinforcement for vario f s '
e m us types of deep b i
Fig. 4.6. The following points should be noted: ' carts are shown in

Leddddddd 0.15L 070 0.15L
’ f—tfe———rf—s|
e %
tsor..fn“},‘_ {’
/ F ' J
] 2 5 S
o @« ,f
Als 2
NN RS E ’Jg
"f. @ /{‘(D,'__h TO.IS to — 4 d,#
"""""" Freesed 024 k { 100 to 150 mm
H L-

@ - ®
1'1l'l'1llllilLlll,0¢

3 P

1% —
_ 8¢ \‘éj
T SSsssS 1 E N
104 ~ 0 ‘ 4

e ' T - Mg =Rl
_ L tm? . "'-"100:?;29 . o

{0
Fig. 4.6 Detailing of steel in deep beams: (a) To :

¢ : p loaded simply-supported; (b) b
simply-supported; {c) continuous; and {d) side londed throughpc’ry'ossp\?valls. # (B) hottom loaded
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catry the load to the arching

ical anchorage such as hooks

ertical bars have to
be longer. Mechani

1. When beams are bottom loaded the v
zones so that the central veriical bars should
should be provided at their ends.

2. When beams are side loaded as,
wall or column, suspender bars should be use

i iti i loa
3. Under special conditions as In bottom _
shear the b‘earﬁ has to carry should not exceed ?S% of the capac

for ekﬁmple, when a cross wall of a silo meets the main

d as shown in Fig. 4.6(d) o
ded beams, it is recommended that the actual
] ity of the beam in shear.

i imply- rted deep beatn) . _ :
EXAMPLE 41 O mm{szcil;l:grﬁs fora si‘rlnply—.supported transfer girder of length 5.25

m 10aded fIOI“ two Colu“ﬂls at 1- J 5 m f[o"l each end Wlth 3 ] 50 kI'] (See } lg- E4v l)- Ihe total dcpth
Of the bealll 18 4 2 m alld the Wldth Of Suppotts 18 520 . ASSLI glade 4 neree al‘ld €
- me 0 COonc £ F

415 steel. - ) 1750 »

r] 1490 . ‘

=1 Verticals 1210350 13 10 250 38T00

-

4200

C.G. of 4,

1-?'" oL ] Tension steel 4,

lations
‘Reference 7 Step . Calcula
1 Determine beam thickness

Condition 65% of shear to be taken by concrete

Factored shear

¥, = 1.5x3750=5625 kN

¥, = 0.7%D-035a,) 1t

a, =1750-(520/2)= 1490 mm

fi =05 Yg =05 V40 = 3.16 N/mm®

0.72(4200 — 0.35 x 1490) (3.167) = 0.65 x 5625 % 1000

t = 437 mm

: Assume ¢ = 450 mm

2 Check for deep beam action

Bffective span L = 5250 — 520 = 4730 mm

Eq. (4.9)

Eq. (4.10)
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Ré{'m Step | Calculations
' L/D=4T30/4200=113<2 .
. Lf1=4730/450=10.5 <50
- Dft=4200/450=933<25
" 'Dimension satisfy deep beam action . ;.
3 | Designtonds | o o
Vo5625KN . M, = 5625 % 1.75 = 9844 KNm
_ (We may usc 1.49 instead 6f:1.75.) o
4 Design tension steel and check far-minfniﬁiu steel
"—l;' is bélween. 1 and 2.
Eq. (4.38) 2= 0.2(L + 2D) = 024730 +8400) = 2626 mmn
| Arcaof steel= o.:;},z 0_83?:;::’;626=10382an
Provide 21 tension steels of 25 mm (106311 mm?)
10311100
Pen:enta‘xgc of steel é%aﬁb- =054>0.3
The steed provided is more than the minimum specified
5 Detail of tension steel -
Eg. (4.3) - Zone {depth) of placement = 0.25D — 0.05L
: 0.25 % 4200 — 0.05 x 4730 = 814 mm
Distribute steel in this arca with cover, say 40 mm,
6 Calculate the n;Jminal steel areas required
. Sec. 445 . -

(a) Vertical steel

A.=i:'-;034soxiow=54omm2nnlmgm

i.e., 270 mm® on both faces.

Spacing not to exceed three times that of 450 rum (i.c. 1350 mm).
Piovide 12 mm at 350 mm (given 323 mm’/m)

(b) Calculate the nmni;ml horizontal steel required

Length 4, =%(450xlll'0)=900m2hn

i.e, 450 mun? on both faces
Provide 12 mm at 250 mm spacing (gives 452 mm’/m)

DESIGN OF REINFORCED CONCRETE DE.EEI".BEAMS 65

Reference

Step.

15 456
Table Z0

- Eq. (4.9)

Eq. (4.11)

10

Check v < Tan
LV 5625%10 ) oo niom?
I A50x4200 - -

fiage for M4O = 4.0 N/mm*

M

Design ﬁ:r.s'_hea(
‘Shear taken by concrete = 0.7%D ~ 0.35a,fit

¥, = 0.72(4200 — 0.35 x 1490)(3.16)(450) = 3766. KN
Shear to be taken by steet = ¥, — ¥
¥, = 5625 — 3766 = 1859 kN

Determine the shear taken by tension steel in arch action Vy
V=G, X gin? =225N/mm’

2 =0 A, D sin a;Q e
For horizontal steel,

pna=D=20_y
a, 1499

sina = 0.942 and sin’a = 0.89
. A, = Areaof tension steel provided

- 225x10311x3800x 0.89
4200

=1868 kN and ¥, required = 1859kN

Ve

Thearchacﬁoncanmketbebalmofshﬂr;homvu;weuﬁll also
calcolate the capacity of web steel for yesisting shear.

Find the shear taken by horizontal web steel Vo

Web stcel has to be provided .in orthogopal directions. The shear
resistance: of horizontal and vestical steels can be read off from

. ClRAumml(R.eﬂ?).Tnble&Wennyahopmdfmmﬁnﬂanmlah

as follows. For the horizontal steel, we draw bars and find y;, the
depth at which the bar intersects the criticat diagonal crack.

' Areaofl—lZmbam(monmhfm)ﬂeachlﬂtl=226mn’

‘These bars are spaced at 250 mm.

y of each layer (mm) = 850, 1100, 1350, 1600, 1850, 2100, 2350,
2600, 2850, 3100, 3350, 3600, 3850, 4100

R et e

Rt wepars aro iy
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. Calculations 7

.

Reference B Sfep

"_’,_T’—‘ ) - Calculations

Vo=G¥E Al%sinza

Eq. (4.11} : » -f%(gﬂ@(ssomom e +4100) = 373.37 KN
11 Caleulate the shear taken by vertical steel ¥,

. Proceed as in Step 9 after finding 6. "

12 . Ckec_k the bearing capacity at supporis

" Width of support § = 520 mm

{Maximutn width that can' be considered = 0.2Ly = 946 .mm)

Adopt lesser value = 520 mm

Bearingstress = A m— 2
‘ S Sa0maso 2
IS 456

s ass, Allowablestress = 0.45 [, = 0.45x 40 = [8 N/mm?

Actual stress is larger than the allowable stress.
The following remedies are possible:

1. Provide reinforcement for the- excess stress

2. Provide better support li ari i
beoring 08 o pport like bearing on steel plate with allowable

3. Increase breadth to decrease bearing stress

13 : f i
7 Determine the design shear by ACI code (as different from Step 8)

{a) In ACI, tension steet d i
ACL oes not contribute to sh
action is assumed. Total shear = 5625 kN. ear 35 1o arch

» (b) The shear taken by concrete with reduction factor is equal to
(418 0

q. (4.18) 0.134f, td =0.13440 (450)(4125) =1526 kN

and d =4200-75 = 4125 mm

This value Ofleducti.oll 'factﬂl 1‘5 mu at Obtal“ed by
I H aw ] .
- V ch less tha'ﬂ th

:(c) The .shear taken by the minimum web steel is

Eq. (4.19) ¥, =085 Af AL
5 12 5 12 57
A 4
A B
rh 0.0015 and ot .-0.0025

This reduces to

]

DESIGN OF REINFORCED CMM“" |

- Reference Step

' Eq. (4.20) 'y, =0.07(0.029d ~ 0.001L,)f,

= 0.01[0.029(4125)—0.001(4730)](450x 415)

=1502kN B
V,+ y, =1526+1502=3028KN -
Balance shear =.5625 — 3028 = 2597 kN

. 'This is taken by extra shear steel to be designed by Eq. (4.19). As
cun be seen from Eg. (4.19), the horizontal steel is more efficient

] than the vertical steel-

EXAMPLE 4.2 (Design of bottom Joadéd deep beam) .
What extra precautions would you take if the beam in Example 4.1 is bottom loaded?

Reference Step ) Calculations
1 Shear taken by concrele
The thickness_should be such that the total design shear should
never excecd 75% of the capacity of solid beam. That is,
V< 0.751D%mx
(fnax from ’_I'able 14 of I8 456)
2 Proviston of larger bars
Provide larger bars on both faces to support the bottom loads.
These bars should be well anchored in the top compression zone.
3 Extra érecaufion for horizontal steel '
Provide horizontal web steel particularly in the lower half of the
depth, preferably over the whole length or at least for a length of
span 0.4D measured from each support 2s shown in Fig. 4.6. The
arca of this steel should satisfy the minimum tension steel and bar
: spacing rules.

e

EXAMPLE 43 (Désign of continuous deep beam}

A reinforced concrete deep girder is.continuous over spans of 9 m apart, from centre £0 centre.
1t is 4.5 m deep, 300 mum thick, and the supports are columns 900 mm in width. If the girder
supports a uniformly distributed load of 200 KN/m including its own weight, design the
necessary steel assuming grade 20 concrete and Fe 415 steel.
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Reference

Step

Referenicz

Step

C@laz_laﬁons_ .

Eq. 4.2(b)

Eq. 4.2(c)

. i s e i i o T

i

Eq. (4.3b)

Sec. 4.5.1

.ﬁ

1300 .
- Determine bending moments and poinis of inflection
Let 7= idth of sppost _ 96 _
) o clcspen T900 T
- Fattored Joad = § 5x 200 = 300 kN/m

z .
M (positive in span) =l".2ﬁ_(|_,2)

_ 30065y’ -001
24

=1002.4kNm
. 2
M (pegative at supporl) =%(I—r)(2—r)a!faoeofsuppm'l
. 800X
4020

=1731.4 kNm
Let the inside distance between points of inflection be x

3002

=1002.4givesx=5_2ml
Clearspan = 9 — 09 = 8.1m

Distance of P.1.fiom the face of suppoet =

81-5.2
2 =1.5m(say)

Design of tension steels for moments
I
3=2; Leverarm z=0.2(L +1.5D)

= 02900+ (15X4500)] =315cm
By British practice,

2= 0.6D = 0.6 x 450 = 270 cm

Assume lesser of the values

Sec. 4.4.4

Sec. 4.6.3

L yasxie? o
g et suppoRtsm i o == 1769.5 mm
¢ AL SPROlS S o T0M0.87x415) ,

L 1604 %10° - s
id span = ——— =1028.3
"‘at_ _ 2700{0.87x415)

Minimmm stoel of 0.3% A, =0.003:300x1500=1350mm”

Provide minimum steel of 4050_‘1'_nm? 2t supports and spans
Detail the steel . '
() Place of the positive steel in {0.25D - 0.05L) region of the depth

" of the beam = (025 x 4500 - 0.05 9000) = 675 mm

Provide cover of 50 mm. All positive steel should be continued to
the supports .

'-(b) Negative steel to be placed in two groups as LID > 1

Group A: Ay =0, %-os)=o.1s
75% of the steel to be placed on 0.2D (=900 mm) adjaceat to
tension face steel.

Group B: The remaining 25% of the steel 10 be placed on 0.3
{=1350 mm) on either side of the mid-depth.

Extend negative stee} beyond face of supports as follows:

* Not more than 50% fo be stopped at 0.5D from face of support;

the balance should extend beyond the point of inflection by D, 124
or 1/16th clear span; whichever is farger.’

" Design for shear

In continuous beam we cannot depend on arch action as in simple
beams. Hence the design for shear is as in ordinary beams.

Shear at edge of support = lz{C!ean span){Load)

=-‘2-(s.1)(3oo)=1215 KN

Take critical section for shear as recommended by Portland Cement
Association, USA.

At 0.15 of clear span from the face of support
0.15 x 8.1 = .21 m from the edge of support
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Reference = Step .  Calculations

V,+ V, =852 kN

Design shear = 1215 — (300 x 1.21) = 852 kN

Therefore, the design for this shear as in an ordinary beam is

EXAMPLE 4.4 (Dééiﬁn of deep beams with openings)

Design a symmetrical deep beam one-half of which is shown in Fig. E4.4.
415 kN at 400 mm from supporis on each side. Assume f, = 415 N/mm?, grade 25 concrete

and effective span 1650 mm.

400

1350 325
M
1500

800

ol 4t
_,l

Span §650

N
Ca

Fig. E4.4.

1t supports two loads

3 3 f

Reference - Step Calculations

1 Check for the deep beam action

| D 1500
2 Caleulate the loads on the beam

M, =625%0.4 =250 kNm

Eq. (4.14) V,=625kN ¥ 0.75 % 800x300x3.1=558 kN

3
Eq. (4.14) 055)(625)(10

-Ii=-l-§-5-2=!.1<2, assume [ = 300 mm

P, =415x15=6225 kN (say 625%N)

Assume this is marginally admissible.

3 Deternine the mininium thickness req

0.55%625%10°

i = = =283 mm <300
0.7(Dn 035k,  0.7(800-105)x2.5 "

where ko, =300; f; = 0.5¥f,, =2.5 N/mm’

S e b S,

eyt T

SEINR g MY

A i

e e i e

g irneliim B

' 17 4
5
6
7
Bq. (4.3)
Scc. 4.5.4 8
Eq. (4.13)
9
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Calculations

Calcﬁl&ie“the_qrea af tension steel needed and check forrﬂle-minfmum_ '
L-.A; = Lesser of 0.75D, or 0.6L ' -
0.75 x 800 = 600; 0.6 1650 = 990
. - 1.55% L
_3=%=%=1167mm2 - B
4 bars of 20 mm gives 1257 mm?

- 1257 =100 .
tage = —~————— = 0.28% is very low.
Steel percentage =2 ehg ) ry

Piovided the minimum steel percentage required = 0._3%

_ Detailing of tension steel

Detail tension steel in two layers with sufficient cover and with
their ends bent upwards to ensure arch action so that the shear
contributed by tension steel can also be taken into account as.in
B.S. -

Calculate the web steel required

A, =(0.12%)= 2-]-2—5-37(()—)%1&0—09' per metre

=360 mm® (-:]801111112) on each face -

. Provide 12 mm spaced 150 mm (754 mm?)
_ Determing the capacity of concrefe in shear Ve

Vc. =0.7(D, —0.35ka,)f;
kya, = 300; D =800
=05y fu =25
¥, =0.7[800— (0.35% 300)] (2.5%300) =365 kN
Obiain the value of the shear taken by the tension steel
d .
V,=Cyd, — sin’ &
=D
C,=225d= 1500--75 = 1425

tana = 800 nd sin® a=0877
300

1425 oo
= 125752220877 = 236 kN
¥, = 225x12 500
Determine the shear (o be taken by web steel

V,= 625 — (365 + 236) = 24 kN
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{R'e_ﬂ%r-en;et- ‘  Step S Calculations.

. . . Assume that the éonlribu'lipﬁ by lhe.vé-ﬂical_.sleel Vis zero.
Fmd 1 values of the horizontal stee! at 150 mm $pacing.

.‘ Letthe first bar be at ‘150 wun from the b’ottm-n y = 1350,
» uf other horizontal bars of web stee! 1200 mm, 1030 mm, '
906 mm, 750 mim, and (hclz} 350 mim by 200 mrm. '

Shear from these bars = Cyd, 3‘11)-‘1— =n
"1 4 of 12 mmbar =113.1
C, = 225 for HYSD bars; 4, =1 {3 mm?
Ty, =1350+1200+1050-+900+ 750+ 350+ 200 = 5800

_ 2250 13}x0.8775800
1500

" w86 KN > 24 kN (required)
10 Check for bearing:

Continue as in Example 4.1.
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~ Design of Ribbed (Voided) Slabs.

61 INTRODUCTION

In 1S 456 Clause 30, the terms ribbed slabs and voided slabs are used for the slabs constructed
in situ by one of the foltowing ways: : S . ] -

(i) As a series of concrete ribs with topping cast on forms which arc removed after the
concrete has set. The 1ibs are usually given a small taper for easy removal of shuttering.

(ii) As a series of concrete ribs cast between clay or concrete blocks which remain in the
structure and the top of the ribs reconnected by a topping of concrete: of .the-same strength

as that used in the mibs.

(iii) As a'series of concrete ribs with continuous top and bottom faces cast in situ but
containing voids of any shape inside (Fig. 5.1).

s
@f - | |
o _ _ 5
. . »4b,,
L .......-‘L. £

14

- _ SRR
b3, - "
b b R

w

.(b). |

le—— — "

Fig. 5.1 Three types of ribbed (voided) slabs.
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(Stabs made from precast concrete funicular shells with cast in situ ribs between them called

waffle shélls developed by Structural Engineering Research Centre, Madras, can be considered

to belong to this system of ribbed slabs.)

In BS 8110, these slabs are allowed to be constructed as a series of ribs cast in sity with |

left in blocks and top of the ribs connected by a concrete of lower strength, with the topping
not expected to contribute to the structural strength. Thus, certain types of grid slabs can also
be -considered as voided slabs. These slabs are also called coffered siabs.

The principal advantage of these types of constructions is the reduction in weight as
much as 20 to 30% achieved by introduction of voids in the slab. Such floors are economical

for long spans and moderate live loads. They also reduce loads on foundations allowing more ‘

storeys to.be built on the same foundations. According to 18:456, it is important that in these
slabs. the ribs and topping are both of in sifu construction with the topping placed along with
the ribs. In BS 8110, the topping can be non-structural.

There are also special conditions regarding sizes of ribs, thickness of topping, etc. specified
in the code so that the conventional methods of analysis of slabs are applicable only to these

~ slabs. (IS 6061 Parts I and II dealing with the construction of floors with filler blocks should

be consulted for details of construction of these voided slabs.)

5.2 SPECIFICATION REGARDING THE SLABS

5.2.1 Size and Position of Ribs

1S 456 Clause 30.5 requiring the in sifu ribs for ribbed slabs without infills should not be less
than 65 mm wide and the space beiween the centres mot greater than 1.5 m. The depth of rib
(excluding any topping) should not be more thun four times their width.

In one-way ribbed slabs (the ribs are provided parallel to the span) are at regular spacing.
When the edge of the slab is built into a wall or supported on beams, the bearings are made
solid by providing a rib of suitable width (at least as wide as the bearing) along the edges
as shown in Fig. 5.2. The portions of the slab which are under the concentrated loads inside
the span are also made solid with the provision of ribs of suitable widths.

- Wall

-~ o N g..z oy N
bl P " TN ~a
R N kN e I, -

L o~ £ FS

. -9 - . . ) -
R T = Solid ribs -
at sl at supporis

)

Fig. 5.2 Edges.of voided slabs are %0 be made solid: (z) At end supports and {b) over walls.

A

R

522 Thickness of Topping

For slabs without permanent infills (of blocks or tiles), .the minimum thickness of topping

is generally recommended by BS 8110 to be 50 -mm oF otic-tenth distance: between ribs,

\ i is i loa e transferred by arching -action without:
whichever is greater. This ensures that the load can b A aving a cross-

i -reinforcement in the topping. However, a sing_le_ layer © ing a Cros
;ti:ﬁ:arirr:;ﬂﬁbrt less than 0,12% .of the area of !he--tpppmg shf)uld be ;;;ovu:e:cmr::g;
direction as nominal steel in the topping. The spacing bct.\wce:} wires shtt‘)_uknnp ) t;g) te
than one-half the distance between the ribs. With block m'ﬁllmg,_ the t 1cf fss tt:l . p;:adi
may be reduced to 30 mm. Infills like funicular shells which are made of stru¢ g

concrete can be assumed to act integral with the in situ top concréte even when 1t may be -
as little as 25 mm. :

52,3 Hollow or Solid Blocks as Formers

if’ - lso to be taken into account, they

cifies that if the strength of the formers are a 2

Bhsmﬁhlges:a(;e of concrete or bumt clay of characteristic lstength not less .than J{i I;II:mnd
?I'he minimum thickness of slabs and the clear spacing of ribs should be as 0 Table 5.1 an |

Fig. 5.1.
TABLE 5.1 RIBBED SLAB DIMENSTON (BS 8110)

Maximum rib Minimum topping

Maximum rib spacing height excluding thickness
Type of ribbed slab (mm)  Rib width . topping (min)
' 25 usually 40
Slabs with structural 500 (elea_r Ly . b, 4b,, ¥

blocks jointed in cement
mortar in 1:3 ratio

(11 N/mm?) with
structural topping

) 30

As above but not 500 (clear L) b, 4b,,
jointed _.

b. : 40 or L/10
All other slabs with 500 (centre-to-oentrc) b, . 4b, or
permanent blocks

) 40 or LNO

All slabs without 500 (ctear L) . b, 4b,

permanent blocks

-Note- denefally clay blocks are 300 % 300 mm in plan and the dep{h varying from 75 mm to 250 mm.

83 AﬁALYSIS OF THE SLABS FOR MOMENT AND SHEARS

The moment and ghear forces in ribbed slabs due to ultimate loads are calculated as in the

case of solid slabs, depending on whether it is one-way, two-way or flat-siab construction.
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; 'thtiﬁubﬁs slabs may also be desi ' 4 gerie: supported .

) : . lso be designed.as a.sgries of sim ly- ided " th

B AR R A ply-supported. 1 '

o 1;31 ;)'rcort::l:;::gi":%r_:u;:grr?IQn c,aysed by the taggfency for these -51:1]:3 to érsa:l‘:Satp:;: lsd: .

practice is 1o provid always be controlled by providing negative steel at the su optpt');tlf.
B adjéining _spégsnt:ﬁa:_nyebsteel equal to at least one-fourth the steel réquii'ed atlt)}I:e Iazz‘lidclle
of the adjoining sp: . These bars should extend a i ‘ n

on either side from the face of the support (i;:g o e B s o A e

i e e PRI B N i

, 5=4_'","_ULT'1MATE;'Mbmﬁnf‘_b_ﬁ nééls_TANée-'-

- cory of ordinary beams and slabs is also used for the calculation of the ultimate resistin
: lation o1 mate resistng

momeiit of the- slab, For analysing 2 solid slab, :
or angiysing a olid slab, we take unit width and get the positive and

negatii"e'desigli moments pef mei':ré"w"'id ‘of | design moments nd shear. h

egaty 1 th of the slab. Th i '

rib are taken as those induced‘-in_a s_lé_b of width equal ?o te!: spac(;ng of ti;:e rsib: ;f]t:lbrr:'?; .
. ; e int it Sehdace - Tt L, e NG

t : . o, _ et v )
opping concrete helps strerigthen the systen, the ribs aid.topping are assurbed o act A
> : and; ct as ‘T’

b s . . - . - y
eatis. The width of the .s}ab taken 1_sAthc legéer of the two following dimensions:

1. The _distance_ﬁ'om centro-to-centre of ¥ibs

. 2' . . . N ) ’ :
(b + kL/5), where b is the breath of the web and L the span with & = 1 for simpl
: : = 1 for simply-

supported and 0.7 for continuous beams.

For resisting tﬁe moments of sl i V oc th- ks in |

) ‘ abs with bumnt clay blg i

compression may also be taken into account. This sgengmk;;ayizk:;ﬁt;ezf::g _:;qc 03 4
_ .25 to 0. R

s i3 3 s 2
times the Compresswe Stl'ength Df the b!ock. I'he Steel req“]l—cd mn the slab for a dlstance equal
¢ : * 3 . : I f 1 : 'd d z h 'b
- o the pacmg Of the l‘lbs 15 de'(ermmcd, and t}JJS amOI.mt of steel 13 pIOH ed 1 ¢ach N1

The com i - i '
pressiocn due to the negative moment at supports (tension at top and compression .

% at the botto i :
ot inl?)cgfi? rbe {esmted only by the concrete in the ribs. In cases where the rib i
pression, additional compgession steel is. provided at the bottom of ribs bl; :

extending the tension steel ni
_ at the end id-span ' : i )
compression steel at the supports. . pan o the supporls of by ProVITINE ScpARSs.

5.5 DESIGN FOR SHEAR
The shear stress ¥ is calculated from the equition:

14
- "5 :
where ,
¥ = Shear force due to ultima . oo B _
A te loads on a width o :
between ribs as calculated from the slab actigi slab equal to the centre distance

b = Width of the rib
d = Effective depth - i

I ) . -

30.3 states that.the value of rib for resisting shiear may be-increased by taking it as the width
wi

specifies this. extofision‘to be AN

et s

_ applied jive loads a
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T

of thie concrets rib plus one wall thickness of the block, An sncreased width shouid be used
for precast eleients like funicular shell made of structral concrete as well. The design shear .
value of Table 19 of 1S 456 ‘may be used: for the design calculations.

Howevet, as in the case of solid slabs, it is better that these slabs are made safe in shear

without shear reinforcements. The shear is snlikely to be critical in ribbed stabs unless the
3 are- heavy and the. dead load s light. Even when: the special shear:
reinforcement is provided, the shear siress should not exceed the maximum permissible in
Table 20 of 1S 456. If shear reinforcement, are to be provided, they should be done by means
of links as in the case of beams. According to BS 81 10-ribs reinforced by single bars’ do not

require links. Where two or. more bars are used, links are required when ¥ exceeds one-half
the allowable siress. ‘ . . : »

5.6 DEFLECTION - R
‘The recommendation for deflection control (by limmiting the span effective depth ratio) with
respect to *T" ‘beams is'also applicable to ribbed, hollow block or voided slabs, However, for
catculating the reduction factor for *T* beam, the ‘rib width should include the walls of the
blocks on both sides of the rib. . . _ .

For voided slabs constructed box or [ section units, the effective rib-width calculated on
the assumption flange of the unit is concentrated as a rectangular 1ib having the same depth

and equivalent ‘cross-sectional area. This is shown in Fig. 5,1(c), where

2
by (h-1) = bb=) = 61

5.7 ARRANGEMENT OF REINFORCEMENTS

The following rules given in 18 456 Clause 30.7 apply to.detailng of steel:

1. Half of the total positive steel should be carried out thirough the bottom on the bearing -
and anchored for a length equal to- Ly, where Ly = full development length of the bar. -~

2. 1f continuous slabs are designed as simply supported, 2 minimumn negative steel or at.
least one-fourth of the positive steel required at the mid-span should be provided at the
hould be extended at least one-tenthi clear span into adjoining spans.

supports. These $
3, In the topping it is advisable to provide 0.12% of steel in both directions.

5.8 CORROSION OF STEEL WITH CLAY BLOC_KS

Great care should be taken when slabs made from clay blocks are used in roofs or in the places
where they get wet. Obscrvations have shown that steel tends to corrode very fast when it is
in contact with bricks or other clay products becanse of the salls present in them. Hence, we
should always ensure that the.stesl, placed in sibbed slabs with clay blocks have encugh
concrete cover. The steel rods should be so placed during construction that under o conditions
will they come in contact with the ‘clay products. We should also not allow water to seep

through the slab and start corrosion of steel. This type of corrosion has been the cause of

-
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. Calculations

_Assume same rib size in x and y directions

Maximum —ve moment = 0.0SZWLi
=0052x10x3.6° =6.74 kNm/m - .

Maximum +ve moment = .039wL}
= 0.039 % 10 %3.6% = 5.05 KNm/m

Maximum moment one rib has to carry = (mement per merte) (Rib

spacing) _
Maxirum —ve B.M, = 1.2 x 6.74 = -8.1 kNm

-VMaximum +ve B.M. = 1.2 x 5,05 = +6.1 XNm

Design section af support -
Only the rib will be effective. Compression steel is provided at the
bottom and additional te_nsion_ steel on the top

- M, =81kNm; d=130mm; b = 100 mm

- 3 L] .
My | B1x10° o
4% 10001300

Tension steel (top) = 1.634% p,
Compression steel (botiom) = 0.478% p,

'A,. = lif)? x130x100 =212 mm?

Provide 3T10 (235 mm?)

A= °l"(‘;)8x|30xloo=6z mm?

Provide 1T10 (79 mm?)

Design section at mid-span
Section acts with top concrete in compression (minimum thickness
of topping is 25 mm)

M, _ 6.1x10° ‘
o.sm[d—%] (0.87 x 4154130~ 12.5)

=143.8 mm® (2T10 gives 157 mm®)

A=

—— e L LIESIOUN |
failure or reinforced brickwo
rk which wag o
blooks insige s o nce popular in India. In slabs tnade
covers shoutl i ide cover to reinforcement should not be less than 10 Ny lleﬂ‘m-
ld geqeral rules for cover for the given exposure cond:ﬁsA other o -
gzg:;;n’LEfnl El)_es_ign of waffle slabs)
a2 waffle:glab 3, nti :
on o ol Side?;ifxitlii m (ciontmuous over two adjacent sides and simply-su d
L e mas:shm;m, in b Ensm] erf precast funicuiar shells so that ribs ar: spi'f:;tct
0f = 41 5 N 8 Fig. BS.1. ssume factored U.D.L; w = 10 KN/, f,, = 25 N/mmg
R 36m . '
PR oo o L |
o F : 25
R —25 mm
o 12:m f o ‘ t
x . " .
>< B ' :‘
s .
>
b
X
Fig. E5.1.
—_—
; Reference Ste,
; /4
‘ : ) Cal
| ) culations Sp 16
| . Table 51
18 456 200 1 Check dimension Jor eode requirements e |
! (2000) Rib width = 100 m >
t Clause 30.5 Rib spaci e
| st 10 spacing = 1.2 m< 1.5 m
| Topping 25 tam allowed for funicular shells,
d:D—eqver=ISO—20=130mm
The slab can be designed -us two-way slabs,
.2 Caleilate design moments
| L, 39
. ol
| : 15 456 Z 3¢ 1.08 (two-way.s[ab)
; Table 26 Two adjacent sides are cbnﬁnuous (case 4)
Coeﬂ?glent Short sﬁan . Long span a,
—ve 0.052 0.047
+ve 0.039 0.035
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Neference Step Calculations :
" . Percentage steel provided = 157100, 0.1%
T 130x1200
Provide minimum steel for T beams (=0.2%)
| _02X130x1200 5 o
R U :
2T16 will give 402 mm?,
5 Check for shear (case 4)
4 Maximum shear =043wL; -
A S =043%10%3.6=155kN/m §
: V, = Shear Rib spacing = 15.5x%1.2 = 18.6kN :
| Breadth of tib (precast it thickness 30 mm}
" p=100+30+30=160mm; ~d =130mm
3
y=186200 _ g9 n/mm?
160x130 _ _ _ :
For 1.25% steel assumed at support with enhancement factor 1.3
and depth of slab 150 mm., the shear
18 456 = 0.70 % 1,30 = 0.91 Nfmm?®
Table 19 The shear is less than the ailowable value. This sheéar limit is safe
T without extra.shear reinforcement.
6 Check deflection by empir-'ica! procedure. Consider as T beam
Depth of beatn = 150 mm
Basic L/D ratio (continuous spans) = 26 (satisfactory)
7 Detail the steel
Special care should be taken to provide the necessary comer steel.
The slab should be made solid at support as in alt voided slabs.

EXAMPLE 5.2 (Layout of an infilled slab) )

Find suitable dimension of a simply-supported slab of span 6.5 to be made from structural
hollow clay blocks 300 x 300 x 250 mm height with 20 m wall thickness. Determine the
reinforcements required if the slab is to carry an imposed load of 4.0 KN/,

Reference

Step

Calculations

Table 5.1

Determine limiting dimensions
(2) Minimum top slab depth = 40 mm

R —

Tt o
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o e g
Reference Step

Text
“Table 5.1

Sec. 5.2.1

Sec. 5.6

Sec. 54

Sec. 5.6
Sec. 5.5

Calculations

(b) Total depth = depth of (block + siab)’_ = 250 + 40 = 290 mm

“|. (We may adopt,_‘a-plastcr.lhicknéss of 10 mm on the underside of tiles

to cover up the tiles; thus making a tc_)ta! depth of 300 mm.).

|- Sﬁacjng’ of ribs is to be not more than 509 mm.’

_ Adopt spacing = 400 mm 7
(d) Width of rib not less than 29074 = 73 mm.”
‘and less than 65 mm
Actua.! .width of concrete = 400 — 300 = 100 mm
Add thiékﬁ'ess é)f block for deflection is
100 + 2(20) = 140 mm

. (€) Flange widh (b + (L/5)} is mmuch more than 400

(§3) A;iopt"the following dimensions:
Flange width = 400 mm
. Slab thickness . = 40 mm

Depth = 290 mm
b for deflection = 140 am
b for shear . = 120 mm

Calenlate load on Jloor

Dead load = 3.5 kN/m®

Plaster = 0.25 kN/m’

Tmposed load = 4.0 KN/m?

Total Factored load = 1.5(7.75) = 11.63 kN/m?
Factored léad per tib = 11.63 * 0.4 = 4.65 kKN/my?

Calculate steel requived for one T beam {Rib spacing = 400 mm)

2

M =i£-5x—6'-2—=24.6 KNm/m; For 400 mun = 24.6 x 0.4 = 9.84 kNm
8 -

Assume 20 mm bars are used.

d=290—20—%=260mm

M
AJ

= 08T S~/

s

1
1
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 Reference -

Step

Calciilations -

Step

Calcﬁlations

Sec. 5.5 -

IS Ci. 26.5.1

Step2 -

SP 456
Fig. 4

IS CI. 30.3

Sec. 5.5

1S 456

“Table 19

Assummg,f 415 andj; =20

" We have

. 9.84x10° :
R ——— e A X rnn«]2
i 0.87)(4['5(_260-20), ”3-

Use 1T20 (314 mm?) (provide one rod)
Cheek for minimun -steel (based on rib width)

Requifed P =9’}3—5 =0.2% (approx.)

4

1604, 100x314

- p prowded = ——— =] 0%

_b_h 100 260
Check Jor deflection (T beam),

A, (required) = --——-—-l 1(::06 le;:)o =0,11%

| Basic D ratio for simply-supported beam = 20
-Modification factor Fl, for tension steel 0.11% = 2.0

Modification factor. F2,. for compression steef = 1.0
Modification factor for. T beam

b, 140
=180 o35t £ =0;
b 400 TN 5.

Allowable:~b-= 20x2.0x0.8=32.0

L 6500
Actoali =it 9 0
D560 - 2

The design is satisfactory.

Check for shear without shear steel

b for the shear = 100 + 20 120 mm
y= -ﬁ“"—z"i?_ 15.1KN

v _151x10°
=— w7 L 0.48kN
"7 bd " T20x 260 = 48 Nmnr®

. 3l4x100
Yosteel provided = =" % _ 1o,
e 20260 = 1%
¥ allowed = 0.62 Nfmm? (wathoulcnhancemem)

The design is satisfactory (without shear steel)

Reference

" Sec. 5.3

'Deral!ing of steel

‘the shear at

These slabs are made SOlld near the beammg The

-gupports is much less, i.e.

nd
!El_xm__..onwmm
400 i60

rt is provided by extending
he effective anchorage of steel at suppo :
'{h: steel beyond the centre line of support by 300 mm or one-third

 the: support width.
‘Design for contmmly (negative steel at supports}

314
- —_— 8.5 im
Negatlve steel.= I(posmve‘ steel) = 2 78.5 mi

Provide IT10 giving 78.5 mm? steel. This steel should extend 10%
* by I8:-456 and 15% by BS 811 into span.
“Extension into span from face of support = 0.15 x 6500 = 976 mm

1

. REFERENCES

BS 8110 1985, Structural Use of Concrete, Part 1: Code of Practice for Design and
-.Construction, British  Standards, Institation, London, 1985.

2. 18 456 (2000), Code of Practice for Plain and Reinforced Concrete, Bureau of Indian
Standards New Delhi, 2000 )
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_ CHAPTER6 ‘

~ Approximate Analysis of
~'Grid Floors |

!

6.1 INTRODUCTION

’é’?t;.{ecar;:t ::a:suy ap%‘oximal;te methods available for the analysis and design of different types
¢ structures. Even though more and more structures are bei i |

analysis of structures by approximate meth e e e thay are ascfu

: ' { ods should also be enco d h !

i developing an engineering sense and ¢ 0 e compater ¢ -~

( | can also be used as checks h

Such checks are always necessa ' i O Mhis ehapte

_ recks ry for successful design of com lex structures. Thi

illustrates the use of approximate methods for analysis of grid t?oors. res. This chapter

6.2 ANALYS!S OF FLAT GRID FLOORS

)

7 Fo i : '
r enclosing large tooms such as theatre halls and auditoriums, where column free space is

;l:lie xga]in Cr;eg;ire@cntf grid floors are used. The types of commonly-used grids are shown i
ig. 6.1. Grids with diagonal members are called diagrids. We have seen in Chapter 5 that grié

Iri,

H

Y

. ' .
(& - X = ) LN
O - i i+ *
()
. 3 B i

Fig. 6.1
£ Layout of grid floors: (a) Rectangular grid; (b) diagrid; and (c) continuous grid.
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floors with restricted layout of beams, thickness of slab and edge beums can be analysed by
the conventional methods as in ribbed slabs. Large grid- floots which do not follow these
restricted layouts &fe analysed by other. methods.. These methods can’ be divided into three
groups: o Co ‘ . ; |
1. Method based on plate theory (approximate méthod)*

2. Stiffness matrix method using computer

3. Equating‘.dcﬂcction method of each intér'sécting node nﬂ( simultaneous’ équations.

:

In the followirig sections, 2 bgief:discuss_ion, of thc: methiod based on the plétc theory and -

reference to other two methods are given.

6.3 ANALYSIS OF RECTANGULAR GRID FLOORS BY. TIMOSHENKO‘S PLATE
THEORY. o : ' -

Many var_iatidns in the platé theory by different authors are available for analysis of grid floors.
The most popular one is that given by Timoshenko and Krieger {1]. They have shown that the
moments and shears in an anisotropic plate, freely-;upp'orted on four sides, depend on the

deflection surface. The vertical deflection o at any point of a symmetrical grid shown in Fig.
6.2 is given by

w _‘__.________________169 - sin - sin ____}ry
- L 6.1
of D 2H Dy} 4 b
oS Px 2L D
. ad ﬂ2b2 b4 -

26 = 960 (approx.)
g = Load per unit area

a, b = Lengths of plate in X and Y directions respectively {a; and b, are spacing of
ribs along X any ¥ directions) - :

Dy Dy = Flextural rigidity EI of beams in X and ¥ directions ‘per unit width’

CnCy= Torsional Tigidity of beams parallel to X and Y direciions per unit width

CX:CY =2

Taking I, and I as the moment of inertia of the beams in X and ¥ directions, C; and C; a8 the
torsion constants or the polar (torsional) section modulus of the beams in X and ¥ directions,
the values of Dy, Dr Cx and Cycan be caleulated by Eq. (6.2).

If @, and by are the spacing of the beams in X and Y directions, then

R




86 _ADVANCED REINFORCED- CONCRETE DESIGN

APPROXIMATE ANALYSIS OF GRID FLOORS = 87"

_y "ir-' _

a
: —— SRE
L i i
_ —
;
| )
N a] |,
N1 iR
o rad S Y I
0.0 Al N M,
" Fig. 62 Analysis-of flat grid floors (see also Flg. 6.3).
De=Bh p
b ' a4
Cy =§ﬂ, Gy =54 62)
& q _

where

G = Modulus of shear = £
A1+ )

£ = Modulus of elasticity
H = Poisson’s ratio
anby = Spacing of ribs in X and ¥ directions

It should be noted that the coefficien

t 16/ is very nearly equal to the coefficient 5/384 of
the deflection equation of beams. Al

s0, the C value of a rectangle of area xy is

_ C=(l—0.63—{]x—3’3 " withx <y

The bending and torsional moments can then be expressed by the following formulae:

62)
Ixdy 62)

. : - 2
- B _-é’zm_'_c _a"_a)_]
QX" x[DX 5x2 L 4 5y2

2
3 5w o
Oy =3y[D" Yl ""Cx.——'ﬁxz]

- OIS nﬂl
i £ maxi l)ﬂ ts (-] f the SPaﬂ Whlie the ma
ents.are at th _CGntIe_ o ximum t
h ximum l'ldlng monu . (4]

e > . 1 s} ! p ' p : lon er and
Inoﬂlel“( arg at the Corﬁers e mﬂ'XI!lllH il Shea dcv l mid-| B
. . Th : s ¢elo at (l oints ()l ”le

i 11s. o ) .
Shon';rk?:;eﬂ::pg;t term of the series in equation (6.1) and putting, we ge
a

16q /n® !
™ = (Dyla®y + [2H/(@*b*) )+ (Dy/5")

64)

7 i i by using Eqgs. (6.3)
The expression for the stress resultants along the grid can be written down by g Eq
and (6.4) as’ follqv_vs; :
" 1. The Values of My and My (bending moments)

2 | -
Y posin Zsin 2 65)
My =.Dx(—a-) @ysin - sm”.b o | ,
2 o -
7Y o sin  sin ©6)
My =-Dy(;) o sin—sin = |

[he 1 ma at L4 fre W 1+ the ECO. term beCOIIlCS equal to umty-
se are Kimum th cenl hel‘ s€C nd_

2. The values of Myy and Myy (torsional mt.)ments)

| 24 6.
M, =q‘.[i‘b)co,<',os—3r§f cos—b— ()
a
ofZ X cos =X 6:8)
My =-Cy [—‘;5]601 cos == cos = .
3. The values of Qx and Oy {shears) .
. 3 3 zx . my . (69)
‘ T :r nx . Ty
(o2 =—m,[Dx[~;) +C,,(:1—b;)] cos . sin-—>
s i zx @y
£ 2o ||sin =2 cos=> (6.10)
Q= -@[D,,(-;—) +Cy (—a—iz):ism Pl

isting moments at the
h elationships, the bending moments, shears and the twisting
Using these ps,
salient points of the grid can be calculated.‘
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' [ JETAILING OF STEEL IN FLAT GRIDS
4. Value of I and C for analysis 6.7 DETAILNG 0 ,

o | X T el is provided in the slabs at
The question arises, as to what values of J; and /; and C and C; are to be taken for analysing . Detailing of slabs and beams 1n flat ngd_S is shown -19 Fig. 63 Stiﬂ 15 P"":’lf:;ig:l;l;‘;:a;: :0
Egs. (6.5)~(6.10). The most common method is'to take these values corresponding to the beam . the top and’bottom for convenience. Beams are provided with Si:e?r ast ull C(; e of concentrated
with the attached slabs on either side. Some designers, however, assuine the vahies for Fand 3 as to satisfy the B.M. fmd S.K .r‘eququm_ents dlong its hengt.(i do tathz e o Junctions.
¢ as-those due to the beam portions of the grids only neglecting the slab. The use of this reactions at beam jmctmns,-'-‘addmonal' stirrups are also VP(T]‘_’VI & 31 . glhe a e supporté 4
,method for approximate analysis of a grid floor is shown in Example 6.1 * . . . S “The edge beams should also be PIOP?ﬂY rcmf?f_?ed depending 09 e way .‘ Y&
' s X e _ . : e Top steel . ’_ g ;
6.4 ANALYSIS OF GRID BY STIFFNESS MATRIX METHOQ' T = - - — l . © * o }
. This is an exact method and needs a computer for its application. It assumes the frame = . Bottor steel
coordinates system X and ¥ and the member poordinate_systém X*-Y"-us shown in Fig. 6.1b). - T :
. The active joints are identified first and then the force displacement equations are written for : e
. .the various active member ends, The member stiffnesses are then transferred to the frame . I R _ . R .
coordinate system, From the stiffness mafrix and joint displacement equations, the force at each I Lo @ B o : (b)
_member joint can be obtained by use of computer programs. Readymade programs for the ’ 7 ) . B N N ) 0251 .
various types of grids are also available for quick analysis in design offices. If a computer and | 0.25L I ’ y Additional stir-ups  -—  pm——r
the relevant software programs are available, the analysis can be carried out quickly. However, = _ ) . 31_
:ﬁ:t;:,)sduslts of the computer analysis should be checked with values obtained from approximate oy Cross beams ] |m S ;’
. ) ) "._‘r ‘——" _ L = cc. of suppc_art .
6.5 ANALYSIS OF GRID FLOORS BY EQUATING JOINT DEFLECTIONS -k ' ©
i . i3 ‘ : Fig. 6.3 Detalling of steel In grid fleors.
In this method, the deflection of the joints and the loads on each of the beams are determined. ¥ _ . 7 o
As the number of resulting equations is large, a computer will be required for its easy solution. EXAMPLE 6.1 (Approximate an'alysns of grid ﬂot?rs) . scing of £ibs
Analysis of Grid Floors [2] by the National Buildings Organisation, New Delhi gives tables and A reinforced rectangular grid floor 15 i2mx 16 m with the (;:.entre-to-certl aniip sheagrs ot the
charts which may be conveniently used for the analysis of rectangular and diagonal grid floors. } at 2 m both ways, as shown in Fig: E6.1. Deternune the bending moments
In this method, torsion component is generally neglected . B , ‘ F ____’j':_ G s , 16 m
L A i : ,
6.6 COMPARISON OF METHODS OF ANALYSIS '. y ', |
i i :
No torsion analysis is suitable for the preliminary analysis and design. The torsion analysis E t | i ‘l :
method gives fairly good results for rectangular grids. The handbook method gives best results : :
for square grids. However, complex grids, like diagonal grids, are best solved by matrix method } i !
for final designs. Even thopgh the siab analogy of voided slabs is straightforward, its use : . : cl B A :
should be restricted. For this the following conditions are necessary: ’ _ D: —  &m !! :
1. Spacing of ribs should not be greater than 1.5 m or twelve times the flange thickness : 1 !i'
(the clear spacing should not be more than ten times the thickness). ! : \
2., The depth of the rib should not be more than four- times the width of the ribs, I| ) :
. . ' o . . ! ]
With large spacing of the beams, grids do not act as a plate but as individual units. Accordingly, ! 1
with the above spacing restrictions the plate analogy can be used for approximate analysis of . : | __:
rectangular grids. For grids ndt obeying the above spacing rules, the approximate methods : o em . 12m
can be used for the preliminary analysis only. In all the cases, the matrix method gives more oo Fig. E6.1

— realistic values and should be used for the final analysis and design.
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salient poinits. Assurine slab thickaess {
weight is 6.5 KN/, £, = 20 N/mnir?,

s approximately 1/20th span, total load including self-
and it is simply-supported on all the four sides.

Refererice

Step

Calculations

Sec. 5.2
IS 456
Clause 30.5

P15
Chart 88

1S 456
Clause 6.2.3.1

Text
Appendix A

' Estiq;ézte necessary t!;lcknéss of beams and floor slab’
. Assume spacing of -1ibs 2  m both ways
CLe=12m, Dy lgé—%?—.sﬁﬂo mm {beam)
s 12,000
L =.2 m D= %

Assume width of b = 200 mm

=600 mm (slab) "

Check dimensions for design as voided slab

As spacing of ribs.is more than that allowed, we cannot ﬂesign the
structure as a voided slab. Use orthotropic plate theory.

Calculate M. of ribs (T beams)

i s L83, -4
=7 12 T 826x10" m

Calculate rigidity of ribs per unit width

&l Ef
Dy== D=
- q and 4 b,
a,=b,=2m(spacingo£ribs)

. E=5100Nf, =2549%10° kN/m®

(3
Dy=D, = (254910 )z(sz.smo*)

=1.055 X 10° munit -

Note: We have assumed that the whole stab is acting with the rib.

Alternately, we may take into account that b, is less than four times
(D - Dy, ie. b= 1000:mm -

Calculate torsional rigidity
We assume that only the ribs are effective (200 x 600)

=28 i, -G
b L

: . SR e i
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‘Calculations B

Reference Step
Also assume u = 0.15, then ,
b4 e E L 0435E =0.435x25.49x10° =11.09 x 10 kN.'fn:l!"
Step_ 4 = Z(Ify) _ *
) : 1
x| xy
G, =C, :[1—0.63-;] 3
l_o.aaxo.z) (0.2°06) _, 2cax10” m’
Y3 3
GC,_GC, _(11.09x10%)(1.264x10)
Ce=G= " T 2
=7.0x10°
2H = Cy +Cy =14.0x10° munit
6 Calculate central deflection (& = 12 m, b = 16 m)

- Dy 1.055x10° _ (say, 4)
Sy DDV o509
&
Dy _1055x10° =161 (say, B)
Oy '
2H _ 14.0x10° =038 (say, C)
ab?  (12°(16)°
A+B+C=708
. 16g
Central deflection o, = 7 08A®
= 16%65 4 015m=15mm
960x7.08

Lon té'r:'n deflection = 2 to 3 times elastic deflection depending on
the ?:late of the removal of supports.

Span__ _ 12000 _ 490 <250 (allowed)
Deflection  2.5%X15

(Otheswise, calculate tong-term effects separately as in Chapter 1)
Find trigonometric ratios of salient poinis
X-axis along 12 m = a; spacing of ribs =y = 2 m

Y-axis along 16 m = b; spacing of ribg = by =2 m
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~ Refererce Step Ca!culation.‘s".‘
TABLE 1 (EXAMPLE 6.1) CALCULATION OF
. TRIGONOMETRIC RATIOS (STEP 7) '
Points Iz sin'ﬁ - 5{ A P 4 ’lry
- y n = s S coss
A _@,s_ a2 10 . 1 o
B 48 a3 Bl 2o S
c %8 b 12 N2 an 1 .0
D %8 0 .0 1 a2 t- 0
B0 0 0 1 34 12 -wz
F 0,16 . 0 0 1 4 -0 1
G 6, 16 a2’ 1. 0 T 4] 1
| H 612 a2 10 3m4 1N -2
8 Calculate My at A to H - ‘ |
. I
M, maximumatd = D, (-—) ‘»,
a
=1.055x10’x{ﬁ) %x0.015=108 kNm
- It varies as (sm-—- smﬂ-]
a b
. Using Table I, we can tabulate M, at other points.
ext 9 Calculate My at A where it is maximum

7Y 2
My =Dr[;] w.=(1.055x10‘)(%] (0.015)= 61 kNm
ny

1t varies as sinﬁ in— V
sin— sin b and can be calculated as in Table 2.

TABLE 2 (EXAMPLE 6.1) CALCULATION OF M, (STEP 8)

. . RX Ay
Points sin 7 sm? My (kNm)
4 1 108.0
8 32 93.5
¢ 12 54.0
D 0 o
E 0 o
F 0 o
G 0 o
# 12 77.0

o

Refereice | - Step-

e e et
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., TG-;I'I‘(,‘H’&H(;}JS : )
t o - S : ——

o0r

) Ca!mfa’ie My and Gx @
2

. k3
Myy =Cy—s®
CMxr =00

| TR X Yy -
it vavies a§ | cOs— €03 =~
S a b

- 3 3
aY - 7
ApJEY vl =5 lle
er [ x[_a] Y[abz]] |
: COSESiIl—-
It varies as “a m3)

oo 2] e 2]

. rx EY
It vaires as sin— COS-E-

Uhese can also be tabulated as in Table 3.

e

TABLE 3 (EXAMPLE 6.1) VALUES OF MOMENTS AND SHEAR (Step 10)
Point Moments, kN/m 3 Shear, kN/m
- My My Myy M Ox Or
A 108 61 0 0 0 \]
B 94 53 0 0 14.7 0
C 54 30.5 0 0 25.5 0
D 0 0 S0 o . 295 0
E 0 0 3.74 K B 20.9 0
F 0 0 5.30 5.30 0 i}
G 0 V] 0 0 0 134
H 77 8o 0 0 0 9.4

Notes: (1) The moments and shears given above are for unit lengths, To

above by their respective spacing of ribs (i.e;, b, for My and Vyand & for My and Vy).

(2) Multiply values by (4/n) to campensate for the sinusvidal loading used.

(3) Side beams of the gri
on walls, on co_lumns, etc.

id should be designéd for the canditions in which they are supported, i.e.

get design values, multiply the
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ﬁm‘;aﬂﬁ};&E 6.2 (De;lgn of 2 cantilever grid) [4) — :
ilever. canopy for a residential buildin . - ‘ Reference Step Calculations
Assurning that the fotal load on the slab is a BDCOHSISts of a grid slab as shown in Fig. E6.2. T ; —— — .
design of the structure can be p : al L of 3.5 kN/m, indicate how an approximate ' There are only. three types of ribs as under:
! made. Ne i . - . ) ] i
b=295m; a, = b, = 0.94 m. 8 \‘-Clt torsional effects in the slab. ¢ = 4.83 m; . ; Type 1 ribs: o _ ‘
o My at A(x = af2, y'= b13) Ox at B(x =0,y = b3}
Column | . : :
- —-Jr'%— r Type 2 ribst - .
3 Beam . : %/ 840 L s
- ‘ | A"slab ‘ N ) ype 3 fibst oo .
‘§ . ] _ \ Bricks in mud § - My at Ex = 2al5, y = bi2); Or at Fx =2al5,y=0)
¥ _g Type 1 HC EY 0 1 § g § % 3 :’Desii:; of longt;rf;diraa!)bear:: at the end of grid (simply-supported on
/ g i x & \ o ie side of cantilevers).
i 109 &3 % Sand fill N\ 3 Load on beam (230 x 300) = (UDL from part of slab acting with
840 \ plastered over § beam) + (UDL from self-weight) + (load due to end shears from the
| o i ind 3 ribs)
3 \\ & _ transverse Types 2 an )
7 : .
D___F ) : & A ¥ : Find end-reactions on cantilevers as well as the designs of BM and
Bearn C SF from the above loadings. . '
\._X Brick work to form the 4 Design of side cantilever beams (230 x 400)
i a = 4860 230 x 300 grid slab . .
- . ’ . Loads = (UDL from slab acting with the beam) + (UDL due to self-
I 3060 T weight) + (Load. from end-reaction from end-beams obtained in
~ BLAN i - » - Step 3) + (Load from shear of the longitudinal type 1 vibs)
2.48 kN 4.01_ kKN 401 kN 248 kN : ﬁ ; Determine the desigﬁ BM and SM from above {oading.
2 3 b = 5 - | . Designof longitudinal beam near the wall between colmns
1< 2,42 = 9 . i Assume this beam as fixed at the two ends and acted on by the loads
g : f‘________________,l as in Step 3.
14.07 kN 14.07 kN ? 272 N
End-beam ' Cantilever beam Notes: 1. Although we have omitted torsional effects, all beams should be liberally provided with
) 4m stir-ups for torsion effects. ’
Fig. E6.2. 2. The approximate values of loads acting on the end and cantilever are shown in Fig. E6.2.
3. The inner size of grid of 840 mm can be easily obtained with 33 brick formwork in mud
Reference z
Step : Calculations mortar and plastering it with (mud + cement) mortar a5 indicated in Fig. E6.2.
! Write down th I .
: unit WId:;n e formulae for My, Ox. My, Qy (neglecting torsion) per .
Egs. (6.1) = 164, b Cmx. wy REFERENCES
(6.5), (6.9 *omt 14(D, /Dy 7 5in —=sin == . : :
©9) (O,/Dy) alb)" @ b 1. Timoshenko, S. and Kricger, S.W. Theory of Plates and Shells, 2nd ed., McGraw-Hill, New
0, =16% ab, nx_ &y York, 1953. ,
& Y] 7 €05 — €05 —= =
7 14+(Dy/Dy) (alb} a - b . 11 N . . :
" e 2. National Buildings Organisation, Analysis of Grids, New Delhi, 1968.
Similarly, we can find My and @y l . . . .
9 Find desi ’ { 3. Krishna Raju, Advanced Reinforced Concrete Design — S.I. Units, CBS., New Delhi, 1986.
esign moments and sh itudi , [ )
(Fig. 6.5), ears for longitudinal and transverse ribs * ‘4, Tamil Nadu PWD. publication, 1986.




-:CHAPTER ?? S

Design Loads Other Than
'Earthquake Loads

o

7.1 INTRODUCTION

18 875 (1987), the Code of Practice for Design Loads (other than earthquake loads for buildings
and structures) deals with the magnitude of such loads that being used for designs in India.
It was published in 1957 and was first reviscd in 1964, In the second revision of the code in
1987, it was expanded and the relevant specification for each type of load has been put in the
following five parts. ' '

. Part'1: Dead ]oadé
" Part 2: Imposed loads
‘vt Part 3: Wind loads
Part 4 Sl_lb_w loads _
© Part 5: Specié] loads and load combinations

‘This chapter deals with a brief description of various loads for design of buildings, a
more detailed discussion on wind loads and an indication of the loads that may come on
buildings during construction. The original publications should be consulted for accurate and
up-to-date information regarding loadings to be used in designs. Earthquake loads are dealt
with in a separate code, 1S:1893 (1984) and is discussed in Chapter 18 of this book.

7.2 DEAD LOADS

IS 875 Part 1 gives the dead loads that can be taken for design. The most important dead load
is the.self-.weight of the structure. According to IS 456 Clause 19.2.1, the unit weight of plain
concrete is generally taken as 24 kN per cubic metre and that of reinforced concrete as 25 kN
per cubic metre. The weight of finishes will depend on the types of floor finish. '
Terrazzo floor tiles are 225 X 225 x 18 mm or 300 X 300 x 25 mm and are usually laid in cement
sharry on 1.3 cement mortar at least 18 mm thick. Hence, the dead load of this finish will be about
0,72 to 0.75 kN/m?, and the nominal weight of light partitions will be 1 kN/m? (minimum).-

96
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Tiius, the charactgristiq_ self-weight of a 100-mm slab works out as-follows:
Self-weight of 100 mm slab = 2.50 kN/m? o
Finishes (with mosaic floor) "= 0.72 kN/m?
= 1.00 KN/m?

Total = 422 N . . o

: d. Roof finish with about 125 mm

weathering course in brickjelly concrete is generally faken-as 2.25 kN/m?, 20 mm asphalt

as 048 ¥N/m?, 50 mm insulating screed as 0.72 kN/m? and special ceiling finish as 0.25

kN/m?. o : : s

Partitions (minimum}

To this, we have to add the characteristic imposed loa

7.3 IMPOSED LOADS (1S 875 PART 2) -

These are loads which are not permanently acting on the structure. They can be classified into
five categories as described below. ‘ :

7.3.1 Live Loads

These are service loads or working loads caused by superimposed loads which vary only in
a gradual mamner. Loads due to furniture, stored_materials and persons occupying or moving
into the room come in this category. In the case of buildings, for simplicity in design
calculations, these loads are assumed as uniformly distributed on the area considered. In
designing bridges, they are generally considered as ‘specified moving concentrated loads’.
They may also include a dynamic coefficient which depends on the type of structure. They
are also called characteristic live loads. :

7.3.2 Climatic Loads

Loads due to the effect of wind, snow, etc., are known as elimatic loads. The wind loads that
are prescribed for the given region should be used for the design of structures in a given
location. The loads induced in a restrained structure due to likely temperature changes come
under this category. These loads are to be taken into account in designs. This depends on
the maximum and minimum temperature experienced by that region. Climatological and Solar
Data for India, published by Central Building Research Institute, Roorkee, gives the values
of maximum and minimum temperatures for various patts of India. Some of these values are
given in Table 7.1 (see also IS 875 Part 5). Expansion joints should be planned on this data.
Thé temperature variation in South India is much less than that in Nerth India.

7.3.3 Exceptional Overloads

These are the loads due to cyclones, earthquakes, etc., applicable to the concerned region.
Values assessed from the past records and available in the codes of practice are to be used
for this purpose.




98. ADVANCED REINFORCED CONCRETE DESIGN

TABLE 7.1 BASIC WIND SPEED AND APP
s . o . ROXIMATE MINIMUM A
TEMPERATURES FOR SOME TOWNS IN INDIA (s, 5)

Wind speed (mls') Range of fempérdture, o

S.Ne. Town
: Minimum Maximum

3 Agra 47: -2 .43
2 Ahmedabad 39 2 48
3 Asansog 47 ) b1 47
“ 4 .. Bangalore 3 8 39
-5 Bhopal 9 E -0 7 44
6 Bikaner 47 . -1 ' 49
7 Kolkata 50 6 44
B Chennai 50 7 13 . 45
9 Coimbatore 39 1 40
10 Cuttack 50 7 ' 47
11 Darjeeling . 47 ) -5 | 27
12 Delhi a7 -1 46
I3 Guwahati . B 1 . 2 40
14 Jabalpur 47 0 7 46
15 . Jamshedpur a7 4 . 47
16 . .Kanpur 47 ‘ 0 47
17 Kochi i9 - 17 34
18 Madurai ] 39 15 ‘ 42
19 Mangalore 39 16 -;,-'3
20 . Mumbai a4 i1 38
21 Mysore 44 10 38
22 Patna 47 2 46
23 Pondicherry 50 I8 40
24 Srineger S 2 5
25 Thiruvananthapurarr_l 39 - .18 ) 34
26 Tiruchirapalli 39 14 '44-
37 Varanesi 47 o a

28 Visakhapatnam 50 14
44

w
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7.3.4 Dynamic Superimposed Loads

y the dynamic effects, vibration and impact caused
s overhead crane. The generally-aecépted values are
e impact factors used for design of road bridges are

These loads are produced on structures b
by machinery or mobile equipment such a
usialiy given in codes of practice. Thus th
given in the Indian Roads Congress (IRC) Bridge Code.

7.36 Construction Loads

s caused during the construction of buildings, etc., and include the effect
of construction of theslabs of multistoreyed building.
¢ engineer depending on the ordcjr and method of

These are the load
of forces due to prestressing the order

These loads should be estimated by th
construction used at the site. This is briefly discussed in Section 7.16.

7.4 LOADS DUE TO IMPOSED DEFORMATIONS -

These loads may be cuc to onc or more of the following effects:

e Shrinkage, temperature or prestressing
* Movement of supports-

They arc estimated from the knowledge of materials,

climate, soil properties, erection methods,
etc., used for the structure under consideration. -

7.5 CHARACTERISTIC IMPOSED LOADS

The loads which have the *accepted proBability’ of not being exceeded throughout the specified
lifespan of the structure are known as the characteristic imposed or live loads. Due to the
live loads at present are taken

difficulty of correctly assessing their values on statistical basis,
sed with safety in the various codes for elastic

_ simply as the design loads that are being u
design. The values of the common live loads are given in the revised 15:875 code. Wind loads

 are separately dealt with in Section 7.8.

- 7.6 PARTIAL SAFETY FACTORS FOR LOADS

In limit state design, the isolated design load for cach of the limit states is obtained by the

formula )
Factored design load = (Partial safety factor) x (Characteristic load)

rious limits states are given in IS 456 Table 18. The above

partial safety factors should cover the variation that may occur in loading and depend on the
type of load. For example, as the dead loads can be calculated more accurately than the live
loads, only a smaller partial safety factor needs to be prescribed for dead loads rather than live
loads. This is the practice in BS 81 10, where a value of 1.4 is given for DL and a factor 1.6 for

factor is used for DL and LL to facilitate the use

LL. In 1S:456, however, the same partial safety
of the yesult of structural analysis to both limit state and working stress designs. Similarly, the

The partial safety factors for the va
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artial  factor Wi ; imi ' ide I '
squ ;;t t‘s;all'etsy_iis'af‘t::d\\?éiatl;: :lat:y \.\;nthrthe limit state that is being considered. Usually, a factor
; 1 to 1. m i iti . nity Vit
aual to 1 ! ate limit state condition and the unity for the serviceability

., . Bt " Lo .
7 ‘SOME GENERAF PROVISIONS REGARDING LIVE LLOADS ON STRUCTURES

! e . TERRLRR & 10O lng conceﬂh’ﬂted loads are consld i .f e‘d 5 E-Cif cations
- Ol 1 ered, 3 4 s
can} be et'o‘l Ued._ib:—compllcated cases Of llve loadings- Ihus,"ﬁ)r desigﬂ Olf brlzdlgcs Ina]l; Codes
]ep ace the series Of concentrated Whee] Ioads that shOL\ldbe llSed fOr design by’ a mliforml

distrib impli '
stributed load. These simplified loads. should be evolved from theoretical calculations and -

experience. The following are ; i
Gosten of bulldisgar g somc;;. f thc practices that are generally recommended for
1. Th i i iti estima ass
additi(‘)'ﬁal'es E;ierclfltn og hﬁh;wclght movable partitions in buildings is estimated by assumin
dditions Juper pose c‘)ad for the effect of these partitions. A minimum partitions loaﬁ‘an
ralyets st gﬁd be; nr:;t;z il‘(s)rufs;i:gyh:;):ciﬁe: .t?or lightweight partitions. However, detai‘i:cgl
s 1d or avy par itions (IS 875 Part 2 Clavse 3.1.2).
o nf gué::;o;zyg? bullldmgs, a progressive reduction of live loads (but not d)ead load) i
alowe _3._2) dee \fr ; columns and foundatiohs, The British and Indian Practices (IS 871;
eduction of live load for buildings such as flats and offices, as indicated in

- Table 7.2. Thi ion i :
: This reduction is not-allowed for buildings for storage such as warchouses and ~

stores. H. ion i ic
P lz:v;:c::,i tshufll:oredu;tnon is alsg applicable for factories or workshops that are designed
for live loads with m r:s ti ?:ﬁs fl;:i:m , prodvided that the loading assumed for any colun%ncis
n, : X . 1s. are designed for a live load 2

3. According to IS 875 (1987) . " onds n boams

) Part 2 Clause 3.2.2, the loads i
by 5:A 'ﬁ); e:e(li'y 5l m? it supports subject to a maximur,n of ZO;%S i beams can be reduced
. 0 . L= ’
oot e also gives the magnitude of horizontal loads for handrail d i
ase in impact and vibrations in designs. ° and fakes fnfo

TABLE 7.2 REDUCTION IN
FLOOR LIVE LOAD IN BUILD
INGS ON
FOUNDATIONS [IS 875 (PART 2y AND BS 6399] COLOMNS AND

No. of floors (including roof) Reduction in load on all

supported by column : Sfloor (96)
S - floor (%
1 0
-
: - 10
: 20
. 30
5to 10 4
. 0
over 10
, 50

Notes: 1. No reductfon in loads from ground floor to basernent
2. No reduction is made in any of the dead loads. -

. the ‘subject. As the IS.code

7.8 WIND LOADS ON STRUCTURES

Wind_produces_ three different types of effects on structures: static, dynamic and aerodynamic

interference effects in tall chimneys. . 7 c o
the type of the structure. When the structure deflects

The response of loads depends on
in response to the wind load the dynamic and agrodynamic effects should be analysed in

addition to static effects. The concepts given in IS 875 published in 1964 regarding wind effects
have been fully revised.in the code published in 1987. The Australian code AS 1170 Part 2 (1983)
and the British code CP 3 Chapter V sevised in 1972 are some of the other modern codes on-
is based-on the concepts of the BS code, it is interesting to trace

the development of the British code to get an understanding of wind action and the development

of the modem codes on wind effects.

7.8.1 History of Development of Specification for Wind Load

ritain was made in the eighteenth century by the

The first attempt to study wind effects in B
power. Their

engineers who wete interested in wind mills, where wind is used as a source of

e areas of sails required for the grinding capacity of wind mills. In

aim was to calculate th
1756, John Smeaton studied the effect of wind on buildings and he recommended the following

wind loads for design of structures:

"1. High winds (up to 45 mph) 0.28 KN/m’
2. Very high winds (45-60 mph) 0.43 KN/m?
3. Storms (over 60 mph) 0.56 KN/m?,

tercst was shown in UK on-wind effects on structures when the Tay bridge

After 1880, great in ,
in Britain failed in a gale. Conflicting evidences were presented during the Board of Trade

Enquiry of that failure. Those who had taken measurements of windpressure opined that
wind pressures as high as 4.3 or 4.7 ¥N/m? {430-480 ke/m?) were quite frequent in the UK.
However, engineers led by Benjamin Baker maintained that pressure cannot be greater than
12 or 1.4 kKN/m® as otherwise most of the structures that survived the storm could not have
resisted it. After the enquiry they recommended 2 value of 2.7 kiN/m® applied on the projected
area. This was based on typical values that were used in the neighbouring countries, These

values are as follows:
1. Tn France, 2.63 KN/m?

5 In the USA, 2.39 kN/m® on unloaded bridges,
2.90 KN/m? on loaded bridges. .

1.45 kN/m? on train surfaces, -and

essure by tube anemographs on which the

These values led to actual measurements of wind pr
who was co-designer of the Forth

highest gust velocities could be recorded. Baker,
Railway Bridge in Scotland, made independent studies on an island on the Firth of Forth. He
erected two boards, one with an area 27.87 sq. m (300 sq. O, and other with 0.14 sq. m (1.5

sq.ft). Readings on these boards between 1883-1890 showed that, whereas the larger board

shows pressure of only 0.19 kN/m?, the smaller board shows up to 1.48 kN/m?Z. It was then

considered to have been caused by the dimensional effect. ‘We now know that this is due to
turbulent nature of the wind which causes fluctuations in velocity ranging from short duration
gusts lasting a few seconds to squalls lasting several minutes. The higher the velocity, the
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shorter will be the duration of gusts. Thus, thé wind pressures are very high at a point during
a gust, while the average pressure on the structure can remain low, This explains the measured
differences in pressures experienced by different areas to the same wind, ‘Larger areas will not
be affected by winds of shorter duration. In early 1900, T.E. Stantion conducted 2 series of
experiments at the National Physical Laboratory in England and showed that pressure p on
plates obeys-the law of hydraulics (Bernoulli’s equation)

=-;—pv2 (.1

where p is the density (taken as 1.2 kg/m® for Indian conditions) and v the steady velocity of
air. p is assumed as 1,226 in UK and 1.293 kg/m® in Canadian codes, respectively.

- Pressiir€p is independent of the size of the plate for areas more than about 2 sq. fi."so
that the idea.of dimensional effect-on buildings was proved to be incorrect, This discrepancy

between pressures found in larger and smaller areas was due to something else, which we now
know was the gust effect, :

Thus, for a cyclonic wind speed of 180 km/hr (50 m/s), the pressure is
P=0.6V"=0.6(50)? = 1.50 kN/m?
7.8.2 Gust Effect

The wind velocities ‘at any locality vary considerably with time. In addition to a steady wind,
there are effects of gusts which last only a few seconds. The modem trend is to adopt ‘peak

. gust’ loading as the basis for design, in place of mean load averaged over one minute, which

was until recently used. It is considered to yield a more realistic assessment of wind load. In
practice, the-peak gust likely to be observed over an average time of 3, 5 or 15 seconds
(depending on the location and size of the structure, as explained in Section 7.8.3, is nowadays
used in design structures for wind effects). i : '

* In USA, the wind speed is expressed as the velocity of the fastest mile of wind to paés
through the instrument in 7' second. That is, :

Average velocity =-3—6}'0-£ mph

Designs arc made assuming this mean speed and gust factor as given in Section 7.12.

7.8.3 Structure of Wind _

It is now clear that the difference between the laboratory experiments by Stanton and the
natural wind effects on varying areas is due to propertics of wind turbulence. Stanton attempted
to study the effect of wind on different sizes of structure but he discontinued it rather abruptly,
In 1930, A. Bailey and N.D.C. Vincent extended the work of Stanton-and studied the distribution
of pressure over the surface of common building shapes. This resulted in many of the present
day recommendations of the British code. The First Birtish code of wind loads was issued in

.1944 as the British Standard Code of Practice. CP 3 (1994) Code for Functional Requirements

of Buildings, Chapter V, ‘Loading’. This specified the worst gust speed in various parts of
Britain as unit pressurc for the combined effect of pressure and suction for buildings located

DESIGN LOADS OTHER THAN EARTHQUAKE LOADS 103

- . it
in various terrain conditions such as: sheltered condition, open country subjected to maximwum
, i i inland
ea coast and high altitude inland, ‘
GXPD;]“ICB tﬁ i:temal pressure and pressure on roofs, etc. were recoannded to be ofl‘)ffal':ﬁg t:z
omtl' coefficients. Local effects due to winds were indicated by increased ctgh lctle o 1o
e e For such aituations. The 1944 Code was tevised in 1952 as CP 3 (1952), sper V. I
b; “S:-' d c?ne-minute mean wind speed rather than the gust sp_eed previously adv.olclzate oe tov
?‘01? fefiuction in large areas. Four categories of exposure to wind were defined with averag
i i of 45, 54, 63 and 73 mph. '

mlm]i;e ‘?lp;ifilzie;dressure, wa; recommended, as before, for coumed effect of éyressure ::2:1!

ti ?15:; different heights above ground level. Coefficients su'mlar to 1944 Co ed\::rgr\i;t wed
-;UC 1':)e's.su.r'es on roof and wall structures. However, many cladding failures occurre:

or presst

cevision of (e i 58, code
- between 1950 and 1960, Hence, with the scheduled revision of (e 1952 Code in 19

i ' as indicated further below) in the rcvisec.l code.

maﬂfl‘?hi ;l::t\fic;?c;.c::d??:gs :g;lf;a;:ﬁ?sﬁed as the 1970 revision of t)l;e cgde .of W}Eu; :;;3,':;8 )
‘Briti i asic Data for Design o ’
oot Bﬁli?h Cglfie :’f g::tct:ll?e\g:c-]:il,(ola?i?)l”rS:s‘flieoéci:ﬂiciems and. Force Coefficients for
I(jmfé l\{;n;:zf gﬁiléing Sha'pes. This 1970 version was revised again in 1972 as (;P 3 Chapter
V Part 2 (1972), and this code is t_nfrrently in practlcedln UI~’;:ders i loading n detail bascd
As compared with the 1952 edition, the present cc? e consi o of st

i developed after 1952, One of the very important clgmngcs is s

o man:f }d'eash basic fot design in place of the ‘mean load avc.raged over one minute.
!oadm'g o t Ei:'" " erous cases of huilding damages-due to wind action ha?s sh(m_vu that many
InVCStllgaUOl}_O l‘mm due to underestimation of wind forces due to gu§t action. It is fc_und that
ot Of'dam'ag?' war?lore:signiﬁcant than was assumed eatlier. The 1mp'ortant principle t!la}tl

gust écnon N 1 art'n ‘the -design wind speed for a structure was that oniy th_ose gusts \i\"hlc
CVOI?Ed‘ i_'OI’ e 1co%l h to envelope the structure are 1o be considered. The size effect can be
ot lﬂl‘gebegvagin gusts. Three-second gusts are taken for small buildings of size “li
accommodfte !’L)y ﬁvlgsciond gusts for building sized 20-50 m (class B?, an_d 15-—secogd gluzss
o i (c o ’t than 50 m (class C). The 1972 BS code specifies basxc_wmds from 85~ >
o bmldmgsngj i G{IK as compared to 33-55 m/s in IS) depending on locations. Thcy‘ are nt}u;:1
e (38—5511 o ecified in old code. The intensity of gust is also related to durition o the
e ft'f Dst.= ;ﬂildings Larger structures will be affected only by gusts of larger duration

Ezzt :1}]1:11: 2ul§i(;:ted to smz;llcr overall pressures as compared to smaller structures.

7.9 INDIAN CODE FOR WIND LOADS

i jven i rovide two wind pressures (as differentl from wind
i ;‘;1 Irl:a;)r;apéniw;l;plz}:fwfgle( ]t?ai?: gressures excluding v«l'linds ;)f s_hm;t ‘;ur;;i:n“z;::’clleﬂ;;
e : i i i tion (less than 5 minutes). 3
Uth‘?f baSiCdl?f‘?;S‘cllfeiitl;lctl;::: gre‘;::g: ()Ifx‘lsi]}?eﬂ p(iz;znt rc(vision of t!\e code, 18 875' (1?8.7),
e it . ith other modern codes, we have a single wind map.of I'ndm gm;]%
o _00“515331“ N ind speed as peak gust velocity averaged over a short time mterva19 044
o baS}C mﬂmm:;“ wtl)f Ingia is divided into six zones with basic wind speeds of 33, 3 ,thc;
:'i('iu?glzl:l.dT;l; mfaspcorresponding to 120, 140, 160, 170, 180 and 200 km/h. Many ©

recommendations,
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In many respects the IS code is very similar to the BS code. The highest peak wind speed
of 55 m/s is assigned to the hilly regions around Silchar and Ladakh, For most parts of North

" India, the assigned wind speed is 47 m/s (170 km/h} and the wind speeds for India are shown

in Fig. 7.1. The wind speed assigned to the East coast-of India and the coastal regions of

.Gujarat where cyclones are possible in 50 m/s (¥80 kiv'h). We shoﬁld_c_lé'grly remember that the
_.above values are the basic wind speeds. The actaal design wind speed will depend on many
_ . other factors as given in the next section. E ' e ‘

Fig. 7.1 Basic wind speeds in India (in m/s) based on 50 years return period.

[33, 37, 39, 44, 50 and 55 m/s as six divisions]

7.9.1 Effects of Wind on Structures . i -

There ate two approaches to determine the affects of wind on structures:

1.-The peak wind approach with gust related factors (PWA)
" 2. The mean wind approach with gust response factor (MWA)

For ordinary- structures the Indian, British and Australian codes recommend the peak wind:

. approach. For tall and flexible structures, the Indian and Australian codes recommend the use .

of the gust response facior approach known as the dynamic load method (Section 7.12). In this
chapter we shall deal in detail with the peak wind approach only.

I3
.
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7.9.2 Design Wind Speed

The design wind spéed for-a place is obtained from th'c basic wind spesd at the place by using
the formula: S i ) . :
' V, = Vkioks >

-

where . o : o
¥, = Design wind speed (in m/s) at height z°

V, = Basic wind speed for the site (33 to 55 m/s) as shown on the map of India, see -

" Fig. 7.1. (It is the peak gust speed averaged over 3 s for terrain category 2 (open

" Iével conntry with scattered obstructions) at 10 m above ground level on 50-year

mean return period.) :
k; = Probability factor or tisk coefficient with return periods

k, = Factor for the combined effecis of terrain (ground roughness) height and size of
the component on structure .

ks = Factor for local topography (hills, va.lleys; cliffs, etc.} |

The values of these are found as follows:

(i) Values of probability factor (risk coefficient) k. As the basic wind speeds are given for
terrain category 2 based on a return period of 50 years and the return period taken for design
of different types of structures will be different, a corresponding reduction in basic wind speeds
has to be made for lesser retum periods and an incréase in basic wind speeds for higher return
period. This probabiliiy factor also depends on the basic wind speed. The values of &,
recommended and used in IS 875 (Table 1) are given in Table 7.3.

TABLE 7.3 RiSK FACTOR &, .
(IS 875 Part 3 Table 1)

Basic wind speed (n/s)

Design life

No. Class of structure (years) n 3 " e % 55
1 General buildings 50 1.0 1.0 1.0 1.0 L0 10
2 Temporary sheds 5 082 076 073 071 070 067
3 Structures with hazards
in the event of failure 25 0.94 092 0.9t 090 090 089
4 Impertant buildings 100 1.05 1.06 1.07 1.07 1.08 1.08

(il) Value of type of terrain {category), height and structure size factor ky . k; is a function
of three parameters, namely, the type of terrain, the height of the building, and the size of the
structure. In 1S 875, the factor for terrain category 2, type of structire class A (3 s gust
speed) is by definition 1.0 at 10 m level. (The correspondence is BS for category 1, class A
and 10 m.). Wind speed increases from zero near the ground level to full streaming speed at
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a certain height above the ground surface. The height at which the wind speed reaches 99%
of full streaming speed is called the gradient height Z, and the corresponding wind as the
gradient wind. This height is less in open areas and more in areas crowded with tall buildings,
The terrain classification takes this aspect into account. In IS-code, gradient height is assumed
500 m as the same for all categories. Accordingly, terrains are classified into the following
four categories: )

Category 1: Exposed open terrain with no obstructions
Category 2: Open terrain with scattered obstructions of height-between 1.5 m and 10 m
,'Categqry 3: Terrain with numerous low-rise (10 m) obstruc_ﬁons (outskirts of large cities)
Category 4: Terrain with numerous high-rise obstructions '(ditj} centres)

Again, the size of the structure is important as small duration gust has Jess influence on large

structures. To take this aspect into account, structures are grouped into ‘classes’ depending
on the largest (horizontal or vertical) dimension. ' : -

Class A: Structures and components such as cladding, glazing, roofing, etc., having
maximum dimension less than 20 m. (Here, the 3-second -gust speed govemns.)

Class B: Structures and components as above with maximum dimension 20 to 50 m,
(Here the 5-second gust speed governs.)

Class -.C: Structures -and components as above with maximum dimension greater than
50 m.’(Here the 15-second speed govems.) ’

The value of &, which considers all the various:factors like height, terrain category and
class.are. given in IS 875 Part 3 (1987). A part of the table is reproduced as Table 7.4 for
illustration. It should be noted that the factor &, for terrain category 2 at 10 m for class A type
structure should be obviously '1.0. ’ : '

TABLE 7.4 TERRAIN CATEGORY CLASS AND HEi-GHT FACTOkS k,
[IS 875 (1987) Part 3 Table 2]

Height Terrain 1 Terrain 2 Terrain 3 Terrain 4
(m) Class Class Class " Class

A B €C A_ B C A B C A B c

10 105 103 099 100 098 093 091 088 082 0.80 0.76 - 0.67
15 109 1.07 1.03 105 102 097 097 094 087 080 076 0.67
20 12 100 106 107 105 1.00 101 098 091 080 076 0.67
3 LIS 113 L1 LIZ 110 104 1.06 1,03 096 097 093 0.8
50 120 L1814 LI7 LIS L1000 Li2 109 102 LI0 105 0.95

100 126 124 126 124 122 LI7 120 107 110 120 115 105

250 134 132 128 132 131 126 129 126 120 128 124 L1
5000 140 138 134 139 137 132 136 133 128 132 130 122
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; i ight h is rela  the velocity at the
hat the velocity at a heighit A is related to t
v o, T ing power law is used in USA and the UK.

ho by a formula, The follow

whereas the Indian Standards ‘use a mor
Assuming that wind is measured -at

where a is usually taken as 1/10 to 1/12,
The relationship between kz_factor an
terrain category. For example, this n

d 4 can be taken from Table
o ase in velocity as we approach the

Fig. 7.2. The gradual- decre

retardation of wind near the grounds. Simila

does not develop immediately

developed depends on the_fet'(;h or .dist‘ance.
height relationship for each category is given 1n Table

These two relationships can

transition from one category to an

(Part 3), Appendix B.

¢ involved log formula.

ol

d height for each class
¢lationship for

at the start o

ground at a height

0.3y

a standard ‘height of 10 m, Eq. (7.3) gives

 (132)

depending on site conditions.

of structure dcpehds on the

class A type structure and tefrain categoriflss :
7.4, and the velocity profile can be plotted as §hown in
To ground can be considered as
he velocity profile for a given terrain category
r:'y;hte tcrraiu.tﬁe height at which it wi_lllbc fully
through which the wind blows. 'I‘hls_ fetch-
Table 3 of IS 875 and is shown in Fig. 7.3.

be used to find the velocity, values-for a given fetch and

other. This is shown in Fig. 7.2:and is given in IS 875

e v
]
5
-}. - -y
- - -
" Wind 40" )
: ' 'aﬁ:------- 3
i 'l
0‘ T »
g i
+ h ‘o
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e l o
ego v -7 Category 4
. Category 2. L
0 le—7 x ——»|P

Fig. 7.2 Velocity change wit

h height: Change of ter

heipht — velocity profile for terrain category 2 and ¥,

04 is the fetch develope

(iil) Values of topography factor k.

cliffs, significantly alter the
winds are higher near the s

only on slopes higher than 3°
the valuc of k; can vary from

speed of wi

ummit of hills and lower in valleys. : ] n
"below which the value of ks is to be taken as unity. Above 3°,

1.0 to 1.36. This factor becomes important in hilly regions in

rdin from less rough to more rough (v is

that for the category 4. Curve

d height relationship for category 4 at point P).

-The locél topological features such as hills, vaileys,
ind. As a matter of general observation, we know that

This effect becomes important
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-ﬁeg'ion affected by topographical feature

: —'TH 2.5L,

 South India and the northern boundaty states; and it should be given its .due importance. IS
"875 Part 3 (1987) Appendix C gives details of method ‘of compiitation of k3 factor. A brief
account of the recommended method is given below: - .,- . .
Regions affected by the topographic factor and the value &, are shown.in Fig. 7.4: When =~ ~ O Wind -

Category 4

Average ground lovel

TR

400 177 ——
300 [~ -

a0 AT

160

© .y —ve upward x +ve downward
@ S
Crest,  » )
. rr e iididd
Downwiird slope < 3

_—
| t—"1
T Ly,

Developed
.hgight {in mm)
e

.
‘.
\

1

PRANN

0 20 30 - 40 50
Fetch (in km)

0

Fig. 7.3 Fetcﬁ-&eveloped height—rélations'hip for terrain category 1 to 4.

the downward slope of a hill is less than 3°, it is called a escarpment. The influence of the
topographic factor can be considéred to extend 1.5L, upwind and 2.5L, downwind of the summit
or the crest. L, is known as the effective horizontal length. Tt is taken as:

1,=1, - _ when the slope 8 =310 17°
to=Z=332,  when the slope 6>17° ortan 0.=03)

© Wind
=3

where ..

L = Horizontal length of the upwind slope : . ‘ o \\m !
Z = Effective height of the feature '
g = Upward slope in the wind direction

©

(a) General definition, (b) chff and escarpment, (¢} hill and .

Fig, 74 Topological dimensions:

- s : 2 Hill and ridge
%, of a point of coordinate x and i with respect to the crest line can be evaluated from the . o ase
equation: . | '

"! 2.0

1.5

ky=1+CS ' (7.4)

where C'= 1.2Z/L {for 6=3°to 17°) and C = 0.36 (for 0> 17°). Here, 5 is a function of the distance
ratio X/L, and the height ratio HyL, of the point being considered. Its value for hill and ridge
formation is different from that of a cliff and escarpment only on the leeward side. The values
of 5 for these formations can be found from Fig. 7.5 which is taken from IS 875. The final value 2
of k, is given by Eq. (7.4). i ‘ L,

1.5

1.0

A
‘ 0.4
740 GENERAL THEORY OF WIND EFFECTS OF STRUCTURES 03 / /' 08
' ' 1.0

' Section 7.9 dealt with the method of arriving at the peak gust value of design wind specd used o 0 P 0.5 1.0 15 2.0 25
; for quasi-static calculation of wind forces. In this scction, -we shall discuss in greater detail the - 1.5 -~ FOIISL Downw.i.nd X/L,

’ general effects of wind on.different types of structures, which have been briefly mentioned in i Upwlgsi_ XL (ii) . he same
Section 75 - | ‘ Fig. 7.5 Factors for () Chff and escarpment, (i) hill and ridge (the upwind factors are

for both types of slopes).

. . _ . _a
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- When a bluff body is exi;osed to wind, vortices tend to be shed from the sides of the body,

: - . , shown in Fig. 7.6. The frequency
' : . . } : i it te voriex shedding as shown in Fig. 7.6. The frequency ’
Most of the man-made structures stand bluff (perpendicular) and the winds blow horizontally, c;‘ealtlu:igd :1 gﬁ;r:n:ﬁ 2; ;?;{i;nc:‘}ieghtxe‘gidsiZe.Of the body, the velocity of flow, to a lesser ‘
Ot she ’

. V . . - € ! . [ ) h.ls can cause across-Wlﬁd

. e - . : r f th OW. cr nd
i . ; : d EICG. on mc surface l’Ough-nESs and ‘he tu bulence 0. e fl W I . “
. o effcc‘s 8 uch as transverse v lbi‘atlons m l’-ghtly damped structures such as- ‘CI'“] l. lllf‘,ys A%l l

stiffiness of structures also varies from $tructure to structure, The stiffness of a building |
. -
, Vorl'e)'_(><' ’ O
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is différent from that-of"a tall chimney. As the theory of the action of winds in structures : towers.

was not fully known, old specifications for calculation of wind loads on different types if -
structures like buildings, bridges, towers, chimneys treated each of these structures separately. : Across wind
It is only in recent times that a unified approach to wind load on all types of structure has " _ 4

been attempted, ) ) _

As already explained in Section 7.8.2, the wirid speed can be considered ag fluctuating with
4 steady component and a fluctuating component superimposed on it, Ag regards the structure
itself, its stiffness can vary from a very stiff strudture to a flexible structure. With 2 very stiff
structure the movement of the structure with wind will be negligible and the wind effect can ;
be analysed by a quasi-static approach, However, as the stiffness of the structure decreases, ‘.
the deflection, natural frequency and damping characteristics of the building have also to be :
considered in the calculation of the effect of the winds on the structure, The wind forces on
the deflected structure will.be different from those of the stiff strycture, In addition, as the

Along WindC' .

natural frequency of the structure is low, there is 2 chance for the frequency of the fluctuating ‘ : . o () .
“Part of the wind to coincide with the natural frequency of the structure and resonance can : @ - I S
result. The deflection can become very large and the forces related to mass and acceleration _ Fig, 7.6 Wind ‘effec ts on tall structures: (a) Vortex shedding; and (-b) '“t‘?r'fere"ce'

of the structure can be much greater than the wind force itself, Under these conditions, natural

frequency, structural d,amping, ctc., are of great importance. Analysis that takes these effects In addition fo the static and dynamic effécts of wind on individual structures discussed
n a

ir i ion is called: 24, i5. H a is of forces oo i res on the pattern of flow of the Wil}d
dilt:: f(;) I:z;sflrs?tt?ii lquiiﬁ-ifaﬁi’lzizﬁoﬂnigg ih::r I(xll;i:lfﬁga:;a;‘;s(;:le pods of amalysis of force above, we have to recognise the t?ffei;zf\;p:dicig‘sg:;ln?c im‘erjérlf)mce eﬁ'ec:_'s referred to .

In addition fo static pressures we have to consider dynamic effects in structures. The static itself and on each Othmr' These a:;.: the reverse-flow effect as shown in Fig. 7.7 belong to this
and dynamic effects of :wind on a-structure -ere as shown in Table 7.5. The response of the . Section 7.8. Thc venturi eﬁ'e.ctlan ted in the wake of another, the vortices shefi fl'rom the
- structure in the direction of wind is called along-wind respouse and that normal to the direction category. If one structue is (:;: oscillations of the dowsstream structure. This is called
of wind as across-wind response. The portion behind the bluff body away from the wind is upstream structure may cause _ } : .

called its wake.

TABLE 75 STATIC AND DYNAMIC EFFECTS OF WIND ON STRUCTURES

-
-
S.No. : Bipes of structure Effects of wind 8 /\
. y v .
1 Very stiff structures like low rise 1. No deflection v, ]
buildings 2. Pressure quasi-static O]
2 Flexible structures like chimneys, 1. Structure deflects _ \\
tall buildings with natural 2. Pressure dynamic
frequency greater than that of wind 3. Resonance effect (nil)
Both along and across wind effects are possible E
3 Flexible sﬁuctures with natural 1. Structure tndergoes large deflection M)
“frequency equal to that of the . 2. Effects of defiection can be larger than wind @ ‘ rss and
fluctuating part of the wind effects (a) Interference as in Ferry bridge cooling towers;

Fig. 7.7 Wind Effects on tall structures:

3. Resonance with damping ® wind flow.
"~ (b} reverse .

Both along and_across wind effects are possible
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E;rkzﬂ::g]}wfng. The;sc: interference effects are best studied by ‘wind tunnel tests® rather than"
ulations. Wind tunnel tests form the third method which ‘analyse wind, effects 02

structures.

I ht. '{Otlgh g‘llide iv i ? t 9 : ] . t ¥y y a |!lllld1‘ﬂ-- B
i gl en m IS 8 5 (Pal 3) 1 8 Llause 1 states hat norm ildi "g‘
! ; - . all nl he-
or a sty u'*'tu‘e\ Whlch has elther Of thc fo]]o Wring. C()]‘ld‘itions, needs o he exarﬂ.i]ned for dy['amic

?ffecgs_ of wind:- 7 :

I Buildines o T ‘
uildings and closed structures with a heighit to minimum lateral dimensionratio of more

than 3.0 {approx.) :

1-0 ]l?...
[01 i mugh esiimate o the n y -~ totﬁy 't
( f a.tllla)l flcquellc Of mllhl ] Ed bulldl !gS, Wg can use the

a F - ) - - * N ' .- :
(a) For moment resisting frames without bracing or shear walls, the fundamental time perioé .

T is given by

I , . T=0.14" : - (7 5)
where n-= r_\_umbcr of storeys including basement. . ' '
(b) For all other structures, -

- ﬁ': 0.094 :
Jd .9

where

H = Total height of main st‘ructurc.

d = Maximum dimension of building (in metre) in the direction parallel to the wind"

force

Since most ¢ w-rise. buildin, J
ost cases of low-rise. buildings can be considered as rigid, the pressures on them -

can be d ined
N tt c;tenmncu b.y the tabl.xlatcd‘-values of pressure and force coefficients given in the codes
_ ny dynamic analysis. This is dealt with in Section 7.11.

7.11 WIND FORCE ON STIFF BUILDINGS (QUASI-STATIC h!;IETHOD)

The relationshi i nd wi i : .
by cho“m?:;;c)lulz;:::e{r;a :uE(’i]:Il);'c]e‘s;ure and wind velocity can be derived from fluid d_ynamit_‘.s
he all?o vft:lt\‘;:lort::‘litld;ngi or structures, the shape ﬁmd other factors affect the pressure, Hence,
o e oS aza value l}llas tobe Fnod.!ﬁed I_Jy suitable coefficients. There are two considerations
on ‘building som count w en considering wind 10'f1ds on buildings. First, the effect of the wind
on building c )})loxlle;nts such as walls and ?laddmgs and, secondly, the effect of wind on the
e ;v ole’. The 'ﬁrst is accomplished by the use of pressure’ coefficients and the
v, i“ e (;rce ccfeffiments. As shown in Fig. 7.8 for the design of parts of a building,
e Toos Xterna ?nd mterna! pressures should be known. This internal pressure depends on
ion and size of openings. If the internal space is vented in a direction different from

which the intet window i i
$ are sttuate i i 1
which the inl ted (as in comner rooms and corridors), large m_tcma] pressures

Building and closed structures whose natural frequency in thie first mode is less than

 difference between the inside acts only on a small part (th

., [P AN YL
e ———

o Scparation .point’

Wake |
Leewaid

Syagnatiori point .

@ - . R ‘(b) ‘
¥ig. 7.8 Effect of wind o1 bhildlngs: (a) External pressure; and (b) interual pressuré

A clear demonstration of the effects of internal pressute can be seen in roofs covered with

tiles such as Mangalore tiles, There is considerable difference in the magnitude of the pressurs
under the tile with and withowt an underlay or ‘ceiling’. With the underlay, the pressure
e lower part of the tiles that rest
on the underlay) whereas without the underlay the-whole tiles will be under the action of ibe
internal pressure. Becaunse of this effect, it has been observed in houses in the eastern coast
in India that with cyclone winds the tiled roof with some sort of underlay has been found to
be more stable than tiled roof without the underlay.

Thus, two types of coefficients—pressure coefficients for components and force coefficients
for the structure as a whole— are given in the wind code to caloutate wind forces in buildings._
These- coefficients are based on a limited number of actual tests.

7.11.1 Pressure Coefficients for Components

Tables 4-22 of IS 875 Part 3 give the pressure coefficients to be used for calculating forces on
component or various parts of buildings. Certain local parts of the buildings (like overhangs
and eves of a slopped roof) will be subjected to larger pressures than other parts. These are
shown hatched in Fig. 7.9. The corresponding bigher values are also given.in these tables.

Having obtained the internal and external pressure coefficients from Figs. 7.8 and 7.9, the

force on a component of the building is calculated from the expression:

(7.7)

Force = (Cpe — CpdPA

where
Coe = External pressure coefficient
Cyi= Internal pressure coefficient

p = Pressure due to wind speed

A = Area of the component
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T —

—

e _.ka_‘

b

— s
. ™

-

2

Sasersme st asnns
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ig'
F ;og Extel nal l“ cssure COefﬂcients for p hed r fs. (a) llall of b“"dlng alld (b) sectio
itﬂ 00 t] cti n

_of bulldh‘ug](hatcheq portions show regions of. Increased pressurss)

Investigoions b - ' -
2 'stomg: c::s c:::: f;ho}m' tht breakage of windows in the windward side of a building duri
. building, This. effect :ll;l:lﬁgnb_mi lllsten-lalrpte_ssmt? and can have serious effects on sgfe$1g1‘
PR lowid be: faken intg accouni in,the desi ildings. in.cyc '
#accauntan,y g0 of buildings.in cyclonic areag-
! 1gs.a ic areas

as explained in the code,

.- 7.11.2 . Force Cdefﬁc!ents tor:Struciure ;s a Whole |

a0 Ih& I{)](!e cUe“Iclents 1VE: the WA d odg e d d ﬂ “ dl d
. g €N n na S ar 1 or de ]["lg 1€ OVera \Vll‘l (+F:1
[k f termi 3 .
on !hc Stiucture taken as a Whole Wllhout COHSIdeHng the othcf pa.ﬂs 'I'hv expl‘eSSIOIl fOl the
. . €

force is-given in the equation
where . . -.For(:e'= Crpde
Cy = Force coefficient o

P = Pressure

A, = Effective area of the building

The values of force coefficien
¢ . -
of 18 875 Part s used f§r various shapes of buildings are given in Table 23

7.12 GUST FACTOR (GF) METHOD{BYNAM(C ANALYSiS)

. Calculation of the alon, ' : ' S
o g-the-wind loads on a structure wa ‘ :
the ; _ cture was so far i . ,
2::1 a';gou;‘:?olziﬂ; gust values and the design wind speed ¥, givﬂ: g;sgiler?;i ;))y ;lll ¢ quasi-static
is superimpo den':pon as a steady wind, say, mean hourly speod over which owever, wind
posed. The second method of analysis is known as ‘dynamic anal)‘r;;?nlgl pecd
T - i . . Slng a

'ﬁnple mo
x;mean hour

where k
3, It can b _
"of the terrain as exp
~ . According to th

;.‘The daté and p
dynamic -analysis based on mean  win

analysis using peak
literature on wind e

“The third method for evaluating wind loads on tall s

tunnel tests.

_many .cases, :
« methods of analysis. In very important cases
or tall chimneys, it is advisable to make suc
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del of atmospheric wind (it is likely that the real values at the site may be different),
ly wind speed is calculated as '

;'7: = kikoksV) (7.8)
I_é'z is as given in Table 33 IS 875 Part

and ky are as discussed in Scction 7.9.2 but
depends on the height and the category

o seen that &', makes. ¥, less than ¥ K3
lained in Section 7.9.1.
¢ gust factor method, the along

F, = Mean load due to V,x G

_wind F; is given by the relation

Peak load
Mean load

n in Clause 8 of IS 875 Part 3 (1987).

in the case of earthquake analysis) the
e elastic

Gust factor G =

rocedure for calculation of G are give

We may say that generally (but not always, as
d speed gives lower values of 16ad than th

-gust method. (For more details on dynamic analysis of wind specialized

ffect on structure should be consulted.)

3

7.43 WIND TUNNEL TESTS

tructures is by use of properly scaled wind
A good wind tunnel test will give sesults which are nearer to the true values. In
less than those -given by the other two

these values can alse be very much _
of slender structures such as very tall buildings,

h an analysis for the wind forces.

7.14 CLASSIFICATION OF WIND {CYCLONES)

Wind usually denotes the horizontal wind. If vettical winds are referred, they should be
identified as such. ’

Winds with velocitics higher than 80 km/h are termed as very strong winds. Such high-
speed winds with circular motion are generally associated with cyclonic storms. A typical
feature of cyclonic storm is that, whereas it grows in magnitude and speed on the high seas
{picking up energy over the scas duc to latent heat of vaporisation of water), it loscs source
of energy and rapidity weakens due to the resistance of trees, landscape, etc., after crossing

the coast. Cyclones generally do not penctrate more than 40-60 km inland fiom the sca. These

cyclones very rarely affect structures 120 km away from the coast,

Cyclonic winds rotate (anti-clockwise in the northern hemisphere) at very high speeds

“and the cyclone itself moves from east to west at low speeds of about 12-16 km/h only, The

eastern coast in India (the coast around the Bay of Bengal) is very often subjected to cyclones
the North-East monsoon. These storms can

between the months of October-December during
occasionally also cross over peninsular India .and again gather speed and sirike the coasts of
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Gujarat, But +lié latter are of less intensity than those on the west coasts of India. B'ﬁildingk

in these regions adjacent to the seacoast should be designed not only for very high winds but -

% also for the special effects of cyclonic winds. The coastal regions .of Gujarat may also be .-

.. subjected to cyclones during the South-West MopSGon. L

© °" “The Australian Code for wind forces recommengds that the, regional basic design wind .
vélocitics should be multiplied by a factor varying. from 1.5 to 3.3 for. cyclonic effects. In .-

gddition, désign of buildings in’ tropical cyclonic arcas should take into:account repeated

loading criteria wherever they are relevant. However, in the Indian code, the effect of cyclone !
~ on land is only reflected in the basic wind speeds gpecified in that code. But many- authorities
... feel that the speeds provided in IS code for the eastern coast.are rather on the low side.
* Preliminary analysis of available data shows that for a return period of 50 years the velocity
. .of cyclone winds can be us high as 70, mfs. in ‘Tamil- Nadu; 73:mi/s on the coasts “of Andhra

.. Rradesh to West Bengal, and 60 m/s on the coast of Gujerat. Sriharikota near Chennai has L
" “redorded speeds up to 200 km/h (55 m/s) and Paradeep in Orfssa has recorded speeds up fo

260 km/h (72 m/s). (According to 15:875, the wind speed to be used off:shiore struchires should
. be 1.15 times the value near the coast-in the absence of other-wind data.) As against these

‘observed data, the wind speed indicated in the wind map of India for these places is 50 m/s

only. The phitosophy of the design of structures ini cyclonic areas is to. g_Iivi'_de them into three.

types depending on theit importance:

“ " 1. Very low-cost structures

- 2. Normal structures, 7 .
3. Post-disasfer structures _ " Sl

Post-disaster structures ate those which survive a cyclone. Hospitals, telecommunication '
" buildings, community centres, power stations, meteorological stations, police stations, air-traffic

control buildings, fire stations, etc., are classified as post-disaster structures. They should be
designed and constructed to survive the most servere cyclone. A refum period of 100 years
is usually adopted for them. On the other hand, whenever rormal structures, undergo limited
damage during a severe cyclone, they can be repaired at nominal cost after the disaster to make
them economical in construction. A return period of only 50 years is used for these structures.
In low-cost structure, no particular care is taken to design them against wind, but detailing of
construction can be adopted to make it as much resistant to cyclone as possible. Details of
good construction practice of ‘anchoring’, ‘bracing’ and providing ‘continuity’ from roof to

foundation are adopted for them. (The above three factors are sometimes referred to as the ABC

of cyclone resistant construction.) )

Structures can also be classified as wind sensitive and wind insensitive types. Sloped
roofs with A.C. sheets or tile claddings are wind sensitive whereas flat roof in R.C. construction
or a circular shaped” R.C. building with domed roof is not wind sensitive.. Wind sensitive
structures should be totally avoided in cyclonic arca and if adopted for any reason, they should
be carefully planned. Funnel-shaped hyperbolic water towers have been found to suffer heavily
in cyclonic areas as their shape is not suitable to such regions. In tall structures, such as hollow
shafts of tall water tanks, special care should be taken during the censtruction to join each lift
of construction with the ones below. Defective joints tend to separate during severe cyclones.
For towerstused to support water tanks, slip-form technique without joints will be the most

" suitable method of construction in cyclonic regions,

i
i

: ; v
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. oo
e

) : ' T o
1t 'should also be noted that, in general, the use of 1S 875 (1987) gives higher pressure ©

i British code CP 3 : .
wind than e a height of 10 m above the ground level. In

for heights less than 10 m as shown in Fig. 7,10,

| 7 1S the minium wind speed o be use
inhig t o e o CP 3, reduced vahtes of wind -
is- that pertaining 10 _

speeds are allowed

o p—

Lol
;50' -

a0

—+ BS CP 2 (1972)
o—o IS 875 (1987) PWA
oo 18 875 (1987) MWA

0

Height, m

J20

P
3

Pressure, KN/m

' {aition igh : PWA, Peak
Fig. 7.10 Comparison of overall pressure yariation with height in BS and IS codef (PWA

wind approach; MWA, Mean wind approach)

IMPORTANCE OF CHECKING FOR WIND LOADS AT

A5
! ALL STAGES OF CONSTRUCTION

. | i inds i ction of
There have been many cases of failure of structures dug to high winds during constru

i inds. The
uld have been safe against these winds.
even though the completed structure wo s . e
Stms(:)t:r;sr such failﬂes' is that effect of wind on the u:}braced incomplete .;tructglat s mor?
reE:.fere than that on the braced completed structures. It is, thercfore,' pf_:cesfssrtzru o zones
i)i‘ high winds especially along hilly tracts and the sea-coasts, stability ©
»

i i tion.
be checked and temporary supports s 1ould be provided against wind for .a11 gtages of construction
Thus, the walls of a building withou

t the roof is more unstable against the wind than the
completed building.

7.16 CONSTRUCTION LOADS

£ construction loads. In this section, we shall consider loads only due

ildi wait for 28
to the construction sequence of a multi-storeyed building. Nowadays we do not

i orted on

days for the concxete to attain its full strength befo(rle ﬁle next ﬂg;)‘:easoias;azrlxld fizzf red o
: : imum load that can ¢ ‘ :

tat floow 1t 2 Sl G e stage s strengih developroent should be investigated.

ity to camry the load at the stage of it . e e
;E;gz{r:;tireousu;lrlyy laid in a cyclic period (say one floor every one week) with one, two

There are many types ©
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floors below fully shored AItemately, the bottom floors may be reshered thh the others shored
as shown in Example 7.3,

We can calculate the maximum load that comes on each floor for a given method of
construction by making the following assumptions regarding sharing of loads between slabs
and shores as illustrated by Examples 7.5 and 7.6.

1. The weight of each freshly cast floor is equal to the full self-weight of the slab plus the
formwork (about 10% of the slab) as well as the weight of the workers, equipment, etc. The total
load may amount to as much as 1.4 times the dead weight of the slab alone during construction.
Afterceoustruciion, part of the Jead dus (o equipment andipepple is.removed and the. tead on
each floor is taken as unity.

-2. Shoring can be considered as very stiff and is placed in such a way that it produces

a uniformly-distributed load on the slabs below, and on which .it rests,

3. When a new slab is laid, the ¢oncrete is.assumed to have no strength and all the weight
on the slab is fully carried by the shores immediately below that slab.

4. This weight is also assumed to be equally distributed to all the slabs supporting it
through the shores.

5. When shoring is removed (say 5 days after the floor is cast) from any of the bottom
floor, the load that was being carried by that shoring is thrown back and evenly distributed
to all the slabs above, which were connected to the shores including the slab which was cast
most recently.

~6. Slab loads are first calculated using the above assumptions and shore loads are then
computed by equilibrium of the downward forces.

The loads on slabs should be calculated and checked;iagainst.the strength of the concrete
attained by the slabs from the time it has been cast. Lack of knowledge about construction
overloads has caused many failures, especially in cantilever.slabs.

7.17 JOINTS IN CONCRETE CONSTRUCTION

IS 11817 (1986) pives the classification of joints used in building construction. The principal
type of joints used in reinforced concrete construction car be classified as follows:

1. Construction joint (joints left for longer period)
2. Cold joints (joints made temporarily for short period)
3. Expansion joints (joints with specifted gaps)

IS 456 (2000) Clause 13.4 gives details of construction and cold joints. IS 456 (2000) Clause
. 27 recommends that structures exceeding 45 m in length be normally desipned with one or more
expansion joints,

EXAMPLE 7.1 (Wind load on buildings)
A reinforced, framed building is 45 x 15 m in plan and 60 m in height consisting of storeys 4
m in height. It is braced in the longitudinal direction by rigid frame action and by a reinforced
concrete infill wall in the transverse direction. Determine the design wind force on the framed
buiiding.

Assume that the building is situated in terrain category 3 with basic wind speed of
50 m/s in a fully developed velocity profile.
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Reference Step Caleulations
n 1 Data
Plan of building 45 % 15 m; height, 60 m
Basic wind speed ¥} = 50 m/s
2 Firie:z'_dgsign wind speed V,
Ve = bikaks by
Risk coefficient &y =1.0
Topography factor k3 = 1.0
& factor depends on the following:
‘ factor—greater horizontal
g it 3 @) Terrain category 3, (ii) structural size
. ‘lribiiz SZ(PB ) s or vertical dimension is larger than 50 m, 15 s gust size is appropriate.
Hence class C. .
Read off &, for terrain category 3 and class C for varying he]ghts
the value of %;.
For convenience, we divide the hetghts into three divisions and use
the greater value for each division, L.e. (0-20 m, 20-40"m:and 40
60 m). ,
3 Determine dynamic pressure for different heights
S 875 (5.4) ' Vy = S0 mis; ¥, = kikaks¥s
Pressure p = 0.6¥,7 Nim?
TABLE 1 (From Table 2 of IS: 875)
2
' IS 875 Interval k; (max) v, (m/s) p (N/m?)
" Table 2 0-20 091 - 455 1242
(Table 7.4} 20-40 1.00 - 50,0 1500
40-60 1.04 52.0 1622
4 Calculate the force coefficienis Gy

Let wind be normal to 45 m base = wind at 0°
Wind normal to 15 m base = wind at 50°

a = Depth of plan dimension = 15 m

b = Dimension on which wind at 0° acts = 43 m

h = Height = 60 m
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Re;;_éréuc"e Step Calewlations
TABLE 2 (From IS 875 Fig. 4 Page 3%)
Dimension - 7. Wind at 0° Wind at 90"
IS 875 ‘ alb © 1545 = 0.33 45115 = 3;:0
Cl. 6.3.2.1 - Wb T 60/45 = 1.33 6015 =/4.0
and Fig. 4 C ' 13 S B
5 Determine forces of wind at 0°
Wind force = pCr(Area)
Area = 45 (Floor height of 4 T)
13p(45x 4
U.D.L. on floor stab = —Pg'g"'—)'-' 5.2p
= 5.2p for each metre of length
Tabulating for the intervals adopted.
TABLE 3
Intervals p (Nim?) Force (kN/ny}
Step 3 0-20 1242 5.2p = 6.46
' 20-40 1500 5.2p = 7.80
40-60 1622 5.2p = 8.43
6 - Determine wind forces in 90° direction ~
As above = _1;15%45:(1= 4.4 p for each metre of length
7 VNamre of action of wind forces

These uniformly distributed forces from the edge of the slab are
transferred to the frames and shear walls. The floor slab acts as
rigid diaphragms between the walls and the frames.

EXAMPLE 7.2 (Wind load on a sloped roof building)

" A single-storey shed is as shown in Fig. E7.2. It is 20 m wide and 30 m in length. It is
sitnated in terrain category 3 and the basic wind speed for its location is 47 m/s. The frames
are spaced at 5 m centres. Determine the pressure for which the walls and the roof are to

be designed.
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kN/m e i
(Presswre} = ' :

7.4 I;Nlm

M T e
A o

Jea
S
3

v

L
.
;
n

(b) Plan
Roof

. 0.7 02 -
- <
+ 0.5 or 0.5 pl

Wiﬁd Pressure Suction
©
Fig. E7.2

4.3 kN/m

(Pr'és'sure)- ’
1.85 kN/m
(Suction)

e

Reference Step Calculations

1 Data

Basic wind speed ¥, = 47 /s

Plan -of building = 20 x 30 m )
Height to eves—6 m, heights of roof—4 m
2 Deternine design wind speed V;

¥, = kikohsVs

where by = 1.0; k3 = 1.0

k, factor depends on the following:
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Reference

Step Ca!bﬁ!a!’ians
(1) Termain category—3 }
" (2) Structural size factor—as the maximum vertical or horizontal
dimension daes not exceed 50 m, the 5 s speed governs. Hence
class B. _ '
3) H_ei_ght-—assume I0 m as IS does not recommend values lower
. than [0 m. ) o
‘1S 875 Read off from ‘Table, 24, = 0.88 for roof and walls < 10 m in height.
Table 2 V, = 0.88 x 47 = 41.4 s
3 Caleulate dynamic pressure
P = 0.6F,2 = 0.6(41.4)2 =.1028 N/m? - .. e
(Note: The corresponding value in ‘BS for walls will be only 550
N/m? as it gives values of &, below 10 m also)
4 Calculate pressure cocfficient for walls (Cpe and Cp)
h 6
IS 875 —=e—=03
w20 - <03
Table 4
L 30
Page 14 ¥ oam L5
IS 875 A. windward. wall. B leeward wall,
(6.2.3.2) For Gy, assume 5% to 20% opening.
TABLE 1 (IS 875 Table 4 Page 14)
. W:‘m? AExternal pressuure, Gy Internal pressure, Cui
Fig. 7.11 : - Acti
angle ' ction
A B A B
— a
3.8;52_3_2 0o 0d 0.2 -05 05 Pressure
Page 30 0° 05 0.5 Suction
5 Determine pres.s;ure on walls

P =pA(CP€ - 'pi)

TABLE 2

Wall Internal action Wind. pressure (for meh;e length)

P = (1028 x 6 x 1) {0.7 - 0.5}N
Suction P = (1028 x 6 x 1) (0.7 + 0.5)N

A Pressure 1.23 kN

7.40 kN
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Reference  Step . Qalcu!a!ions | | |
" Wall Internal action Wind pressure (for metre Igngth),
B Presswe . P=(1028 X 6 X 1) O7)N =43 kN
. - Suction P=(1028 x 6% 1) (- 0.3)N =.~1.85 kN
6. Calculate pressure on iruss
Spacing =5m o
Height/width ratio = 620 =03 <05
Roof angle = 22°
Consider wind angle 8 = 0°
- TABLE 3
Externial pressure, Cp,  Internal pressure, Cy
: "~ Action
Fig. 7.1t EF GH ] EF GH
15 875 -032 04 -0.5 -0.5 Pressure
Table 3 +0.5 405 Suction |
Page 16

TABLE 4 [Fig. 7.3 (b)]

Internal action  Load on truss

Portion of truss D ey ot = § )

Suction

EF—Windward side Pressure P = pA(C,, — G}

= (1028 x 10.77 x 5)(~0.32 ~ 0.5)
=—45.4 kN
o,

* . P =55.357(-0.32 + 0.5)
=9.96 kN

GH—Leeward side  Pressure P = 55.357(-0.4 — 0.5)

= —49.8 kN
Suction P = 55.357(-0.4 + 0.5)
= 5.54 kN

Comments: These values are much higher than those obtained by BS
code, due to the following reasons:
1. BS value starts from 3 m level, and there is a reduction in velocity
of wind between 10 m and 3 m. 15:875 recommends 10 m valucs
to those below 10 m.
icient for internal pressure 1§
z f1-nO.ZB()S (p::siz’re}t:;d f(‘;Tal*irf(suction). In IS, the values are + 0.5
and —0.5, respectively.
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g)ﬁAl\]fIPL:J 7.3° (Caleulation of k, for escarpment) ————————T" el : .
i alculat fi oint i ' . :
S Ha? g o_r a point in a crest apd escarpment with the following data; : 7 . Reference '
i ‘ Eff;flzt?ma;l?ngtb of upwirid slope in wind direction L = 35 m . : - N S .
‘ k Disﬁ:r::: o;ng{:!::f tcipOgraphlc feature Z = 10'm . - .. RN S S I Ers'!-irf‘nqtertjleféibh del'iéfbﬁrii(e'm height
v " Height of p;)in:nfrx = t151 m down the crest on the windward line T R F S o Sl
! - N om the grounq_ H=20m :‘. - R 7 _ Table 3 : | .. T . For category 2 (page 12 of code) |
. eference St T . . o -———~——_,__-——-—-—-——"——"————-__._—-———-———-—"—"'——
: : T e : Caolewlations = . . . - o App: B . Fetch, x (km) : Height, h {m)
4 [ g B 3 o _ ‘ . : .
f ) 1 Data ’ o 0.2 T2
L - Slope of angle = T=3£5)' ; 8=159 < 17° . e _ 0.3 B 30
I : 1, for slopes less than 17° =35 m ’ . . . - 10 ] ) 43 .
x_3 _,____————————""‘—’—- — —
L, =35 0.14 15 875 z Deternine the variation of velocity with height "
H 20 0 57 Table 2 For categories 1 and 2 area and class C puilding i
=20 . : _ !
IS 875 | L 3 : _ 7 T
Fig. 14 2 | Find s for cliff and escarpment ’ Height, h ____‘_____.___3___________,

: d : From Fig. 14, s = 0.35 ) (m) Category 1 Category 2 L
. Fig. 7.5 : ; - -
(Fig, ) 3 | Find the value of C . B 10 0.93 0.99
K - | 12210y 15 0.97 103

| IS 875 L 30 i o
20 1.00 1.06 ‘
Part 3 4 Find the value of k;
oo s S : 30 ‘ 1.04 1.09
age 55 2= 1+ 8 =1+ (0 =
5 oter B (0.4 x 035) = 1.14 : 50 1.10 1.14
ote: Bscarpment is one in which the downslope is fi " -—-/
hence titles in 18:456 Fig. 13 are not correct.)p o et (<3 and I 3 Estimation of effects
EXAMPLE 7.4 . From step 1 it is seen that for a building distant 1 km from the
‘A class C buil ding(CG‘:)n:\c‘tmE _f"; c.hange of category) boundary of category 2 area, for a height up to 45 m wind effects will
1 H e . . .
e O i e e ouesy st 105 1 h i ol by gy Dot bt 0
. co < : - . 0 y L& -
of design speed for this building? ange of category from 1 to 2 in the estimation | gory 18 - =
(Note: This aspect 15 fully dealt with in the Australian code AS (1170)
0 : (1989) Part 2.) :
® /o e
1 km
EXAMPLE 7.5 {Construction loads with two shores)

(say, one week) with two levels of shores and no reshores. Assuming it takes five days to sct

up the shores, raake a diagrammatic representation of the operation to determine the loads to

Category 1 Cate
gory 2 A
. L be carried by the slabs and shores at each of the levels of construction (refer ACI Journal,
December 1963), sce Fig. E7.5.

C
Ocean I45 m ’ A reinforced concrete high-rise building is built with each floor being completed in T days

Fig. £7.4
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\/ . 1.0
\/ 0 1O 1.5

\LG 0, 1 \os/
0 of—™ : ' 7

: 0 1.0 1.5
1.0 1.0 20
s T T+5 2r T+5 T
Loads en . o : _
@ g 0 094 |-
| 2 0 \1.06 _
0 1.13 2.06 "| Symbels
I \j/ 1.0 0.87, : shored
0.25 0.75 187 Lo
0.75, 1.25 . Slab
175 2.25 1.0 1.0 cast
10 1.0 10 1.0
3T+ 5 ar 5T 6T
Fig. E7.5

Explanation

1. In 5 days, the framework is set.

2. In T days, the slab is cast—the whole load of the slab is carried by shores.

3. In 2T days, the second slab is cast. The bottom shore carries all the loads. The slah
is cured for 5 days. - )

4. In (2T + 5) days, boitoin shore is removed and its load 2.0 is distributed among shored
slabs at levels 1 and 2. :

5. In 3T days, the third-level slab is cast, Tts load is shared by the two slabs through the
shores as shown. ’

6. In (3T + 5) days, the lower shore is removed. Its load of 0.25 is shared by the two
shored slabs (.25 each. ’

7. In 4T days the new slab weight is distributed throujh the shores on shored slabs 2 and
3. The second leve! slab takes a load of 2.25. . '

Note: In the final analysis, the maximum value of lead will converge to approximately 2.06,
occurring at definite cycles. The initial maximum value is 2.25.

EXAMPLE 76 (Construction loads with two shores and one reshore)

" Determine the loads on slabs if two levels of shoring and one level of reshoring after removal

of shoring are used for construction of a multi-storeyed building. (Refer 4 C Journal, November
1974, and Concrete Internarional, July 83).
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" \/ | \‘/ 9 \/ \7
1.0 1.0 e _1.0 1.5 1.5 ‘ :
0 1.0 0
1.0 0 .
~ L0 10 L[ 1.0 10
- 0
2.0 0 ]
TR 2T+ 5 AT+ 6 . 3 - 3T+ 5 3IT+6
Loads on : ’
B g 0
5 .
w G \/ \/ 1.0
}) J 0.58 0.58 0.92
1.0 04 4 1.08
0.84 1.42 1.42 1.75 - "
I.16 . 0 2 .| Reshored
1.83 ',,, 1.0 ' 1.0 1.33
=
< 1.0
1.33 1.0 1.0
4T AT +5 AT+ 6 5T
Fig. £7.6

A. Assumpftions )
Same as in Example 7.5. Reshoring is carried out on the next day after removal of shores.

B. Explanation

ing i i load is taken by it.
1. In (2T + 6) days, reshoring is carried out but no :
- 2.In (ST days), the slab is cast and the entire load is taken through the shores by the

mSh(;rc.Ih (3T + 5) days, we remove reshore and shore for level-2 slab. The loads get redistributed

® ng;': h4T days, the weight of the fourth-level slabs gets distributed among two shored and

one reshored (total 3) slabs.

imum load on slab from 2.25 to 1.83.
o ting the mar say, three) does not decreases

he strength of the slab at the

Conclision: 1. Reshoring _
2. 1t can be shown that increasing the number of shores (to,

{he maximum load ratio, but it increases the age and hence t
time of application of the maximum load.
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Using Substitute Frames

81 INTRODUCTION

For analysing of R.C.-framed buildings, the loads from. slabs are first transferred to the
beams. The beam-column system js then analysed as frames. Layout of columns along a
rectangular grid in plan is very convenicnt as the two resnltant frames in two perpendicular
directions can be analysed separately. In irregular. layout of columns and beams, as happens
in many residential flat constructions, exact analysis of the frames is difficult without complex
caleulations. But approximate methods can be used for all practical purposes by subdividing
the frame into smaller frames and analysing them individually. :
IS 456 Clause 22 deals with analysis of R.C. framed structures, Clause 22.4.2 allows

approximate analysis for gravity loads by means of substitute frames. This chapter first deals

with the method of distributing the loads from the slab to the beams and then analyse the beams
and columns by using substitute -frames.

8.2 DISTR_IBUTION OF LOADS FROM SLABS TO SUPPORTING BEAMS

The transfer of loads from one-way slabs to the supports is simple. However, in the case of
the two-way slabs, there are several accepted methods for calculating the loads on the beams.
IS 456 Clause 24.5 recommends the trapezivm method for this purpose. -‘According to the
trapezium method; for a two—wayl rectangular slab, the division of load occurs along a 45° line
drawn at the comners as shown in Fig. 8.1. :

nE . L,v P
1L
Le| |¢— —_

Fig. 8.1 Distribution of Joads from slab
te beams.
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The loads from the area bounded by the beams and 45° lines are assumed to be transferred
to the corresponding beam. This total load, which will be triangular .on the short beam and
trapezoidal on the long beam, can be found from the following formulac. (For design purpose,
the dead lead per unit area from slab is multiplied by facter 1.15 to account for weight of
beams.} The following formulae for detemumng the equivalent loads on beams in two-way
slab are very useful (Fig. 8.2).

CoARJL)
I

A D

CARIL)
AN T T T YT

I' S --'I
Fig. 8.2 Equivalent Loads on long (L) and short {$) beams.

Case I: Loads for calculation of shear forces
Let L, = Shorter span and L, = Longer span. Then,
L
k=—2 (21
1 (=D

X
Also, if w = Load per unit area.

Total load R = 15LXLJ,

.Hence, !
w2
- (8.1
3 CAY
Alternately, the percentage of load on each short side is given by
_loowL; 25 (8.2)
y awL,L, -k

Thus the percentage of load coming on a short beam is 25/k, where & = L,/L,. For a square
slab where & = 1, the load is obviously 25%. The total load on the two short beams will
be double the amount and the balance of the load is distributed to the leng beams,

Case 2: Equivalent load for bending moments in simply-supported short span beams

The load on the short beam is triangular in shape and the maximum ordmgte = wl/2,
Maximum B.M. at the centre = mL/12 = wi.3/24. If this is replaced by a UDL w,, so that the
B.Ms are equal. Then,

2 3
W, L _ wii,

8 24
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' - wl, :
Equivalent UDLon L, = W = 3 . .
w2
Total load on L, .= Wy, = 3" .(8.3)
Using Eq. (8.1), we get’
' : 4R,
Wy=—3t Ha=G xR,

where C. = 1.33 (Table 8.1).

TABLE 8.1 FACTOR C FOR EQUIVALENT LOADS FOR BENDING MOMENTS IN BEAMS
UNDER TWO-WAY SLABS [1] .\

- Support B.M. o ' Span B.M.
Tjgpesofbea_m . ]$=| k=2 k=1 - k=2

(A) In_terms of total load on beams

1. Simply-supported

Short span (C}) _ - - lii :22
- - 1. N .
Long span (C2) {approx.)
2. Continuous spans . .
Short span(C;} 1.25 1.25 1.50 . 1.50
1.25 125 1.50 1.29

Long span (C3}

' As UDL on the beams

(B) As UDL on the beams

UDL on span = (1/2)wl (factor)
1. - Simply-supported

Short span (C,) - - 243 23

Long span {(C3) - - - 23 15/16
2. Continuous spans ’

Shert span (Cy) ) 5/8 5/8 34 34

Long span (Cy) ) 5/8 0.90 34 0.96

ly-supported-long span beams.
Case 3: Equivalent load for bending moment in simply-
By similar Ealculation we can find the equivalent load for a trapezoidal foading on the

long beam.
’ Average load on long beam Wy = 3
2k(3k% 1)
Cym——a
: 3k“(2k-1)

C, = 1.33 when k = 1 (square stab) and is about 1.25 when & = 2.
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Case 4: Fixed beams (continuous _beéms)

Simi : t 1 '
momen?s#:l; ‘:Z:l:\sx ;::rtb: »;o*-kec_i out for ﬁxec_i—.short ;?!1‘?_1 long. beams for calculating bendin
B 'ThGOfetically the 450Fd- m.t!m_ span. The 'various-'values ¢an be- tabulated as. Table 8 lg
edgo ard cbntim; . istribution is less accurate for .slabs which are suppoftéd ne

ous over the. other. More load is likely to be supported by ‘the bea&éo?;i

. .which the slab is. i
av.1s continuous than the beam over which it is discontinuous. An estimate of such

loads i 11y m: i
s usually made by calculating the load by trapezium method arld adding-20% of the Ioad

on the beam over whi ;
\ . hich- the slab is conti — :
disc?ntlnuous side [1], L ntintous and deducting the same amount from the

Appfoximate Jormulae for si ] wing :
. r.simply-supported cas i
are also _used for ca_lculation of loads for bendin;slg:;‘:ié‘fr' B.M.”)‘. Thef""({w"_lg_ fm.“}}‘lae

~

- UDL on short span é‘i‘_?.wL o o
23 (8.4)

UDL on long span =L wz, {11 . :
£ Span Z,WL‘ 1 .’;k—z (8.5)

8.3 OTHER METHODS FOR DlSTRiBU‘i‘ION OF LOADQ g

' Th i od '
¢ following methods can also be uséd to determine the loading' on the beam;

1. By usi i
y using the tables in handbooks like Table 62 in Reynolds Concrete Designers

f.{ﬂﬂdbook It gives tables f
A . or th i
- . ] trapeZOIda] loads ﬂlat <€ome on eac]l bea]n (R] to }{4) fol

2. By usin, iven i - '
slabs. ’I'hlé she Eﬁ_ tahtet;la:g?sdgwc}n in BS 81'10 {Ta_ble 12.3 in Ref. 2] gives the shear in two-wa
the L, direction, The load | s of the slab in L, direction can be taken as the load on beam 11{
50 that the si .l is assun.wd to-act-only on the middle three-fourth length of th
mply supported maximum bending moment becomes 0.117. L2 gth of the beam
. 2.

3. By uSlng yleld lines in
. a]l CASses 3 dlsh'ibut O Y
101 Of the load based on the ield hlle
patte"ls 10] the Slabs gl‘es a fal.l' estimate Of the loﬂd on the beams

8.4 FRAME ANALYSIS

The beams and i

e s ?ra rtrl]l:Sc_o!ut::ns in the lfityout of buildings form frames. Generally, for two-way slab

direction can o .dm the psrpex?dlcu]ar direction (one in the E-W and th:: other in ti N;
identified. Having obtained the loads that act on the beams of these ;am;s

- from the slab '
abs by one of the above methods, the frame can be analysed for the loads. This is

the procedur mended ;
. HOWevez ;;:ﬁhlnmee anl::ed' mfthe IS and BS codes for the analysis of the building frames

frames are analysed by inc ysis of two-way slab frames, ACI advocates a different approach Th;a

directions. This typ'eyof aﬁzj;;;?sm'l ; thIel S(liabhalso 28 & part of the frames in the two pelpcndi;:ular
- 15 called the “equival " N . ‘

Chapter 13 of this book along with the analysi of fat saba. -~ o ° CPned i

Biaced frames dre those whose sway deflection is’ reduced considerably
~ ‘sheat walls. or stiff cores catrying services; lifls, staircases,
framiés up to 12 storeys ¢an be design

ANALYSIS OF R.C. FRAMES FOR VERTICAL LOAD!

8.5 ‘BRACED AND UNBRAGED FRAMES
by the provision of
etc. Generally, reinforced concrete

ed as unbraced frames and the vertical and horizontal

hie methods of analysis for gravity (vertical) loads are

loads can be taken by frame action.: T
hods of analysis for horizontal loads (due to wind

given in this chapter, and the approxifiiate met
or earthquakes) are given in Chapter 9.

8.6 ANALYSIS BY SUBSTITUTE FRAMES

Analysis.of concrete structures for gravity loads is made by methods of elastic analysis. The

complete elastic analysis of a large structure,

is expensive, time consuming and nof hedessary except under special circumstances. In order
to simplify the analysis, IS 456 Clause 22.4 and BS 8110 Clause 3.2.1 allow the use of substitute
frames which are also called sub-frames. Their analysis is made by conventional elastic methods,

e.g. slope deflection, moment distribution, etc.

8.6.1 Arrahgement of Live Loads

ion of gravity loads:

IS Clause 21.4.1 recommends the following combinat )
h full design live load (1.5LL) on two

1. Design dead load (1.5DL) on all spans wit
adjacent spans.

2, Design dead loads on all spans wi

3. When design LL does not exceed 3/4 design DL, the load arrangement can be 1.5
{LL + DL) on all the spans. ’ ’ :

(Note: 1t should be noted that BS 8110 stipulates the analysis with combinations of {DL)
only and (1.4DL + 1.6LL) which is the theoretically correct procedure. IS recommendations,
however, facilitate analysis for elastic design to be used also for limit state design by multiplying
it by the factor 1.5. The IS procedure tends to produce less moments at the support and the

columns than the BS practice.) :

th full design live Joad on alternate spans.

8.6.2 Relative Stifiness for Elastic Analysis

According to IS Clause 22.3 and BS, any one of the following methods can be used for the

same frame analysis:

1. Cross-section method: using only concrete section neglecting the steel in the section.
2. Tranqurmed—sect;_’or_i'm"erhod:_ using the whole concrete section plus the equivalent steel
area using modular ratio. - b "

3. Cracked—seélion method: using only the uncracked compression part of concrete plus

" the equivalent area of steel using modular ratio.

even with the availability of a computer package. "
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Usf:elly, metliod 1 is used because of its simplicity. The next question is whether the moment

of inertia of beams is that of the-beam at the supports where it is rectangular beam or that of
the beam in the span, where it acts as a T beam. ACI code 318 Clause 13.2.4 allows the uge
of a uniform T or L section with the projection of the slab to the sides of the beam’ equal to
the. depth of the beam under the slab or four times the slab thickness, whichever i is less as
shown in Fig. 8.3, This is a. good pracnce to follow

L34 o # 4t

e ha—
1T ] 77/
3= f a0 _4\5

Fig. 8.3 Portions of slab that act with the beams: (a) T beam (b} L béam.

For calculating the moment of inertia of 7 and L beams, we can use SP 16 Chart 88 and the .

formula:-

_ Kb, D}
le =3

where K is the constant to be read off from the chart.

* Another commonly used approximation is to take the inertiz of T beams as 1.5 and that
of the L beams as 125 times the moment of inertia of rectangular part of those beams. These
values are based on experimental evidence that the variation of the actual width of T beam
along the length of the T beam is 1 to 2 times that of the rectangular part, depending on the

_ dnnensmns of the T bedm. .

8.6.3 Effective Spans of Frames

I8 456 Clause 22.3 gives rules for effective span of slabs. For the frame analysis, centre-to-
centre distances are taken and final comrections for moments and shears are made at the face
of supports during the design stage.

8.7 ANALYSIS BY CONTINUOUS BEAM SIMPLIFICATION

The 1964 version of IS 456 and the present BS 8110 Clause '3.3.1.2.4 zllow the beams in
building frames to be separately analysed by the continuous beam-simplification. This
enables us to use formulae with equivalent loads for bending moments and shears. The
bending moments in columns are then separately analysed by the approximate method
given in Section 8.8.2. This procedure gives conservative design for both the beams and
columns. However, this is not allowed in the present IS 456 code. According to IS 456 (2000)
Clause 22.4.2, building frames are to be analysed as a complete frame or by the use of one
ar more substltute frames. .
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(However, many other structures like brldges can be analysed as contmuous beams. For

‘such continuous beams ‘over-thrée or motre. spans which do not vary more than 15% of the

largest span,. the S.F: and B.M. coefficierits are given in Tables 12 and 13 of I3 456. As maximum
moments at Supports and spans-as well as the maximum shear are obtained with different .
dasposmons of loads, separate coéfficients are given for dead load and live load in these tables.
As these coefficients have been arrived " at- after some:amount of redlsmbutmn no further

redxsmbutlon of moments is allowed)

.8 8 USE OF SUB- FRAME FOR ANALYSIS OF VERTICAL LOADS

The types of sub frames used for analys:s are shown in Figs. 8.4 and 8.5, Although IS 456 does

not specify the frames to be used, they are discussed in the explanatory handbook SP 24,

1. Type 1 sub-frames are for the- analysas of beams and columns {allowed by IS 456 and
SP 24).

et . R o . - 2eth ] - Iz pr74
' ' Type !
Y Y Y Y YOO
y B c D E
77 777 : 77T bread bz
- @
P74 Lels
(1/2) EIVL EI/L (1/2) El/L :
. ( Type 2A
|4
7777 k)
)
Lo Leu
EV/L | g2 ElL
¥ Type 2B
777 777
» (c)

Fig. 8.4 Substitute frames for the analysis of beams aud columns in frames specified by 15:456
for gravity loads.
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R fa) A - A
. ' R S ) .
z.ru ) - ] 4’114'
(DL. +LL)" o D.L. - | pL +LL
‘{(12) EVL. } .' (_1/2)__Eui, £{1/2) EVL
77 _ (4
Type 3A oo B “Type 3B

Fig. 8.5 Analysis allowedsor p'e'gims and columns in BS:8110: () ‘Con’tlnuoﬁs beam simplification® -

for beams; and (b) sub-frames for columns.

2. Types 2Aand 2B sub-ffémes are for beams and columné (allowed. by SP 24).

3. Type 3A and 3B sub-frames are for approximate analysis of columns (not fully recognised
by 15 456 but allowed in BS 81 10). '

" 8.8 Sub-frame for the Analysis of Beams and Columns

1, Snb—frhme type 1. The sub-frame shown in Fig. 8.4 is used for the analysis of all the beams

_ and cotumns for a given storey level. It consists of all the beams at the level under consideration,
. together with all the upper, and lower beams assumed to be fixed at their ends away from the
. beams. These are fully explained in SP 24. o

2. Sub-frame type 2. The sub-frames shown in Fig. 8.4 is used for the analysis of a particular
beam and associated columns. This sifmplified sub-frame consists of the beam under congideration
along with the beams on either side, if any, togethet with the columns attached to the beam
under consideration. The ends of columns as well as those of the side beams are assumed to be
fixed. In addition, the stiffness of the outer beam is taken as only one-half of its real value.

We can have two tayouts in type 2 sub-frémes,‘which we can call as type 24 for internal
beams and type 2B for end beams. These are described in SP 24. ' :
8.8.2 Sub-frame for Column Analysis

The following three methods are recommended for determining the moments in colwmns:
1. Type 1 sub-frame analysis with pattern loading’ ' :
2. Types 2A and 2B sub-frame analysis for beams

3. Types 3A and 3B sub-frames for approximate analysis of moments in colymns, along

with “continuous beam simplification’ for beams. -

_ Even though 1S 456 does not recommend type 3 guib-frames, they are allowed in BS 8110~
_ and are used by many designers for quick design columns along with the continuous beam
simplification for beams. Type 3 sub-frames consist of the column under consideration with the =
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upper and lower coluumns fixed at their ends s shown in Fig. 8.5. The bearns franiing into these

~ columns are also considered but fixed at their ends. The full stiffness. of the -columms is taken-

jnto account but the beams are assumed %o have only one-half of its stiffness. _
Accordingly, there will be two types of s__\_lb-frames:' type 3A corresponditig to exterdal
columns and type 3B corresponding to internal columns. The distribution of loads in the beams.

should be considered for maxiroum moment in

the columns.

Even though theoreticatly fedistribution of moments obtained from the first and second
methods are possible, it can be seen from-Chapter 3 that the restriction imposed on xfd values
does not allow any redistribution of column mormients. The third method is & continuationt of
the methods used in olden codes. Being an‘approximate method, no redistribution of moments
is allowed by the codes. We should also remember that this approxirnate methed overestimales

the moments in the columns, especially in the

external columns. .

8.83 Loading for Maximum (P and M) in Columns

Column sections at each floor are designed for dircet load (P) and also for the bending moraent

(M) produced at the foot of upper columns as

-well as at the head of the lower column.

Usually, the foot of upper column is referred to as the top side (T.8.) of the floor and the

head of lower columns as the underside (US)
can be used for determining the end moments

of. the floor. The sithple formulae in Table 8.2
of the columns by the approximate method. In

these tables, M, is the uribalanced morment in the beams for the external column and M, the

unbalanced moment for the internal column. The loadings on the beams for calculating M, and

M, should be such that these unbalanced moments are a maximum. Accordingly, for maxirum

M, of external column, the end beam should be fully loaded with the dead and live loads. For
maximum M, of internal columns, the beams should be so loaded. that the differential moments

are maximum, i.e. the longer beam should be
shorter beam only with the dead load.

TABLE 8.2 DISTRIBUTION OF UNB

fully loaded with dead and live loads, and the

ALANCED MOMENTS IN COLUMNS

Column considered Moments
External columns: .
MEKU
1. At the foot of upper column (T.5.) K +K, +05K,
" .
{8.6)
MKy
2. At the head of lower column (Us) '—K'—_-+ X, +0—5_-Kb
; .
Internal columns:
MesKl.
I. At foot of upper column (T.5.) K, + Ky + 05K, +0.5K,,
X}

2. At head of lower column (U.5.)

MK,
K, + Ky +0.5Ky + 05K,

memr e e S
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where'
M, = Unbalanced moment in the beam for external column.
M,y = Unbalanced momeht in the beams‘for internal column
__K,,_ =Stiffness of upper column )
.9 -'="S_t,ifﬁ1.css of lower é_olumh
“Kyy = Stiffnoss of first beam framing into the column
Ky, = Siiffness of second beam framing into thcfcolﬁnm-

;n t(lllei.:n':;rl,1 the maximum moment in the c?lunm will not be associated with the maximum vertical

p(:;p ;;1; :;1 c_olu_mr‘l. The ‘;wo gascs require two different loading patterns. However, for design
..purpose,. the maximum P an M are caleulated separately and ior

combination of P and M [1]. i ¥ and the columa designed for the

8.9 PROCEDURE FQR CALCULATION OF (P AND M) FOR CENTRAL COLUMNS

'}"he _foliowing procedure can be used for the estimation of the maximum axia.l load and moment
in cv.;lumns. The loads and moments are calculated from top downwards

or example, taking the frame in Fig. 8.6 of an inte: ! '
ollod e e internal .column, the steps that can be

. 4 B C

By—My | Pur— Mg - -
(Text) (Ex. 8.3) . o ) Beam
' < ol
« o |/
Pi-M, | Pn-Mp S ALY ?

P - M, . Py~ M

q i Column
¥]

P’.’ - M2 Pn "'Mn 7 . |\
Py - M Py — My, b Beam
B
M.
: Py - M Py- M, : [
CAC 6 m 7777 4m 777
(a) b)

Fig. 8.6 (Db;:tergmin:z.ti'oni of design moments in columns: (8) M and P for internal columns; and
reduction in moments at the bottom of beam s i
o loor for desion. ams in upper floor and top of beams in

where P, M dcndte nantitie i
vhete P, ,q s on the underside of the floors and Py, M, on the topside of

" maximum M (ie.
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ading ‘of sub-frame should produce

Step 1. ‘F_irsi, consider the U.S. (underside) of roof, Lo
and dead load on the other beain).

full dead ‘and live.loads from longer beam
Also, - N |
P, = One-half of the loads from éach beam with above load
’ M = M ﬁKL. : V 7
0 Tk, 4K, +0.5Ky +0.5Kp;

No?_e_e: l n this case, K, (stiffness of upper -column) is zero. .
2. Mis determined by asstming the beams fixed at their ends. For UDL, the B.M.
at support = wL?/12. {Coefficients for other configurations are readily available.)

Step 2: Next consider the ﬂc_ior, one floor down from roof

(a)y T.5. (Top side) of floor: foot of upper coliumn .

P, = (One-half of maximum loads from foof above, i:e. with
full dead and live loads on the beams above) + (weight

of column above)

- MoKy
K, + Ky +0.5Ky +0.5K,

M,

where .
Mg = corresponding unbalanced moment on the substitute frame at the joiht being
* considered (i.e; when longer beam carries full load (DL + LL) and the other one

only dead load).
.(b) U.S. (Underside) of floor: head of lower column
P, = P, + one-half toad from the beam of sub-frame to produce Me;

= MesKL . -
K, + Ky +0.5K, +0.5K

My

where M, is the corresponding unbalanced moment on the-frame at the joint being considered
(and as M} is the moment at the head of the lower column).

Step 3: Consider the two floors down from roof.

(a) T.S. of floor: foot of upper column
P, = (One-half of full dead and live loads on beams from roof) +
(One-half of full dead and live loads on beams one floor

below) + (weight of columns above) -

- MCSZKH
"K, + Ky +0.5K, +0.5K;,

M,
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(b) U.S. of floor: bwad of lower (mlﬁmn
© Py = Py (One-half of load :
. ) s 5 on B .
produce M) eam§ of sub-frame -to
5 _ M gngL
K, + K, +05K, +0.5K,,

whore . _ T } :
o ';hjifecs:zlcu;p:‘r (;'-Sp; nding unbalanced;moment on substitute frame, ‘
culation for T.S. and U.S. of floors is repeated 1ill the foundation is reached ’I‘h )

N - 18 -

pch?d;ﬁ’é is illustrated by Example 8.2,
8,10 | S T
810 PROCEDURE FOR CALCULATION OF (P AND M) EXTERNAL COLUMNS '

. . be noted that M, is maxi
[ bo noted t e imum, when full dead and live loads are superposed on the beam of

811 REDUCTION IN LOADS ON COLUMNS AND BEAMS

he principle. is the same for the eternal column as is used in the central columnn. Tt should
mn. It should -

’ AS i! iS ver l. y i W. . oD 0 y
) un lkel that full Ioad]‘ng Ill happen on a]l the ﬂ TS f a mullistm’e ed fram
; e -

sinuiltaneously, it is tl ] i

Htaneously, 1¢ usual practice to allow ion i

mlta s ar he i

100 Ldad st carcod by » single co eduction in the imposed loads when several
g ummn or a large area of floor is carried by a single beam

I-II]S 18 cxp]amed it Sect]on F.]. lh
) 1S facto] Should also be conSldered i1} Calcu]atlon Of loads

8.12 PARTIAL RESTRAINT AT END-SUPPORTS

W l]en Ends Of beams dar 1 t W ly 1S not p")vl(le(l at tilc
< bu l nto thc m
AsSONry or hen full ﬁxl .
Ends Of beaﬂls a“d S]dbs, Oﬂly pdrtlal restramt Wln deve]()p at these ends. Dependmg on the
dEgIEG 0[ llxlty, tile [S.I\d. 11 ends can aly fO “‘ 0 to Wl,}l?.. Ill Il()[lllal Cases.
at 'h ( v rom L’l 'y
it 18 Consldered Sufficlent to assume the negatwe bcﬂdlng moment ploduced as’ W1./24

Adjustment may also be made i
d L .
e A e in the remaining p_ortlon of the beam for this end-moment

8.13 ANALYSIS OF SINGLE-SPAN PORTALS

For single-span portal frames wher i

por Smgle-sE : ere the ratio of span of the beam to hei i

o 2 o;h;oﬁziizr;:;?]fm'm lthe‘bear[‘: is less than 1%, it is cugsttl(t):lirc; 1:1:11:;3 ! out

ot oo e e elast:_c analysis with cracked EI value for the beam so tlilry t O}IIH

columns are designed for c::lll:ar;:.tw‘ely larger moments. Alternatively, the bending m:m:ﬂ::

e wop minforcert 1t b e limited by proper detailing of the corner. In the latter ca:

e ey 1n the eam at the support under overlead should be mad old
e inside of the column reaches ultimate stress so that largeent:;n);:;]tg

are not transferred to the column: i
. s. Detaili
of moment transfer to columns. ailing of corner should comply with the assumption

—

8.14 -CRIYICAL SEGTION FCi MOMENT A

IS 456 Clause 22.2 -allows analysis of monolithic fggﬁi@s by, takin
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3 g the centre-ta-¢entre distances

into account. As the variation of trending diagram of beams with uniforily supported load is’
very large near the- supports, sore saving can be made in using the bending mometit values
at the faces of the supports. Howevet, such’ reduction will not be applicable 10 simply-
supported beams. Suitable modification, as given in IS 456 Clause 22.6 regardiug critical section

for shear, can also be mmade when designing for-shear. Similar reduction in moments can be made -
for column moments as-stated in ixample 8.3. o

* 815 RECOMMENDED PROCEDURE

IS 456 stipulates that for final design the analysis; of braced frames should b niade either by
complete analysis of the frame (nowadays made '
frame analysis with redistribution of moments. This will lead to economical designs of the -
structure. However, for preliminary analysis of frames with equal spans, much economy will
not be lost if the coefficient method or the contimious beam simplification without redistribution,
as allowed by BS 8110, is followed. These approximate methods can also be used as a quick
check of the calculations madé by the more elaborate. computer methods. .

1t should be remembered that the only sub-frame that is theoretically applicable to unbraced

frames is the type l_sixb-_fra'me.r Others are only approximations. :

6.16 FORMULAE TO DETERMINE SPAN MOMENT

The analysis of frames gives the moments at the end of the beams. 1t will be necessary to
calculate the span moments from these end moments and the loading on the beam. The

following procedure may be used for a beam with UDL:
Let ABin Fig. 8.7 be a fixed beam of length L loaded

w. Let the fixing moments at. A be M, and at B be Mpy.

ositive span moment Mypp and its Jocation at & point O.

with @ uniformly distributed load
1t is required to determine the

maximum p

S

/

My

M,

\\\\\\\\'\\\\\\\

Fig. 8.7 Position of maximum moment and polnt of inflection in beams.

at will be a maximum where the shear force is zexo. Let
from the left-hand support A and the point be designed
the value of x,, from 4 is given by the point of zeTo

"It is known that the span mome
the point of maximum moment be Xp
as O. Assuming M, is greater than Mp,
shear.

by computer software) or by the stipulated sub- . .
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L Mi-M, _wlL- M, — Mg
AP S’ B, B VOO L Bicd B
KXoy 2wl an A > | 7

The resultant éﬁe,aa‘r force at support 4 is given by _
' V= Wiy, ' _ (8.8)

Taking moments about O, we get the maximum bending moment

Mmax = V.Jxm —%wxmz _MA -_

2 2

27N A NN/
= -—% — iy =~ - M
w2 ( 47w T

39)

where x,, = V/w. Also, when M, and M are not very different, one may use the approximation:

Mmax =_A%-_£{_B. and xm =§

The maximum bending moment at mid-point is

w2 M+ M
Myop = T—#— (approx.)

The points of inflection xp can be obtained by solution of the following quadratic equation:

wl M,—-M Wz T B0
(T’—”L )‘ T -
These data give the distribution of the bending moment along the length of the beam so that
the beam can be properly designed and detailed.

EXAMPLE 8.1 (Estimation of loads on roof and floor slabs)

A reinforced concrete building on beams and colimns has its slabs in panet of 6 x 5 m. The
thickness of the roof and floor slabs are 150 mm. Estimate the design load for the roof slab
and the floor slab. :

Reference Siep Caleulations
1 Roaf Panels
1.1 Caleulate the dead load .
Text D.L. of slab  0.15 x 25 = 3.75 kN/m?
Sec. 7.2 ' 20 mm asphalt (water proof) = 0.48 kN/m?
' 50 mm screed . _ = 0.72 kN/m?
special ceiling_ finish - = 0.24 KN/m?
' Total =35.19 kN/m?
IS 875 . ) Estimate imposed load :
(Part 1) L.L. on reof = 1.5 ki¥/m?

ANALYSIS OF R.C. FRAMES FOR VERTICAL LOADS BY USING SUBSTITUTE FRAMES 143

Reference - | -Step ST * Calculations

1.3 Detei‘rﬁiue the design load
1.S. Design load = 1.5(1.5 + 5.19} = 10.0 kN/m*
Text 2 Floor panels '
Sec. 7.2 2.1 Caleulate the dead load .
" | D.L. of 150 mm slab = 3.75 kN/m??
Floor finish (Terazzo) = 0.72 kN/m?
Ceiling finish = 0.24 kN/m?
Partitions = 1.00 kN/m’
Total = 5.71 kN/m?

IS 875 - 22 Estimate i&iposed- load ‘
' L.L. on floor = 4.0 kN/m?
23 Determine the design load
1.S. design load = 1.5(5.71 + 4.0) = 14.6 KN/m’®

EXAMPLE 8.2 (Estimation of equivalent loads on beams) - o
A reinforced concrete slab 6 X 5 m is discontinuous on one of the longer sides and is
continuous on all other sides. If it carries a factored load of 9 KN/m?, find (a) the loads

supported by the beams, and {b) the equivalent load for the bending moment, for the continuous
fong beam. '

Reference " Step o Calculations

1 Dimension of beams

o 6

L_,,=_5 m?Ly=6 m;k=—5~-1.2 ,

2 Estimate the loads on long beams from trapezoidal distribution
(Method 1)

Total load = wL L, =9 X6 X 5= 270 kN

25 25
Eq. (8.2} Per ‘cent of load on short span = _k—=f2_=20'8% (each bgam)

100-41.6
2

Per cent of load on tong span = ~=29.2% (say 29%)

(Correction for load on beam with continuous slab: add 20% of
reaction.) B
Load on the long beam with slab continuous over it
« 1.2(0.29 x 270) = 1.2 X 78.3 = 94 kN
Add 15% for weight of beam = 0.15 x 78.3 = 11.7 kN
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¥ 4 -
i " . Reference Step _ Calewlations-. - Referznce _ Step _ __ Calculations - e
' ' - R — T o - T ' ' Design DL. of columns = 1.5(0.3 x 0.4 X 25 X 30
- Total loa.d-_g-)n._,bearln = (94 + l.l:f:i) .kN:__:-_ 1057 (say, 106 kN) . T 21375 kN (say aENy
3 Calculate the bending moments- in long beam ' 2 Caleulate thé relative stiffness ' '
Method \: - Trapezoidal distribution (S:8) " :
Equivaleni'load = W, whreré‘ C 3 K, s of column =M=&0.46x10"3
! 2W; / e 12x3S B
Table .1 WL 1.3x106x6 , R 3 -
et BM.= —s‘=-'"-3“'“=1°3-35.‘__(5%)'» 104kNm) - K,;=~IL- OfbeamABm-g‘%g%l—=l.42x10"3
4 Method 2: Reynold's Handbook methiod i B 3
) . e I ~—0.3(0.7) -2 0
Formulae for the trapezoidal distribution fof verious cases given in Kp A of beam BC = 12%4 14X _ 3
the handbook (Table 62) can be vsed-fo determirte the Toadéon the’ T o
beams. ' : e o e Assume E is constant R
5 Method 3: Using approximate formulae (Table 8.1) _ Fig. 8.6 {Next we have to determine the loads and moments at the top side
Short-span (15% self-weight wt,) : S .(T.S.) and underside (U.S.) of floor and each toof level)
. o o ’ 3 Determine P and M on the underside of roof
.~ Table 8.1 or S owh, _1X9%S oy : : - -
i - W, = —5—-—-:—_3-—_—15 kN/m To produce maximum moment In column we put 150 kN on 6 m span
o . ' o . and 60 kN on 4 m span
# Eq. (8.2) S : .
; M, (with selfoweight) = A3XISX3X3 53 94him 2 ow? 150x67 60x42
Y , M =2 e - =370 KNm
. L o 2 1z 12 12
ong span using Jormula Myg and Py are moments and load with maximum moment in the
Ea. (63) ", =-l—wL_‘( __'1_2_)=”‘29 KN/ column at bottom of rool?. :
2 . 3k ) ) M, _ MeKeL -
UR T3 e
Table 8.1 Factor for continuity and self-weight wt. = 1.35° T KoL 405K, +05Ky
w=135x17.29 = 23.34 &N/m - 370%046  _a6iNm
1o BIAXEX6 o0 i °£:§+2'7'+6:)'°74
T 8 Rom = L_."__)_'z"..(__x_-l =570 kN ,
(Values are of the same ‘order as in Step 3) 150(6 +4
- . Mamimum load on underside of roof £ = —_EL)- =750kN
"EXAMPLE 83 (Calcutation of P and M for column analysis) S 4 Calculate P and M on the first floor below roof : |
A reinforced concrete frame as shown in Fig. 8.6 has beams of 300 x 700 and column ‘ ; i
‘ a Topside of th t the rogf (T1 )
300 x 400. The columns are 3.5 m in height. The characteristic dead and live loads are 40 ® opsiae of_ e first floor from the roof (T1 ‘
\N/m and 60 KN/m on the beam for the roof and floors. Determing the direct load and bending Py = Maximum load at Ty }
moments for which the internal column has to be designed at each level, using the approximate « Maximum load on roof + Weight of column :
method. Assume there are three floors only. ’ Py =750 + 16 = 766 kN il
- : - — M., (as in Step 3) = 370 KNm i
_ Reference Step Calculations ' :
o — M = M. Key
o 1 Data of loads per metre length : M= Koy + Ko, +05K4+0.5K5 {—
1.5(DL) = 1.5 x 40 = 60 kN ' o 370%046 ___eypenNm |
1.5(DL + LL) = 1.5 (100) = 150 kN 0.46+0.46+0.71+1.07
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Refe}'e;:cé ' Step S Calculations
' (b b-[nders‘ide of first floor rogf (UI) *
Py =766+ 570 = 1336 kN
My, = 63 kNm '
Piy(max) = 766 + 750 = 1516 kN
5 Calculate P and M for the second floor from the roof

iopside of jirst jieor jroﬁx roof (T2}
P(T2) = 1516 + 16 = 1532 kN '
M(T2) = 63 kNm - .
Underside of the second fleor from roof
Py = 1532 + 570 = 2102 kN

M =63 KNm

Py (max.) = 1532 + 750 = 2282 kN

6 Estimate lgad on the third floor below roof T3 (Ground floor)
Topside of ground floor = 2282 + 16 kN
. Pryo= 2298 kN

Mps = 31.5 kKNm

-

Note: (1) The ab_ove moment values are at the centre of the beams
and columns. The actual design moments can be the reduced value
at the soffit of the be.ams. If M, is the moment at the junction of
be:lrns and ;Oll;ll'l'll:l 1;1 its distance from the point of inflection of the
column, and D the depth of the beam, then we ma i

moment in the column as Y use fhe design

3 M,(H - Di2)
H

(2) Pe:lgn ‘af each junction of column has to be checked for the
maximum M values and the two values of P

M,
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chapTERQ

Analysis of Frames under
H_orizontal Loads

9.1 INTRODUCTION

The method by which a multi-storey building frames resist horizontal or lateral forces (due
to wind, earthquakes, bomb blasts, eic.) depends on how the structure has been laid down
or planned to bear these loads. In frames, properly braced lateral loads with braces such
as shear walls, the lateral forces can be taken by these devices with only negligible forces
transferred to the frames. On the other hand, open frames ‘which have no special devices

" fot lateral resistance take the horizontal forces by deformation of the frame itself. They

‘produce moments and shears in the columns and beams. In this chapter, the approximaie
methods of analysis of the unbraced frames for lateral forces, as recommended in IS 456
Clause 22.4.3, are-dealt with. Such frames can be used econoinically for building as high as
12 storeys. Frames with shear walls or special structural systems, such as fubes and multiple
tubes, used for tall buildings, should be analysed -by more exaci methods. given in the
speciatised literature [1, 2, 3]. Similarly, unsymmetrical structures have also to be analysed by

more complex methods.

‘9.2 EFFECT OF LATERAL L.OADS

The calculation of forces, due to wind acting on structures, is dealt with in Chapter 7 and the
forces duc to earthquake in Chapter 18. For analysing the frame for the effects of these
‘horizontal wind forces, these forces in each floor height from middle of upper floor to middle.
of lower floor are summed up and considered as concentrated at the corresponding frame

joints, as shown in Fig. 9.1.

9.3 METHODS OF ANALYSIS

The methods commonly used for analysing a frame subjected to lateral loads are as under:

1. Elastic analysis of the whele frame by classical methods
2. Approximate analysis by the portal method
3. Approximate analysis by the cantilever mehod
4, Approximate analysis by the factor method [4]
147
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o

up By

Level 1,

wn :ﬁ wno. o o

Fig: 9.1 Assumed oints of load :
Ao lo;‘:ds. ing and points of contraflexure for apalysis of frames with

E}(aqt analysis by e]ast_ic analysis of the _wholé gtructure cannot be easily done without the aid -
_ .0 a cpmpl.xter. ‘For most m'(.;deralely tall buildings up to 12 storeys, the approximate methods
“presented in this chapter give good results- which can be safely used in practice. The portal -

121;:2:(;& l‘;;ecause of its sirr-lp.licity,.is more popular than the cantilever method. IS 456 Clause
h.l. allows such analysis for symmetrical building of moderate height. In this chapter, we
shall deal with the portal and cantilever methods of analysis only. ’

9.4 PORTA_L METHOD (METHOD OF PROPORTiONAL SHEAR)

The portal method is also known as th o
4 e method j
following assumptions are shown in Fig. 9.2}? of propertional column shear forces. The

1. Points of contraflexure of eolumns are at their mid-height.

. mnts f Of b = unlp
f
2 F olints © C()!ltxﬂilexule eams are at tIIB mld Spﬂn. (Thcse two ass tions In-ake

3. Horizontal forces are cor t I
c _ . S
columms. oncentrat?d_ latrpanel points, i.e. junctions of beams and

_ 4. The frame at each level of the contfa'flexﬁre of the columns can be assumed to be

made up of a serics .of single bay portals subjected to horizontal forces.

. - 5. The shear force induced in the columns of the portals (at the level of the coniraflexure

of the columns) due to hori . .
Poﬂa,ls- ) | orizontal forces is proportional to the span of the individual

'6. The shear force.in each portal i . L.
columns” legs, sce Fig, 9.2 portal is assumed to be equally d]anbnted between the two

9.4.1 Calculation Procedure

T RN RN Ao R

“r
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4B ¢ .D “ k—Lm—I ll-a—— L« b

L= L, —oBf— L-b‘ S : +! o 51-1 i '
IEj I [:: 2 C g : - 1L.J I‘a—— i «-—J = i
: Swpoc DT o)1 .

Sia Sip Sic

Fig. 9.2 Column shears by portal method.

We start from roof downwards at level 1-1 shqw;} in Fi.gi 9.1. From Fig. 9.2 the to}al shear in

the legs of the first portal is given by.

L
where H, is the horizontal force due to wind, Ly is the span of the first portal, and X L is the
sum of the spans of all postals. 0, is distributed equally between the legs.
1t shoitld be noted that ‘each interior. colamn carries the sum- of the shear from the
adjacent portals formed when the frame is cut into a series of po
in the first intecior leg will be the sum of the one-half column shears from the two adjacent
portals. Taking L, and L, as the spans adjacent to the column being considered, we get

Sip = 2 XL

Similarly, the shears in the other columh in the.first level can be calculated. '

Next, considering the second level from the top, the shear at the points of inflection just
below it can be calculated. ‘Taking successive storeys below, the shears in the columns at the
various points of inflection can be caleulated, ' : :

_ Having obtained the horizontal forces in the legs, the moments and sheats in the columns
and beams of the determinate structure can be directly obtained by simple statics as -shown
in Fig. 9.3. The procedure is illustrated by Example 9.1. .

o
H le— L2 n e L —'—“’}""Lz"z’_j
4, 0 4 B, &
h/2
'_L S = Sy — i3

}

Py Pia

Fig. 9.3 Analysis of frames by portal methad (cont.)

Hil, - e

rtals. Accordingly, the shear -

_Hh+l) ©0.2)
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Fig. 9.3 Analysis of frames by purtil method: (i) Column shears and moments; and (i) Beam
", shears- and - moments. : .

The sequence of analysing the frame is to proceed from the left to the right of each fioor
starting from the top floor. The. resultant momeunt is always drawn on the tension side of the
member. This procedure avoids  confusion of signs of mbments. Another sign convention is
to- treat all clockwise moments produced by beams and columns on the joints as positive so
that the anticlockwise moments at the end of individual members are positive.

The errors brought out in this analysis are mostly due to the incorrect assumption regarding
the points of inflection of the columns at the mid-span, In an actual multi-storey frame, the
inflection points in its upper portion are slightly below the mid-heights, and in the lower
portion they are slightly above the mid-heights, Only in the middle portion of the frame, the
inflection points tend to be at the mid-points. However, at the foundation level the point of
inflection-depends on the {ixity of the foundation. In the bottom storey the point of inflection
lies between the base and one-third the height of the column depending on the fixity exceted
by foundation.

9.5 'CANTILEVEIE{ METHOD (METHOD OF PROPORTIONAL AXIAL STRESSES)

The cantilever method is also known as the meihod of proportional column axial stresses. The
iollowing assumptions ar- made:
1. Points of contraflexure of columns are at their mid-heights,
2. Points of contraflexure of beams are at their mid-spans. )
3. Horizontal forces act as concentrated load at points as in the portal method.

4. Then wé make the fourth assumption that the axial stress in the columns at any level

is proportional to its distance from the ‘centroid of the cross-sections’ of all cqlumns at fhat__
level.: 7o . o B 4

We made the first three assumptions in the portal method as well. Knowing the cross-
sectional area of thie columns the axial forces in each column at each level can be deter@n‘ed
from the -fourth assumption. Referring the equations for the columns are the top floor, to
Fig. 9.4 for level:below . S

[ 7. Sk | P
X, X
B, =RX;
Hy 4 - B . C £
:f_d——-X‘ »
i .
¢

/ﬂﬂs
o :

Fig. 9.4 Analysis of frames by cantilever method.

.IP,A‘ IP.,, ” ' T Py

The signs of the forces on cither side of the centre of gravity are opposite as the. total vestical
force is zero. R is obtained by taking the moment of all t%ze vertical a_n.d l.mnzout‘al. f"“f‘"f'
about the point which is the intersection of the horizontal line-along the points of .mﬂccnon
of the columns (at thid-height) and the vertical line through the C.G. of the colunms so that the

horizontal shears §; vanishes:

TPuX =2 Hh
Substituting P4 = RXy, we get o
R = ZH]?I
T X;
Hence,
— X Hh
B, =—xtX
“rxr !
_ZHE ,, _R4X (9.3)
Ro=Sy %2 =7

The vaiue of the vertical axial “>rces P in all the columns at the level can thus b‘f obtainecl:
Proceeding on similar lines, the torces in columns at other levels can also be obtained. '.I‘hen
the horizontal shears in the columns can be calculated by isolating parts of the determinate




|sz  ADVANCED REINFORCED CONCRETE LESIGN

system proceeding from left to right by using simple statics as shown ‘in.Figs-. 9.3 and 9.2. Any

other procedure using simple statics can also be used for the analysis.

9.6 COMPARISON OF RESULTS OF ANALYSIS f e o

Es o

1t should be noted that the three methods of analysis {the exact ';nethod, the portal meihidd,

and the cantilever method) yield similar resultg but different values. This may appear unsatisfactory.
But as the principles of statics are satisfied in each method, the values obtained by any of the

- methods can be considered as acceptable values if one remembers that before a structure ¢an

fail, certain amount of redistribution of momerts will take place in the structure. For this.reason,

* further redistribution of mortients is not admissible for the value of the moments obtained by
‘the approximate methods of analysis such as portal or cantilever method. . Redistributipn of

moment can be allowed only for the solution obtained by exact elastic analysis where, in
addition to the principles-of statics, compatibility conditions are also satisfied. The shears and
moments ate shown in Fig. 9.3(b). 4

‘The conclusions arrived at by a committee of the Structural Division of the American

~ Society of Civil Engineers in 1940 were as follows [4]:

1. The pdrta} method is generally satisfactory for analysis of building with moderate-height

_to width ratios.

2. The cantilever miethod is satisfactory for high narrow buildings. . .
3. In high frames, the change in lengih of the colunms nmst also be considered in the
analysis,

. With the availability of modern computers, these methods nowadays serve also as a check

-on the resulis of computer analysis.

9.7 ANALYSIS OF RIGID FRAMES WITH TRANSFER GIRDERS

Building frames with transfer girders can be analysed by first solving the top part by an
appropriate method and transferring the vertical and horizontal loads to the transfer girders

which may then be assumed-to transfer the load to the lower storeys through pin-jointed

connections, The lowet part is then again analysed by the same method. :

9.8 DRIFT LIMITATION IN VERY TALL BUILDINGS

Horizontal loads produce double curvature of beams and columms by bending in unbraced
frames, and there is a horizontal movement of the frames. Similarly, axial tension in columns on
one side of the centre of gravity of the columns with axial compression on the other side will
also cause deformation and horizontal movement. The deflection at the top of the tall buildings
due to these effects of horizontal forces is called the drift. A wind drift limit of 1/500 of the
height of the building for each storey and also the total height is usually specified for reinforced

‘concrete buildings [IS 456 (2000) Clause 20.5). This criterion applies to tall buildings. The

procedure for calculation of total drift is to determine the horizontal deflection for each storey

" starting from the ground level, due to double curvature of the columns and the beams and sum
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up these horizontal deflection. The drift due to colurn cc_n_rrpi'ession is usually small and <an
be neglected, - - L - . -

9.6 CLASSIFICATION OF STRUCTURAL SYSTEM FORTALL BUILDINGS

From the variety of the structural systemn used for muliistoreyed buildings, four basic veriical
loading systems can be identified: -

o

1. The flat-wall system (load bearing walls and shear walls}-
2. 'The framed system (special frames skeleton) B
3. The core trunk system (by special cores in the building) -

4. ‘The tube or envelope system (foad bearing structure along the exterior walls as tebe). .

" By combining thesc four systems, it is possible to have: various types of stractural systoms -

for tall and very tail buildings. For moderately tall reinforced concrete buildings in low seisn}ic- e
areas, the most commonly used structural system is 1he rigid framed construction; together wlth .

core walls and shear walls.

EXAMPLE 9.1 {Analysis of frames with__laterai ipads portal method)

A’ cross-section building frame is as shown in Fig. E9.1. It is subjected to horizontal loads at
"the joints-as shown. Determine the bending and shear force diagram for the various bearns and-

columns of the frame by the portal method.

Roof -
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Level 1-1 |- ' . B
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Fig. E9.1 (cont.)
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NEAN
'L Si4(1.5)

S16(1.5)

5, (10.5) ' K $,6(10.5) “  5,:{4.5)

Fig. E9.1.

Reference Step - Calculations

1 Assumption

(a) Points of contraflexufe of columns and béams are at their mid-
points. Mark off levels 1-1, 2-2 through peints of contraflexure at
-each level starting from the top.

~ (b) Shear in columns is in proportion to the spans.
2(a) Take level 1-1 and caleulate the shear in each column

Assume each beam as forming part of a portal sub-frame and the
horizontal shear in each column is proportional to the span of the
portal. Each internal column ‘will form part of two portals so that

the shear will be the sum of the one-half shear from the adjacent
portals.”

Eq. (9.2) ..

10(3+0
' SIA=‘—'(2 )

=15KN=58p

10(3+4 .

SIB =-—26—)'=3.5I(N=.51C

- 2b) Analyse joint-by-jofnt for moments

Starting from left to right, analyse the beam and column moments.
Joint 4,
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Reference

b} reé )

Cafculations. )

Fig. 9.5

2(¢) _

®

My, = ¥ x (Storey height/2) = 1.5 x.2.= 3.0 KNm (clockwise)
AsIM =0, MA,, = =3 kth (anti-clockwise)

Joint B,

Mg = 3.5 x 2 = 7.0 kNm

$ M = 0, Mgy = =3 KNm

Hence, Mpe = 7~-3 =-4 kNm

Joint C, -

" Mye =35 %2 =70 kNm

MCB=_4 and EM =0
Hence, MCD =3 kNm

Joint D,

. MI|D= +3 and MDC'-: -3 kNm

‘Caleulate the beam skears from the monents

-3 4
VAB =-3"=—lkN; VBC 5-74—-".] kN

' {(Note: The ‘beam ‘shears at the same sforey are the same.since there ;..

are no vertical load_s._) . .
Consider level 2-2 along points of inflection and repeat the eperation
Total horizontal force above level 2-2 = 30 kN

The column shears are
SZE=§2(-;—;'-9)-=4.51<N=SM

Sy ﬂ%;iﬂ=1o.sm=sm

2F ¥

" Analyse joint-by-joint Jor moment

Joint E,
Myp =45 x2=9 KNm; Mg=135x2=23 KNm

-3 M = 0. Hence, Mgr = - 12 kNm

Joint F,
Mz]r'—rv 10.5 % 2 = +21; M";v = +7,0,
Mpg = =12 88 TM=0, Mpg=-16
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2 Refere’ﬁce : Slep _ L Ca!cuia;tionf . e keﬁrence : ) Sief ] A -_ C'g_lcu!a:‘ians - - .},:,1
(c) Calenlate the shear in beams R 7 e L ER 9T : 4 "'Ar.a:yse the de;erm!'na!e systen : . N
' The shear rh beams is. the sa;‘;\e at each ﬁoof. .._- R l . : i : Shedr in the column at its pgint. ofmﬂectton (SM} is found by takmg
P o o o : moments at mid-span of beam : |
‘ i M 2 R S N E ' :
Shear = —— Ep. =S4k . S : ig. 9. 2514 = 0.86 % 3 S
7 Onealf length of BF =3 T ne $ ) 1.29 kN (against 15 in Ex. 9.1) . | T
i e e RTINS B g - . - ag o . : o
s 4T Continue the operation for the next levely B T - : C ' ’ “ d C S
.. Determi lh . : toad LR T ’ ' . |~ Similarly, we can analyse SM, Sycand SID an . l
etermine the column loads : - — . : -
T T ' ' ‘ : , ae by sinmple statics i
(1) Beam shears are same at a]l the Ievels Hence Ioads m thc mtenor'- S o ) Ex. 9.1 .3 A','-a,""se the fraize _ Yy S {1 '
columns = 0 . . ' ’ . jisd
. ’ i+
_(2) The outer colurnn will have ]oads so that the moments due to 7 ‘ . B
column loads = Extemal moment at each level. : e : g
e - —— . o ) " REFERENCES . . : : ) : «E '
EXAMPLE 9.2 (Cantilever method ' ' : : Y _— ; ] iley, N N
Analysc the framc(by cantilever melhgd - ' : R : _ {. Smith, B.S. and Conll, A., Tall Building Structures: Analysis and Design, WlIeY,,, ew
o - L e g o York, 1951. " '
Refereice Step : Calculations . . | : 2. Kazim, S.M.A. and Chandra, R. Analysis of Shear Walled B.;:Idmg-i', T"r‘Stcel Researc i
. — - \ : : Egundation in Indis, 1970. ' b
1 Assumptions made ) : 3. Fintel, M. and Ghosh, S. Advanced Course of Des:gn of High Rise Conc(;‘etebB:lu!;iggs . :
; {a) Points of contraﬂexure of beams and columns are at their mid- . for Wind and Earthquake Forces, Engmcermg Staff College of India, Hyderaba ) ! ;
i points ' 4. Benjamin, J.R. Statically Indeterminate Siructures: Approximate Analysis by Deflected '
(b) Axial loads are in proporhon to their distances from their centroid. b Srrucmres and Lateral Load Analysis, McGraw-Hlll New York, 1959. ‘|
On one sidé of C.G. the loads are upwards and on _the other side they il
are downwards, : . ]
1
2 Find the C.G. of columns ; iy
In this example with symmetry, the C.G. passes through the centre line. ’
3 Tuking level 1-I, calculate the axial loads in the columns { . 5
The axial loads are calculated by assuming that the moment of the l 5 .
lateral forces is in equilibrium with the column load moments, both i ) : ;
regared as the C.G: ‘of the columns. Hence the load in the column: ! 4
Ei 0.3 . . . . P =I|EH|hl l . g‘
Oy | T _ 1
where x;, = Dlstance of column: A4 from the C.G of the columns, then .
Y =.-—-____(‘°)2('°"2)2 0.861 ’ | : /|
1007 +24° 0 - i .
Thus, ’ ; | ) 3
086x4 : . o
= =035¢ '
18 10 | .




cHAPfER 10

Pre'liminary Design of Fiat Slabs

10.1 INTRODUCTION

A two-way slab can be constructed in'one of the following ways [Fig. 10.1]:
. L. As solid slabs or ribbed slabs resti d colu
: resting on walls or on b
2. As flat plates resting directly on straight columns(m eams end Co'lumﬂs

3. As flat slabs with or with ]
(ol on out drops suppoited on columns with enlargements.

Fig. 10.1 Types f two-wi . ay slab on Il or 1le l)e 3 a ‘ abs;
0 WwWo-wiy Slabs' (a) Two-w3 1
) . ) Y gld fl xlble ams; (b) w fﬂc 5] hS,

158
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The details of the supports are as shown in Fig. 10.2. According to IS 456 and BS 8110 [1,2},
two-way slabs on rigid beams are designed by the traditional method of coefficients. This
procedure was. also followed by ACI code till 1963. However, tests have shown that such
designs give large factors of safety against ultimate failure, as much as 2.7 to 3.4, as compared

] N

+ T
@ ®)
r | I l i — - Slab—y
Wall —”“’2
. :
© o () é

Fig. 10.2 Types.of shpports for flat-slabs and flat plates: (a) Fiat slab with capital; (b) fat slab
with drops -and column capital; (¢) flat plate; and {d} sla_h supported on wall,

to the method used for flat slabs in which it is of the order of 1.9 to 2.3, Hence, since 1963,

ACI code adopted a common approach for design of all types of regular two-way slabs. The
details of the method are described in Chapters 11-14. This chapter will mainly deal with the
preliminary dimensions of the flat slabs and examine in detail the minimum thickness prescribed -
by ACI 318 for two-way slabs.

"10.2 ADVANTAGES AND DISADVANTAGES OF FLAT SLABS

The main advantéges of flat slabs and flat plates are the following:

1. Reduction in the total height required for each storey, thus increasing the number of
floors that can be built in a specified height.

2. Saving in materials of construction as illustrated in Table 10.1.

3. More uniform access to daylight and easier accommodation of the various ducts in

the building.

_Thé main disadvaﬁwge of flat slabs and flat plates is their lack of resistance to lateral
loads, such as those due to high winds and earthquakes. Hence, special features like shear
walls must be always provided if they are to be used in high-tise constructions or in carthquake
regions. ‘ :
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SEps . ) ) ' L - . . B
‘TABLE 10.1 .COMPARISON OF APPROXIMATE QUANTITIES PER SQ. METRE FOR
757 TWO-WAY SLABS DESIGNED BY VARIOUS METHODS  _ B
(6 m > 6 m inner bay; live load, 10 KN/m?)

e

Quantities (m*)

Case . Tipe. of floor

* Concrele Form work Steel

IR e .y o ke

1. (@) Flat slab ACI method - 0203 o4 - 133

- (b) Flat stab by BS method 0203 o4 153

2. (@) Flat plate with edge beam ~ - 0213 1020 156

“ (b) Flat platé by BS method. o213 T2 170
-3, .. Two-wiay slab on main and ' '

. secondary beams - : 0.185 1.63 236

4, 'One-way slab on _edge grinders only 10204 1.29 7 310

10.3 HISTORICAL DEVELOPMENT

As in miny other types of civil engineering structures, construction of flat slabs preceded its

the?ry-of :.a'nalys'i.s.a.nd design. C.A.P. Turner constructed flat slabs in U.S.A. as early as in 1906
mainly using intuitive and conceptual ideas. This was the start of these types of construction.
Many slabs ‘were load-tested between 1910-20 in U.S.A. It was oniy in 1914 that Nicholas

proposed-a method of analysis of these slabs based on simple statics. This method is used even '

todayr'for_ lhf:: design of flat slabs and flat plates and is known as the direct design method
and is explained.in Chapter 11. .

10.4 ACTION OF FLAT SLABS AND FLAT PLATES

'I;hz di.ffe'fcncc's' 'in tl?e actions of flat slab and flat plates from those of conventional two-way
slabs is shown in Fig. 10.3. In flat slabs and flat plates, the loads on the slab are directly

[ : -} = v

I. i ﬂ

i < L

@ ' | ®» '

Fig. 10.3 Deflection contours of two-way slabs: (a} Flat stabs and flat plates; and (b) two-way
slab on beams.
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trasisferred by plate action to the columns, whereas in conventional slabs with beas, the loads -

are first transferred from slabs to. the: beams and then from beams to the columns..A good

appreciation of this load-transfer mechanisms (or load path) is necessary for a clear understanding
of the analysis of these structures. :

10.5 PRELIMINARY DES!GN OF FLAT SLAB

The following proportions are commonly used for the preliminary layout of the various parts
of a flat slab [1]; : | -

Columns. The column of a flat slab consists of the main column and the column head which

is the enlarged portion just below the slab, The size of the main part of the column of two-
way slabs arc usually made of about 1/16th the length of the larger span of the stab and of
1/8th to 1/5th the storey height of the building’ In flat slabs, the column head, which is also
called column capital, is uspally made of 1/5th but not more than 1/4th the shorter span. Its
height should not be less than 15-cm. It should be noted that for design calculations, only
the portion of the colwmn head which lies within the largest circular cone or pyramid of
vertical angle 90° is considered as the active head of the column, (Fig. 10.2). Itis preferable
to have this cone lie inside the column head. The term ‘gquivalent square column’ of a non-
rectangular column is defined as a square column of the same area as the real column. (This
term should not be confused with the equivalent column described in Section 13.3.)

Drop panel. In flat slab construction, the slab is sometimes thickened around the column.

The standard practice is to thicken it to at least 1.25 times, but it should not be more than 1.5
times the thickness of the main slab. This overthickness reduces the deflection and assists in
the resistance against punching shear Such thickening is usually made rectangular in
plan with its length measured from the centre line of the column to not less than 1/6th the
smaller span of the surrounding panels. The total width of the enlargement from both sides of
the centre line of the column is called the drop width. At the exterior column, this enlargement
is only on one side of the column and will extend to the end of the slab. Drops with widths
less than onc-third the smaller span in internal columns are to be ignored in the design
calculations. :

There is also another requirement. When calculating the area of reinforcement for this
region the additional thickness of the drop panel measured below the main slab should not be
taken as greater than one-fourth the projection of the drop beyond the edge of the column
capital (IS456 clause 31.7.2). In Fig. 10.2, (&' — k) # x/4. Hence we make x £ 4 (A - }).

Siab. The main horizontal member is the slab and various rules have been specified to fix its
minimum depth so that its deflection will lie within the required limits. These are dealt separately
with in Section 10.7. The area of the slab enclosed by the centre lines of the columns at the
four corners is called a panel.

10.6 BASIC ACTION OF TWO-WAY SLABS

Let ns take the cdse of a conventional two-way slab on beams and columns with L, as the
longer and L, as the shorter spans of the slab. Assume that it is subjected to a uniformly

i

- “
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distributed load w per m® which is divided into two loads w; (in the longer E-W direction of
the slab) and w, (in the shorter N-S direction) so that w = w; + wy. This is illustrated in
Fig: 10.4. Let us first calculate the maximum bending moments in the E-W direction, which will
be composed of the B.M. in the slab and those in the beamns spanning that direction.

ey
L l l l "I W
? e
Wy

I: L ==

'.Fig'.' 10.4 Load transfer in two-way slab with beams,
2
Total B.M.in the slab of width L, and span L, =_mh_wl”18*’*2

) 2
Total B.M. in the two-side beams of span [, .= mi——wzlg' L

Hence the total bending moment M, from the slab and therbeams' together in the E-W
direction: '

1 1, 1
Mo =5 0n+ W)L, L =W (Iph) = WL
where W is the total weight on the slab. - )
Similaily, if we denote the total maximum bending moment M,;, in the N-§ direction:
M,y = ':EW L, .

The above relations demonstrate the important principle that even in the case of conventional
design of two-way slabs, we actually design them by taking the whole load both in the
_ longitudinal X and the transverse Y directions. This forms the intuitive approach to the general

method of designs of 2ll two-way slabs including flat slabs and flat plates. After determining
the above total static (bending) moment it remains to assign it in different proportions to the
various parts-of the slab depending on their respective rigidities. This method has been further
tefined frem results of extensive tests, especially in U.S,A., and the present clauses for design

of such slabs in ACI 318 (89) have been evolved. The details of the method are explained in
Chapters 11-14. : ‘ .

10.7 DETERMINATION OF MINIMUM THICKNESS OF SLAB

Reinforceid roncrete slabs should have sufficient thickness so that their long-térm deflection
under loads will be within the specified limits. Empirical methods are used in routine designs
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and in special cases we can use the principles given in Chapter, 1 to eslti.mat_e the d?ﬂectiops'. _
The empirical method are usually based on span/depth - ratios. In addition, ACI -gives three
empirical fotmulae for depth/span ratios which can be used for all cases of two-way slabs,
These are. dealt with in this section. ‘ .

1074 Emplrical Method for Minimum Depth of Slab*

ini ickness recom}rlendcd by ACI for different situations and whel_'l qsing Fe 415
rgt::ln:; 1r‘::i‘xl:t{;:f:lements are given in Table 10.2 (31. It should be noted that it is preferable
to have an édge beam (also called marginal beam or spanfz'rel beam) alfmg the outer edges
of flat slabs to reduce deflections of the exterior slabs. This also helps in transferring: some
of the column moments as torsional moments {0 the beam. The depth of these edge beams
should be at least 1.5 times the depth of the slab, and ¢ should not be lefgs t?\an 0.8 (see. Section
10.7.2 for.the definition-of ). A second method to redu.ce the deﬂc?ctlo.n in the exterior sla_b(s1
is to cantilever the slab edges so that the edge panels will bel}ave ll-ke interior panels. Afth;‘r‘
method to satisfy deflection requirements of exterior pafwl is to increase- the .depth of this
portion of the slab to about 1,10 times the thickness of interior panels.

. TABLE 10.2 MINIMUM THICKNESS OF TWO-WAY SLABS FOR DEFLECT[ON
. "REQUIREMENTS (Fe 415 steel)

Overall minimum thickness, h

" Case No.  ~ Type of slab

Based on L, h (inm)
1. Flat plate withiout cdge beam 1,130 125
- 3. Flat plate with edge beam L,/33 , 100
Flat slab (enlarged column)
without edge beams L,(33 100 )
4. Flat slab with edge beams L1336 100
Two-way slabs on rigid beams L,/48 90

Notes: 1. For the depth 6f flat slabs provided with drop panels g_)f dimensionns not less than those
L specified in Seetion 10.5,"we can reduce the value obtained by 10%.
2. L, is the clear span in the long fii:!ec;ion. ]
3. Thickness also depends on required fire resistance, . N
4 The value of a for edge beams shall not be less than 0.8 (see Section 10.7.2 itern 2).

The minimum thickness allowed by 1S 456 (2000} Clause 31.2.1 for flat slab is 125 mm.

recommends the use of basic span effective depth ratio as g'iven in IS 456 Clause
23.2?15fi113eﬂection control of fiat slabs and flat plates also. According to IS1 ‘456 (il::u;s‘;
41.2.1, the larger of the spans between the drops s'houlc_i be used as the'control !n%nsg\)ended
‘fiat slabs. For slabs without drops, an additional mod'lﬁcahon factor of 0.9 is alstl:» rccof 2 ot"
The modification factor for tensile reinforcement 18 based_ c‘m the average va:i ue '?ldle ripn)...
the column and the middle strip (sce Chapter 11 for definition of column and mi -

* Sections 10.7.1 and 10.7.2 may be omitted on first reading.
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A l-Formulae for Span—Depth Ratio

WL

‘or de ion control the larger of the two spans L; and Lyi lS desxgnatcd as L,. Taking h
the- totdl depth of the slab, three equations for /L, Tiave beeﬂ given in ACI code [3]. gF »
flat slab or flat plate, the larger value of the centre-to-centre ditance between colurnus mf s
the side length of the column (or the equivalent square column in case of circular and on-
rectangular columns) is taken &s- L, For a two-way skib on beanss;‘the Iarger span b tw nol,:-
beam edges 1s taken as L, The parameters used are the fo]lowmg pan betweon fhe

l Aspect rallo = ratio of" larger effective.spanto the shorter cffccnve span That is,
S,, SR
Q.

Stlffness ratio of beams to. sIab =, o:(LzlL ) where o is: the. ratlo of the cross—sectlonal

g:axui?}lssnﬁness (ED) of ihe beam (along with the prescnbed slab. attached to it as shows in
g ) to the flexural shffness of the slab between. the centre of the adjacent panels in the

| 4h »41.

7 @_l Ts w/
27 LN

Fig. 10.5 "Portion of slab acting with beams in two-way slabs with beams.

transverse cross-section. Thus we have

E 1, -,

EJd, I

X

=

where

Ly
£
12
Then the stiffness ratio of the beam to the slab will be
/L _al,
N | IjL,- L
al((,zlL,) = 1, a5 the criterion for a beam to be considered ‘s rigid.
3. Yield strength of steel = £, (N/mm?)

edgel;lql:l::;ozs é:gﬂi }1,;(1;?33 r(:;tCII 318th Clat:)se; 9.5.3) given below refer to slabs whose discontinuous
edge ot less than 0.8 attached to it. Otherwise, the thickness.of slab"
obtained from the equations should be increased by 10%. Similarly, for flat slab:sw?lﬂxs l«?::;:

not less than the minim
by 10%. um specified, the thickness obtamed from the equations can be reduced

ok -,.' A (1) 8+fyll400)
o L, 36+5ﬂ[a,,,, -0 12(l+ll}3)]
where a',,, is the average vahie'of @ on all the edges and L, the clear span in the long direction.
Ko 08+(f;,/1400) :

.7 " 36498 (10.2)-
5 0.8+4(f, /1400)
_LE_‘ 28U, 0% ({;?6 ) (103

Fi

Substitating for Si= 415, Eq. (10.3) reduces to AML;# 0. 03 So we can see that k/L, can be
reduced by using steel of lower valucs of £, | 'out it is not an economic method to reduce

deflections of slabs.
In addition to the above requxrements ACI requires that the mininium thickness should

be 155 mm (5 mches) when o, is less than 2.0 and 88 mm 3.5 inches) when o, is greater
than 2.0, :

10.8 MOMENT OF INERTIA OF FLANGED BEAMS

The exact procedure to find the [ values of flanged beams to determine @ is given in Appendix
A. However, for most beams used in practical construction and for prelm‘unary calcunlations,
I values of T beams may be taken as 1.5 times and those of L beams 1.25 times the moment
of inertia of the rectangular part of the respectwe beams.

EXAMPLE 10.1 (Prellmmary desugn of flat slab)
Estimate the dimensions of a flat-slab system (with drops) for a four-storcy building with 5
spans of 7.5 m in the longer direction, 5 spans of 6 m in the shorter directions, and a storey

height of 3 m.

(10.13

Reference Step Caleulations
1 Estimate the size of columns
Text Internal column = L or Lid
Sec. 10.5 16 8
L _7500 g, H 2075
16 16 3 8
Adopt 400-mm diameter columns.
2 | Estimate the size of column capital
D —-%:ﬂ:ﬂ =1200 mm; adopt 1500-mm diameter.
Size of equivalent square column,
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Reference Step Calculations
b=D‘/;_ 1500 x 0.886 = 1329 mm »@
3 Estimate the iength of drop
; longspan-”T 2500 mm .
% short span = 5000 =20(f0mm
Adopt 2.5 x 2.0 m (this should be checked by Step 35).
Text 4 Estimate the minimum slab thickness
Sec, 10.7 Ly=L-b
and steps pele 7500-1330_
1 and 2 36 36
Assuming drops, reduce 4 by 10%.
1S 456 Thickness = 171 ~ 17 = 154 mm
Clause 31.2.1 -Minimum thickness by IS code = 125 mm
Adopt a thickness of 155 mm.
5. . Check for other conditions s in Example 10.2, Estiniate the thickness
of drop- H and check for limiting conditions.
H= 1,25 t0 1.54
125 x 155'="194 and 1.5k = 233 mm
Sec. 10.5 Adopt 225 mm as_drop thickness.
H—h=225-155 =70 mm
Allowable maximum projection from edge of column capital to
edge of drop = 4(H - h) = 4 x 70 = 280 mm
Allowable max:mum size of drop = (co]umn capital) + (2 % 280)
' = 1500 + 560 = 2060 mm
Adopt 2006 mm. )
6 Estimate the size of exterior colunm to be used
Sec. 10.5 Adopt a square column to match with the interior column and to

accommodate the edge beam = 350 x 600 mun (say)
(Edged beam height < 1.54)

- Adopt 400 mm square column.
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Reference

Step

Caleulations

Preliminary drmensron adopfed

Internal column diameter = 400 mm

Size of capital = lSO_O mm
Size of drop pancl = 2.0 mm

“Thickness of slab = 155 mm
“Thickness of drop = 220 mm

= 400 mm square

= 350 x 600 mm

Size of external column

Size of edge beam

EXAMPLE 10.2 (Mlmmum thickness of a flat plate)
Determine the minimum thickness of a flat plate having edge beams with 7.5 x 6 m panels
on 500 mm square columns (Fig. £10.2). Assume 415 grade steel.

: 350 445
[, 75m . I l ‘ l
N g " 1
. i e =
F Y
Exterior frame E
+ =l .
R b
b=
45°
l«—— Edge beams-
v
E PR
B . o -
Interior frame
.
@ (b}
Fig. E10.2.
Reference Step Calculations
Table 10.2 1 Estimate by empirical method
h L B0 227 mm; Minimum thickness = 125 mm
33 33
Sec. 10.7.1 2 Determine the paramelters affecting deflection
Assume interior spans
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Reference | Step Calculations Reference . Step Calculations
. - (i) B = Ratio of clear spans = L,/S, | . Calculate Iy of the edge beams .
' 7500 - 500 . @ = Stiffness of beams with slab attachedlsnffness of slab between
=m=l-27 ‘|. centres of acljacent pane!s
i ... L. . ' ' Fig. 10.6 Length of slab acting with beam = Deplh of beam below slab or 44
(ii} o = O (interior spans and no beams)
R D—h=600-155-445mm
(i) £;/1400 = 415/1400 = 0.3 , '
4h = & x 155 =620 mm
_ 3 Estimate thickness by the three farmulae - C s S
o 0.8+ (f,/1400) ' - . Momeit. of. inertia of beam = KbH _ calculate K |
' | @ f"’ss OGﬁiIHIﬂ) 7 (wuha =0) =T
Eq. (10.1) o O B _350+445
: 0.8+03 : ol
= =032 b T30
(osmm( }] A5 506
l 7 T i
i =10.032% 7000 =224 mm (-1 ¢ .
. +{x=-N[4~— Gy+4y+x Dy’
A 0B+(f,/1400) 1. = Appendix -A K= 1+ (x=Dy =l
Eq. (10.2) iy —> 0.0232
L, 36+98  36+(9x1 27) ,
el - I = (1.45%350)(600) _ 9.13%10° mm?
2 Ir=0.0232x 7500 =174 mmn B 12 T e
. S o 0.8+([,/1400) 2 Determine dimension of exterior frames in X direction (see Fig. 11.2
Eq. (10.3) (iii). -—:i——--—;ﬁ-L-— for definition and formulae)
n
L=15
1.1x 7004 ’
» = 6.0 (for computing L,/ values for tables and formuia¢
h:‘—-—3—6-—' 214mm . Ly = 6.0 (fi ing Ly/L, values fi bl d fi i
IS 456 4 Estimate design thickness Actuat I, = Distance from slab edge to panel centre line)
“and ACI G) h min = 125 mm For calculating Toads for M, and for I,
, 1 , L, = 3000 + 175 = 3175 mm
ii} h empirical = 227 mm
& emp REECE -
(iii} b from formulae - g 12
- ‘| not tess than 224 mm and §74 mm but not more than 214 mm. a =_&_M_9
Adopt a thickness of 210 mm for the design. YT, 08x10®0
3 Determine dimension of exterior frame in ¥ direction
7500
EXAMPLE 10.3 (Calculation of o values) Width of slab ='--—2-—+150=3900mm
The corner panel of a flat slab 155 mm thick is 7.3 % 6 m (in X and Y directions with
350 x 600 mm edge beam around the corner). Calculate the @ values of the long and short beams 3900% 155
of the exterior frames into which the slab is to be divided for analysis. (@ = L/} _ _ _ L= =12.1x10° mm*
{Note: In exterior span the slab does not stop at the centre line of columns but extends to the : 91.3x10°
outer side of the beams.) 2= 12.1x10° =734
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Reference ‘Step Caleulations

4 Find o values in the interior frames
In X direction = L, = 7.5 and L, = 6.0 m
In ¥ direction = L; = 6.0 and L, = 7.5 m

« values can similarly -be calculated for exterior frames

oy
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cuapter 11

" Design of Two-way Slabs by
 Direct Design Method

11.1 INTRODUCTION

According to the design'proccdure recommended by ACI code, all types of t?vo_—way dsialbs,
including those supported on beams, can be designed by one of the two methods: direct emlgg
method (DDM) and equivalent frame method (EFM). In bOﬂ".l thc:. methods, th_e tw_o-\-.'z;tydst:;le
system is converted info series of rigid frames (one set spanmng in the E-W dlrecthn an e
other in the N-S direction) by means of vertical cut‘s through the slabs at the section whic
is mid-way between the column lincs as shown in Fig. 11.1.

4——L2—-——""“"

g Py 7/ j\ g B
— 10 By A3 = R ﬁ = As
4 -—C;l Cs : - —% N £
3l =k
L R /9*//3, S
S S ;: % W=
1/2 MS Ly 7 / R
V, / N
V ¢ 7N / :
= A= A B
A1 T 7 B
/ / / - /§E % g N g %
K - 1/2 MS . N % e
7] s
/>/// >>>>>>>/>>//>//>\ >>>/> A7, N % s é
(7 1/2 MS N NI
A "
e =LA
T B, A G B :
(Plan) . . . (Plan)
@ (®)

Fig. 11.1  Division ‘of two-way slab into frames aud strips: (a) Frames In E-W dlire-ctli\;}ns—:{
& frames; and (b) frames in N-S direction—Y frames (C.S.—colqmn strip; M. >
middle strip; L,—shortest span strip.
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The resultant tigid frames in the E-W and- N-S directi ;
7 [ ] : ) d N-S directions are analyzed separately fi
(iarry}_ll’g all E.h; lloz_ids in-the ,span in each direction. As shown in Fig. 1.1, there willpbe ‘intyerig:
.trame,s ‘and‘ exter_mr_ﬁ'ame,s to be analyzed separately. In each of these frames, we have “interior
spans and ‘exterior spans’ to be dealt with. A typical interior frame in the E-W direction will
- consist of the following elements as shown in Fig. 11.2.
1. _ge columns a_bm_re and below the floor .
(w“:.-(;r ﬁit;labisbspam1ng E~\Y direction longitudinally along the centre Tines of columns
:both o of(t)]l:e eium;). ]Fts wn';‘l;lh extends transversely to the centre lines of the panéls on
: column lines. This slab is divided into column strip of width '
or 0.5L,, whichever is smaller, and the res| i D e e oo
s s t of thy i ip i
o mile < co thons. i the Sonen of the sl@b on either side of the colurnn strip is called

1/2 MS

7

1/2 MS
(Plan)
£
¢ i L oy 7 i
Columns
o — L, — | — [ ———»] I S PR S —
G . B, Ay
C! BI 441
Interior End T Interior End
A SPAR il span J’ span span
a7 h vy
(Elevation) -~ (Elevation)
(@) (5]

ig. 11.2 Fr ames for analysis A >
F of fl H
Y at slabs: (a) Interior fr BmB—X| frames; aud (h) exterior

one.'lf:l]‘:‘ (e)?tt;r;o;ﬁ i(‘rl:;nes in E-w direc'tion‘s consist of only the one-half of the column strip and
one bal of fhe htia s;ltnp as shown in Figs. 11.1 and 11.2. For two-way slab with rigid beams
O sttened o ’I ;45(:6 ;cts as flexible beams, there wﬂla}go be beams running along the
ool it ot 'The d‘f;‘ owever, recommends the above type of analyses only for flat slabs
parks method; ol i e;;mze between the analysis by DDM and EFM is that in the ‘direct
it omivalont coe xcmlenfs are used for moments for the various parts of the slabs, while
in fhe kaut smcmﬁameal an;xlw ; od’, the actual fl:am.es have to be analyzed by one of the classical
ity be anplioatl ysis, e.g. moment distribution. Because of this procedure, DDM will

pp ¢ to more or less symmetrical layout of columns and slabs. These limitations
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are indicated in Section 11.2. Analysis by EFM can be used for any layout. It should also be
cleaily understood that the effect of lateral loads, unsymmetrical panels, etc., can be analyzed
only by EFM. Similarly, ACI 318 (8%) commentary clause R.13.6.15 recommends that inverted raft
foundations in which column loads are known and the soil reaction is assumed to be uniform,
the analysis has to be carried out by the equivalent frame method. This chapter explains the
design of twosway slabs by direct design method. ' ' ' '

11.2 ‘LIMITATIONS OF DIRECT DESIGN METHOD

~ Application of DDM is restricted to two-way slab that satisfies the following seven conditions:

1. There should be a minimum of threé continuous spans in each direction.

2. The pancls should be rectangular, and the ratio of the longer to the shorter -span, on
centre-to-centre of supports within the panel, should not be greater than two.

3. The successive span lengths {centre-to-centre of supports) in cach direction should not
differ by more than onc-third the longer span. : _

4. Columns should not be offset from either axes between the centre line of successive
columns by more than 10% of the span in the direction of the offset (i.e. if the offset is in
L, direetion, the maximum offset allowed is L)/10).

5. Loads should be gravitational (vertical) only with the live load not more than 2 times
the dead load. They should also be uniformly distributed in the entire panel.

6. In two-way slabs with beams on all sides, DDM should also satisfy the following
additional condition. Denoting ¢, as the average of the two ratios of the flexural stiffness (E7)
of the beams in the longer direction L, to that of the slab between centres of adjacent panels
on each side of the beam, and @ as the above average ratio in the shorter directions L. The
ratio of beam relative stiffness in the two directions is given by the expression (/o) (L/L\Y
nst lie between 0.2 and 5.0. '

7. Redistribution of the resultant moments obtained by DDM is not permitted.

11.2.1 Explanation of the Limiting Conditions

The first condition ensures that the first interior support is meither fixed against rotation
nor discontinuons. The second condition ensures two-way slab action. If the ratio exceeds
9 one-way slab action predominates. In older codes, this ratio was 1.33 but it has now been
increased to 2. The third and fourth conditions are related to the possibility of developing
negative moments at or near mid-span. The fifth assumption ensures that there are 1o lateral
loads and the limit on the LL to DL ratio of 2 obviates the necessity for checking for the effect
of pattern loadings for symmetrical layouts. In the earlier codes this ratio was 3 and then it was
necessary to check for pattern loads. For most practical dimensions of slabs and columns, the
requirements for minimum o, (see Section 11.7) is satisfied for LL/DL ratio up to 2. Therefore,
the effect of pattern loads can be neglected,

The sixth condition is applicable to slab with beams and it ensures that the beams are stiff
enough relative to cach other. Ofherwise, the distribution of moments will deviate very much
from that assumed in the elastic analysis. From Section 11.8,1,"it can be seen that the ratio
specified is the relative stiffness of the beams in the two principal directions, that is,
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ab/ly e (L)
R L L elfl e
This is specified to be between 1/5 and 5.

11.3 - CALCULATION OF TOTAL STATIC MOMEN'
ALC IC :
EXTERIOR Fhiiea. MOMENTS FOR INTERICR AND
g‘hc_ expression deriycd by Nicholas in 1914 for the total static moment M,
asis ot.' the calculation of the moment in the spans for the DDM Nicholaso
as in Fig. 11.3 that shows an isolated interior. panel of a flat sl;\b

for flat slabs is the
derived his formnla

- A

- gf i ) U3

& /T

Fig. 11.3  Derivation of design static moment in flat plate by Nicholas

The free body ABDE-E'D'B'A" is acted i
on by a uniformly distributed i i
end moments and shears. Because of continuity of spans, there is no she:r a}fg;lgl;o?Etv g'llt?l}

and A'4, and the loads are carried by s
» an y shears only al
total shear in the two-corner support are given i))’ya one fhe-column faces. The values of the

shear ¥ = 2| Wala _ vz < L, _lWJT &
4., ) !q: 2 8

where ¢ is the diameter of the colutig, Taking moments of thie free body in the I,
i

th_e centre line of the columns along BD, we get the equilibrium equation direction about

2 4 8 3 2 s |z

Mpaty -.[11%_5__ wre? 2_0_]+(wlqi.2 '_,_m_&] c
M <

* This section may be omitted on first reading.
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where

Mp = Positive moments at the centre line of the slab
M, =Negative moments at the line of column support

- xf3m = Centre of gravity of the circumference of a quadrant
¢/ = Cenire of gravity of a quadrant '

In the above equation, the third term on the RHS gives the moment due to the downward lead
and the last term the moment of support reaction. Simplifying the equation (taking proper signs
into consideration), the total static moment M, is given by the formula R

M0=MP+MN
3 7.
1 Lyl e < =le2[le...%
8 7l 3L,L%) 8 3
2 2
=—;-wL2(Ll—335) =“’—L;£L ST )

This formula can be looked upon as the bending moment of a simply éui)ported slab of effective
span of (L, — 2¢/3), which is approximately equal to the clear span L,. The corresponding
moment in L, direction can also be written down in a similar way.

11.4 ACI 318 FORMULA FOR MOMENTS

In general, analysis of two-way slabs, nowadays we replace the above panel analysis by the
frame analysis as described in Section I1.1. Vertical cuts midway between columns are made
and the resultant frames are analyzed for moments. The expression for M, derived as above from
simple statics was used in the early ACI codes for the values of moments to be resisted by
flat slabs. However, since higher strengths than those given by the above equation were
reported in actual tests, the coefficient 1/8 = 0.125 was at one time reduced te 0.09. Subsequent
investigations by Westergard and Slater in 1921 have led to the recommendation of retuin to
the theoretical value of 0.125. The present generally accepted expression for design moment
in £, direction is given in IS 456 (2000) Clause 31.4.2.2 as follows:

- wlii WL :
M, = _.é_lz g . (11:2)
where
M, = Total moment
w = Uniformly distributed load on slab
W = Design load on area L,L, (this is less than the Ioad on LLy)y

L, = Clear span extending from face to face of columns, capitals, brackets or walls but
not less than 0.65L, (for the Ly direction and similarly for L;)
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L, = Length of span in the direction of M,
L, = Length of span transvcrée‘ to L,

Moment M, in the L, direction can also be found in a similar fashion. We should clearly note
that L,, is the clear span extending from face to face of columns and W is the total load on the
span L; X £, ouly. (See also examples at the end of this chapter for a clearer understanding of
the procedure,) The ACI moment will be lesser than the theurencal My, using L, the centre-to-
centre dlstance as: the span in the ratio (L/L;)%.

11,4.1 Genera! Descriptlon of DDM

E Each interior and exterior frame as shown in Fig. 11.1, inte which.the slab system has-been
-divided in the E-W and N-S directions, is analyzed separately for the value of A,. Analysis of
both frames is similar in this procedure except that the following condluons should be taken
into account while dealing with the exterior frames,

1. M, ior exterior frames is calculated with the actual Toad on the panel of the slab and
the clear span L,. It should be noted that only one-half of the slab ‘extends transversely on
cach side of the column line.

2. To calculate the moment of inertia of the slab I; in thc transverse direction for the
exterior frame in a values, only one-half of the span in the transverse direction is to be

*. considered since I is calculated for the slab between the centres of adjacent panels

(Fig. 11.4).

iz 772221 B\ 7777Y,

N,
@ (b

™,
Fig. 11.4 Effective bearn and slab sections for stiffness ratio: (a) Interior frame; and (b) exferior
frame. :

N\

3. To compute L,/L, for transverse distribution to column and middle strips in the exterior

frame, the fult value of L, in the transverse direction is to be used in Egs. (11.9)-(11.1) and
in Table 11.1.

11.5 DISTRIBUTION OF MOMENTS M,

First, the total static moment M, should be distributed as positive and negative moments in the
longitudinal direction; secondly, these assigned positive and negative moments are again
- distributed transversely to the column and middle strips. The longitudinal distribution is dealt
with in Section 11.6 and the transverse distribution in Section 11.8.
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'EABLE 11 1 MOMENT COEFF!C]ENTS FOR LGNGITUD[NAL DISTRIBUTION OF
. STATIC MOMENT IN TWO-WAY SLABS IN END- SPANS

k2 g L }_’erce_irtage_dr‘strfby{iqt.;
Te g Description —t- - i—
E; I o . Inferior " Exterior
;%E‘ interior span of al} sla s._ 654 !-\ ) —,/l
E@ 35
Flat .s'lab_‘with edge beams 70 I\ - A 30
(no internal beams) . : . S IR I
.. N 50
"Flat slab without edge beams 70 ‘\ . Aié
(no internal beams) _ ——
) 52
Beams and stab
(Beams between all columns) 70 l\ _Al6
———
g 57
&
g
8 ' _
% Flat slab on masonary wail
4] 75
(Exterior edge unrestrained) I\ 0
\\.-__/
63
65 65
Flat slab on R.C. wall N e —]
(exterior edge fully restrained) T——
35
v

11.6 LONGITUDINAL DISTRIBUTION OF Mo

The longltudmal distribution of the total moment M, into positive as well as negative moments,
is made separately for the interior and exterior (or end) spans. This is shown in Table 11.1. In
the interior spans, the distribution is simple as it corresponds to the ‘fixed-end’ beam cases.
Values of 0.65 at the supports and 0.35 at the centre (negative and positive respectively) have
been recommended,
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' 'Thé distribution of the méﬁ_‘l@i:‘lt at the end or exterior spans depends on the type of exterior

support and the ratio’ of exterior column to spandrel beams stiffness. The method used in the
former ACI codes is described in Section 11.6.1. However, in the new code [from ACI 318 (1989)
matters have been greatly simplified to make DDM a true Direct Design Method [1, 2]. Fixed
values as_given in Table 11.2 have been prescribed for the various cases that can oceur in
practice and these coefficients can be directly 1ead off for design. When using these values,
we should be aware that fhe interior negative and positive values are closer to the upper
bound values and the exterior negative moment is close to the lower bound values, This is
not considered serious as the exterior negative steel is govemed by the minimum stee! requirement
in slabs for control of cracking. However, care should be taken not to use these values as a
measure of moment to be transmitted to the external columms. The old method of modified
stiffness, as given in Section 11.6.2, is also allowed in ACI code as an alternate method. IS 456
-uges the latter method with modification to ‘arrive at the distribution factors for the end spans,
" [Note: As already stated in Section 10.7.1, ACE 318 (1989) Clause 9.5.3.5 recommends that
all discontinuous edges should preferably be provided with an edge beam-of stiffness ratio o
not less than 0.80 to control deflection of end spans. It is good to follow this recommendation.]
The coefficients given in Table 11.1 for longitudinal distribution when using DDM are for

the condition of the spans fully loaded with (DL + LL). The effect of different disposition of
load (called pattern loading) can increase the positive moment and this has to be investigated
as explained in Section 11.7, However, by limiting the LL/DL ratio to 2 {which is the nsual

case deall with in practice in DDM), the necessity to check for the effect of pattern load has -

been dispensed with in ACT 318 (1989).

11.6.1 . Modified Stiffness Method for Longltudln_ial'Disirlbution of M, in End-span
(Alternate. Method in ACH 318)* ‘

~ In carlier ACI codes, such as ACI 318 (1977) and in IS 456, the longitudinal distribution of M,

into positive and negative moments in the end span were functions of the ratio of the stiffness
of the equivalent column (this concept is éxplained in Chapter 13) above and below the slab
to the combined flexural stiffiness -of the slab and beam (if any) at the junction taken in the
direction of the span in which moments are considered. As it is used as an alternate method

for design, we shall examine it in more detail.

Let o represent the ratio.of stiffness of the equivalent COIUI;’IH {as explained in Section
13.3.3) to the sum of the stiffness of the slab and the beam, i.e.

.
T, | a3
wizere ] ) _ -
K, = Stiffness of equivalent column _ .
K, = Stiffness of the slabs = 4E7/L,, I, = L,}*/12 (see Fig. 11.4)
- Ky = Stiffness of beam if present (and = 0 in flat slabs) = 4E7,/L,

'Using thi§ ratio, the fpﬂoﬁug moments as given in IS 456 Clause 30.4.3.3 are assigned for the

positive and negative moments as fractions of M, for the end or exterior spans:

*This section may be émitted on first reading.

- where -

- [ o Y
I.nterio_r negative moraent = M, [0.75 3 Ta Ia'“)] | . (i14)
, - 0.28 ,
Positiv§ span rflomm}t =M, [0.63—m-)—] . (11.5)
065M, ' (i16)

. . =
Ext.c.:nor negative momen = Trdiay :
In place of the modified stiffness mefhod and the coefficient methods_ gian by ACI, a third
method is given for flat slabs in IS 456 Clause 31.4.3.3, [3]- Here the ratio stiffess o hgg be?n

replaced by o, given by

ZK‘. R . -
s . {1L6a)
% =K, + K, ot

ZKC = Sum of the- flexural stiffness of column meeting at the joint .
K, = Flexural stiffness of slab cxpresscd as moment per unit rotation
K, = Flexural stiffness of beam (= 0 for flat slabs)

Thus in IS 456, the torsion membér of the equivalent column is tzompletcly omitted. Of the thfr?::i
methods, the coefficient method given in ACI 318 (1989) is the simplest and most popularly use
in DDM. It has also beén found to give satisfactory designs. -

11.7 EFFECT OF PATI'EﬁN LOADING ON POSITIVE MOMENT (MINIMUNM STIFFMESS
OF COLUMNSY

The positive moment in the continuous slab can bc‘alfere_d due _t9.pattem loadmlg. ﬁh(;int‘l),:
shown that in symmetrical layouts obeying DDM limitations, this can ‘oceur on Y(han n e
LL/DL ratio is greater than 2. By limiting the DDM to cases where LIJDL.'IS .not rgoa‘:e o D,[;M
necessity for checking for the effects of pattemlloafimg-ha_s been eliminate dm the DOV
calculations. However, a.discussion of pattern loading is presented below for academic .

From the results of rigid. frame analysis (‘a study of its influence lines and maximum

bending moment envelope’ by Jersa and others), the following effects of patiern loading were
noticed: .

1. The larger the LL/DL ratio, the larger will be the effe

effect is mainly related to the live load. -
2. As theymaximum positive moment in the span’is more affected than the maximum

negative moment by pattern loading, we nced to concentrate our attention on the effects of
attern Joading om the positive moment only. . . -

b 3. The largger the ratio of the column stiffness to the slab {and beam) s-nffnegs, th_e ]ets:,etr

will be effect of pattern loading on the positive moment. This becomes clear :.f we xmag:im d'a \

with higher column stiffness the ends of the spans are closer to fixed conditions and loading

from adjacent spans has less effect on the span moment.

ct of pattern loading as pattérn Inad

*This. section may be omitted on first re_ading.
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o 'F{dm the study by Jersa, Sozen and Seiss. in 1996, Table 11.2 was evolved. This table
- givesonly the values of the minimum column to beam stiffness that is required .(with respect
to the DL/LL ratio and the L,/L, tatio) below which the pattermn loading will have any effect

=+ Slab§"which are identified as susceptible to the effects of paitern load'ing: nced to be checked

7 for incredsed value of the positive. span moment due to pattesn loading. It should be noted

that Table 11.2 is--g_pp]icable to afl types of slabs including. two-way slabs on’ beams.-

.- TABLE 112 VALUE OF Ay, FOR PATTERN LOADING
[Table 17 of IS 456 (2000)]

5= RL. | L L Valie of ac(m;,,)ifbp_- relative beam r{giéiiry =a
oMM k0 a5 10 200 40
20 05 0.50-2.0 0 0 0 0o o
SR 050 " 06 0 0 0 0
1.0 10 0.80 0.7 0 0 o o0
o 1.00 07 0.1 0 0 0
.25 08 0.4 0 0 0
. 2.00 12 0.5 0.2
0.5 - 02 0.50 13 03 0 0
: 0.80 1.5 0.5 0.2 0 0
1:00 0.6 0.6 0.2
1.25 1.9 1.0 0.5 0 0
_ , 2.00 49 L6 0.8 0.3 0
. 033 W0 0.50 1.8 05 . 01 0 0
0.80 2.0 0.9 0.3 0 0
1.00 23 0.9 04 0 0
) 125 2.8 i.5 08 .02, 0
200 - 13.0 2.6 1.2 0.5 - 03

[Nple: For flat" slabs and flat plates,:a = (, for which IS values are given.]

. The following are the d_eﬁniﬁons of the parameter listed in Table 11.2;

® a,-= Sum of stiffness of upper and lower columns K +K,
Sum of stiffness of beam and slabif any K, + K,

G B, - % (unfactored)

i) o= _{ of beam with slab attached
.1 of slab between' centres of adjacent panels

‘L

W) 2= aspect ratio
. [ I

[Note: Usually, the term stiffness or stiffness factor refers to ENL val |
Slexural rigidity refers to ET values.] g ' ° velves and the fem
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" “fable 11.2-gives the minimum value of “e, which will not produce an increase in positive

rfioment to more than 30% of the moment obtained with uniform loading of live load. If &, in
a particular case is less than ) given in the table, we can either.increase the column size
or, alternately, the positive moment calculated should be multiplied by a coefficient & > 1 given
by. the following equation (see ACI 318 Eq: 13.5): S g

: _5_; =(1+4—.!-ﬁ"][1_ac(min)) 7 . (117)

The smallest possible value of §, was 0.33, as in earlier ACI codes we were not allowed to use

DDM - with LL more than three times the DL. With this value, theorétically, the value of &, can
be as high-ag- 1.39. Tts usual value for buildings is only around 1.2. In the revised ACI code,
by specifying the direct design method restricted to cases where LE/DL ratio is not more than

-the more commonly occurring value. of 2, the effect of pattern loading can be omitted in the

design calculations for most of the practical cases (see Section 11.2.1). Alternatively, we can
use the above method to find gy, the minimum size of column for &, = 1. By adopting such
size of column there will be no effect due to pattcrn loading. :

11.8 TRANSVERSE DISTRIBUTION OF MOMENTS AND FACTORS AFFECTING
THE DISTRIBUTION :

Having distributed the moment M, longitudinally as positive moment in the span and negative
moments at the two-ends, the next problem is the apportioning of these negative and positive
moments._to the.column strips and middle strips of the respective sections. This is carried out

using Table 11.3.

TABLE 11.3 TRANSYERSE DISTRIBUTION IN TWO-WAY SLABS: ASSIGNMENT OF
' o MOMENTS TO COLUMN STRIPS (PERCENTAGES)

Monient to be Dipe of beams ayly 5 Ly/Ly
distribuied ’ t
distribute presen | 3 A 05 10 20
1. Positive moment (2) No internal beam 0 Nil 60 60 60
in all spans
[see Eq. (11.9)] {b) With internal beam 21 Nil 90 75 45
2. Negative moment (a) Ne internal beam 0 Nil 75 75
in interior spans
[see Eq. (11.10)] (b) With internal beam 21 Nil 90 75 45
" 3. Negative moment (2) No internal beamn
at exterior support No edge beam 0 0 100 100 100
[see Eq. (11.11}]
- (b) No internal beam [t] 2.5 75 75 75
With edge beam
(c) With internal beam :
" No edge beam zl -0 100 100 100
{d) With internal and '
cdge beams z1 >2.5 90 7545

Note: For flat slabs and flat plates, eqlo/L, = 0.
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Taking the case of two-way slabs, in general, the interior column strips may have
beams spanning between columns, and the end column strips may have spandrel edge beams.

The main factors that effect. the transverse distribution are the following four guantities
(see Table 11.3): ' :

1. 'The relation stiffness of: the beam in the column strips to that of the slab a,L,/L,.

2. The aspect ratio, i.e. ratio of width of slab o span of the slab Ly/L;. The same £,/L,
is to be used for interior and exterior frames (see Bxample 11.1).

3. The torsional resistance of the edge beam if the exterior span has.a beam = B

4. The type of wall in the case of the slab whose exterior end is supported on a wall (this
is explained in Section 11,11). : ) '

Let us examine the first three factors in more detail.

. 1. The term &,Ly/L, gives the relative stiffness of the beam in the column strip to that of
the slab as shown below:

When there is no beam in the colutan strip, its value is zero. But if there is a beam in the column
strip, it will be more stiff and it will attract more of the moment to that section. We can also
consider that if this factor is equal or greater than unity, the beams can be considered as rigid.
Hence aL,/L; = 1 is taken as a break point to define the nature of beams (rigid or flexible) in
two-way slabs. ; :

2. Lyl is aspect ratio. It is evident that larger the value of L, (width of slab) compared
to length L; (span length), the smaller will be the momnent shared by the.cohumn strip.

3. B, is torsional resistance of edge beam. If the exterior column has an edge beam (spandrel
beamy) running transversely to the span, then the negative moinent at the end will be distributed
to the middle strip also, whercas without such an edge beam, the whole negative moment at
this end will have to be taken by the -column strip only.

The magnitude of these effects depends on the value of B which can be defined as follows
(see Fig. 11.5): ' '

B “Torsional rigidity of edge beam _GCc -
‘F lexural rigidity of slab normal to the beam £, /, 21,

R el /L — i '

_{. - 4k /’-—\
i — VZ27 /’“é
f . >, I : e

45 -2 ’ % 7
) i)
Section X — X (End span) Plan

Fig. 1.5 Torsional rigidity of spandrel (or edge) bezams.
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where
G = E 2 | . . .
C= Tirsion:ﬁgidity of the beam together with a length of the slab acting with it
| . 3 | : . B
{1-063% | 22 . (118)
= ~063—| —¢, =y . . .
Tﬁe lz.u“gest.vollime bbtéil{cld by-;spliﬂing the beam into rectangles is taken as C, where
Lk
=73
L
I, =220
C 12

as L, is the lenéth of slab acting with the beam, i.e. span leng_th.of the beam. It shoulfl be clz)lelarly
noteii that if 8, = 2.5 the edge, the beam is considered as ngu!.-ln the formulae given below,
ifg,=25,it sixould be taken as equal to 2.5-only. After oblaining the above thr.ce pa;a?letiri;
the 'lateral,distribution factors can be read off from Table,; 1913 [{Vore,-.ﬂ;::c;;o(l;tl:;)]z : 1; 1; : Z b
i i its sides for calculation of f,is given in 2.
acting with T and L beams on its sides . f _ o b
i i - hever is smaller (Fig. 10.3). However,
four times the thickness of the slab or.(D — &}, whicl :
c(:llculation of torsion capacity of beams, ACI Clause 11.6.1.1 recommends this value to be 3h

or D — h, whichever is smaller.]

| 119 Ad GENERAL EQUATIONS FOR TRANSVERSE DISTRIBUTION OF MQMEQTS
TO COLUMN STRIPS*

Instead of using ‘Tabte 11.3, the following formulae involvling ;the three parameters described
above can also be used for obtaining the transverse distribution factors,

1. Percentage of positive moment to column strip

a, L; L, 119
=60 +30 =% 1.5———] : _
L ( - L :
2. Percentage of negative moment to column strip at interior supports
21l L - (11.10)
= 30——*[15~-—=
75+ L [ i, ] -
3. Percentage of negative moment to column strip at extenor‘ support
3 o ,
: ' 1.1
=100 - 105, + 125,252 (1—-L£J : (1.11)
' ] L

[As already pointed out in these equations, if the vaii}e of C_’flﬁz_fLi is greater thanzu;uty, it
should be limited to unity. Similarly, if ; is greater than 2.5, it should be llFuted t'c:1 1.3 .%.0%
[Note: In flat slabs with no heams, the values in the above three equations will b s

75%, and 100%, respectively as given in IS 456.]

*This section may be omitied on first reading.
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o ALLOCATION OF MOMENTS TO MIDDLE STRIPS

'-igtprbch;nr_c is ﬁl]ly explained in IS 456 Clause 31.5.5.4, some of them are discussed below:

" 1. At each section (at the middle and the ends of the slab), the balance of the moment, which
remains after distribution, to the column strip as explained in Sections (11.8) and (11.9), is assigned
to the half middle strips on either side of the column strips in proportion to their widths.

2. Each middle strip is to be designed to resist the sum of the moments assigned to its
two half middie strips, ' ’ ' ’

3. The full middle strip adjacent to an edge supported on a wall should be designed

4o Tesist twice the moment assigned to the first row of inhterior support as is explained in
. “Sgction 11.11. : o

1111 ANALYSIS OF EXTERIOR FRAME SUPPORTED ON A WALL.

' The following rules are to be used as guidelines when DDM is used for flat slabs whose exterior

end is supported on walls along the column lines, .

1. These walls are to be considered as very stiff beams. .
2. The torsional resistance of such beams is to be taken as zero for masonry walls and

“as 2.5 (fully rigid) for R.C. walls.

3. With beams of large moment of inertia, the column strip cannot deflect and no distribution

- of moments can ocour to the middle strip. ACI 318 recommends that in such cases the half

.. middle strip of exterior frames are to be designed for the same moment per unit length as

- the half middle strip corresponding to the adjacent interior frame (IS 456 Clause- 31.5.5.4).
Usnally the exterior columi strip will need only the minimum steel prescribed for slabs for
temperature and shrinkage.

11.12 TREATMENT OF UNEQUAL MOMENTS IN ADJACENT SPANS

Since redistribution of moments js allowed only in the case of theoretical analysis by equivalent .

frame method (EFM) with unequal negative moments occurring in adjacent panels when
using DDM, the larger of the two moments should be used for design of that section (IS 456
Clause 31.4.3.5). This applies to the negative moments of the column and middle strips.
However, with theoretical analysis (using EFM), the unbalanced moment is allowed to be
distributed to the-slab and column (preferably by using the equivalent column stiffness dealt
with in Section 13.3.4).

11.13 DESIGN LOADS ON THE BEAMS*

Beams in the column strip can be considered as rigid or flexible depending on the relative
stiffness ayLo/Ly. If this value is unity, the beams ‘can be considered as rigid and it takes care
of 85% of the moment in the column strip. If its value is zero, no toment is transferred to beams.
If ayl,/Ly < 1, the beams are considered as flexible and the moment carried will be in proportion
to its relative stiffness value as shown in Table 11.4. :

*This section may be omitted on first reading.
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TABLE 1.4 DISTRIBUTION OF MOMENTS TAKEN BY BEAMS
_* IN TWO-WAY SLABS ON BEAM .

. aLJL.,_ . Moment frc;m colurn: strip 16 beam (%)
o 0
21 S B

 The same concept can be used to detérmine the shear of the beams. If Lo/l = 1, the’
beam can be considered as rigid and the load it will take is assigned by the 45 degree
distribution as in the case of ordinary two-way slabs on beams, This lozd is carried by the
beanis and transmitted to the columin, If ailo/Ly = 0, then all the 1oads are directly conveyed
by the slab to the column by flat slab action, For intermediate values of e, Li/L;, the load is
partly carried by the beam to the columns and the balance is carried directly by the siab to the
column. In addition to these loads from the slab, the beam has to carry all the loads that are
directly placed on the beam such as walls built on the beam. The shear in the beams is

calculated by using the above loads acting on the slab.

11.14 DESIGN OF REINFORCEMENTS

For design, first of all we have to consider the critical section for moments, This is dealt with in

‘Section 13.6. In general, they need not be considered along the centre line of the support but

the critical sections are taken at some point towards the span as shown in Figs. 11.6 and 13.5.

7 B
%i///aé /<<\ >

| 089D, h \}/
X X x

Fig. 11.6 Equivalent square sections for columns of non-rectangular sections.

11.14.1 Breadth and Effective Debth for Design of Steel in Column Strip

The usual practice for determining the width and depth of the column strips is as follows:

1. In flat slabs with drops, the British practice is to assume that the width of the column
strip is equal to that of the ‘drop panel. Drops are ignored if their smaller dimension is less
than one-third the smaller dimension of the panel. In other types of slabs such as flat plates,
the width of column strip is taken as one-half of the lesser span lengths. :
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2, The e'fféctive-dépih for design for negative moment at the drop should be smaller than
the following two values:
() The actual -depth of the drop or slab.

(ii) A depth = & + (x/4), where & is the thickness of the slab and x is the distance
from edge of drop to edge of column or column capital (see Section 10,5 and Fig. 10.2) in
the case of slabs V_With drops.

3. As larger spans have larger moments, the steel in the larger direction should be placed

- below -the. steel in the: smaller.direction .in the positive moment section, In the negative

moment section at supports, this should be suitably modified. Alternately, 3 mean affective
depth can be used for design. :

- 4.-We should also take care of empirical requirements with respect to spacing and size of
steel for crack control as in alf reinforced concrete slabs.

[Note: In practice, the slabs are underreinforced and the area of steel required will be only about
0.38% for Fe 415 steel. The minimum steel for shrinkage and temperature is 0.2% (ACI). The
spacing of steel should not exceed twice the slab thickness IS 456 Clause 31.7.1.]

11.15- MOMENTS IN COLUMNS IN DDM
DDM ACI 318 Section 11.2 permits the following conservative and approximate method to be
used o obtain the moments in the columns. As moment transfer is very critical for exterior and

commer columns, we should use conservative values for these moments as shown in Fig. 11.7.

Lt R4

" Wp ’ WD+_;'WL WD+%%

U Lyt p|— L—»

s L, —— 8]

ot |

. (@) &
Fig. 11.7 Moments in columns by direct design method: (a) Interior support; and (b) exterlor
suppsrt. -

11.15.1 Moments In Internal Columns

‘We assume that 65% of the static simply supported bending moment obtained by loading the

larger span with [DL + (LL/2)] and loading the shorter span by DL only is transmitted to the
column junction as negative moments. We make & further assumption that 7/8th of this
moment is transferred to the columns (top and bottom columns) and the rest to the slab
through the column strip. Based on these assumptions, the following formulae can be obtained:
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According to ACI the unbalanced moment at the e

o an =22 (wp+05w, )Ly Loy ‘Wolfz!-%z]
8 (1112)

M =%AM = 0.07 [(w,,+ 05w )L, L2, - wp, Lsz;z] -

tau 5.2 gives ; i ith factor 0.08.
IS 456 Clause 31.4.5.2 gives a formula for this moment wit! . ' L
The value of M, is shared by the columhs above and.below in proportion to thel‘r stiffness.
When the spans are equal, Ly = Ly = L,, and if the columns are also of equal stiffness, we

get the following moment in each column:

0.035

M= WL, (11.13)

IS 456 Clause 31.4.5.2 gives a more refined method for column moments.

11.15.2 Moiments in External Columns

Evé¢n though ACI does not give any guidance in this case we can get a conservative estimate
by assuming that one of the spans does not exist to balance the moment of the other. Hence

AM%O.OT[WD+W—2“]L2L3, o QST

11.16 MOMENT AND SHEAR TRANSFER FROM SLAB TO COLUMNS* o '

nd of the spans is transferred to the
i lumn of width equal to the column

colurnns through a narrow width of slab around the co . :

width ¢, plus 1.5 times the thickness & of the slab or drop panel on either S|.de of the colun}n

as shown in Fig. 11.8(a). (ACI 318 Clause 13.3.3.2). The strengfh capacity of the slab in

‘/ Edge of column
. . h — I
Yo
/ A iz wsy
_ ]

/B

i
. i wip!l—4 ey
— 5 —> ' §__——-|————~' 1 lDesug,n srl.pI
¢ : 1, iColumn strip
1 -
|

le— b, —»

1/2 MS

B
»

b

Flg. 11.8(2) Breadth of effective moment transfer strip involved in transfer of unbalanced
moment JACI 318].
d and in many cases additional steel may be provided for

i idering shear produced due to moment
fe transfer. It should also be noted that when consi
::ansfer {torsion) as explained in Section 12.7. The shear should be based on the actual moment_

capacity, including this additional steel of the slab around the column.

this transfer zone should be checke

*¥This section may be omitted on first reading.
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11.16.1 Design of Edge Panels for Moment Transfer*

BS 8110 Clause 3.7.4.2 [4] is very specific in its recommendations for désign of moment transfer
between slab and columns at edges ard corners as the width of column strip available for this
transfer at these locations can be considerably narrower and less confined than those available
at the infernal columns. Some of the typical cases are. shown in Fig. 11.8(b) and in no case this
transfer zone should be wider than the column strip. We check the capacity by the following
formula.

Mignazy = 015/ b d” -

L *';_
where Y ——

d = Effective depth of the top reinforcement in the slab -
b, = Width of the slab as shown in Fig. 11.8 '

. 7. o)

2] T —Hx

4—_
«— b—» sl B, j—
=cz+ ey =eyhy

Fig. 11.8(b) Breadth of effective moment transfer strip [BS 8110].

Hence the reinforcements in the column strip will consist of the foilowing:

() The uniformly distributed reinforcement in the strip for the negative moment in the strip.

(i) Additional steel provided in the narrow strip specified for the transfer of unbalanced
moment equal to kM, given in Eq. (12.6). The moment capacity of this narrow strip in no case
should be less than 50% of the total negative moment of the columa strip. If it is less, the
structural arrangement should be suitably modified (BS CL 3.7.4.2).

.11.16.2 .Limitatlon of Moment Transfer*

Normally the column moment should not be more than M.y as described in Section 11.16.1.
If by exact analysis (EFM), the theoretical moment in external column is more than M.y, We
proceed as follows:

1. Tn slabs without edge beam, we have to limit the moment in the column strip to My
and transfer the balance as positive moment to the span. '
2. We can provide an edge beam or extension of the slab beyond the centre line of

" ¢olumns to take care of additional moment.

3. We can specially reinforce the moment transfer strip by additional stecl to transfer the
larger moment to the columna,

*This section may be omitted on first reading.

e
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11.17 DETAILING OF STEEL IN FLAT SLABS

Detailing of flat slabs can ‘o(;_carried in two ways, viz., by using bent bars a_nd by using straight;
bars. . ' R - PR
The recommiended detailing by straight bars is:shown in Figs. 11.9 and 1 1 10, .I_)lctallmg by _
bent bars can be obtained from IS 456 (2000) Fig.16: Coﬁsidcrable econiomy in p.lacmg of steel’,

“Column Strip ¢ G
. —p

P

] 172 Column_strip

-+ >

NN
le_076) 4, ll“'_ @, |, (1/6) A,

I
"I

. .
Fig: 13.9 Detailing of sieel in column strip.

can be achieved if no bent bars are used and the negative steel is placed as preformed mats
[5]. It should be specially pointed out that, according to revised AC1 318 (1989) code C%ausc
13.4.8.5, it is mandatory to place at least two of the bottom bars in the column strip as
continuous reinforcement properly spliced in each direction within the column core and properly
anchored to the exterior supports. They are called “Integrity Bars’. They give residual strength
in punching shear failure. Punching shear produces cracking at the top of the slab, where
negative moment steel is also provided. This will leave only concrete at the bottom of the slab
to resist shear. Hence this detailing is very important in flat slabs. We should also note that
when adjacent spans are unequal, the extension of negative steel beyond the face of support
should be based on the longer span. The method of detailing of steel in the column strip 18
shown in Fig. 11.10. In the middle strip the steel can be distributed uniformly. The spacing of
bars in flat slab shall not exceed two times the slab thickness (IS C1. 31.7.1).

11.18 DESIGN OF TWO-WAY SLABS '

The procedure for design of two-way slabs by DDM can be summarised in Table 11.5.
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i i = _ .
' o ' AR : o _ TABLE 115 STEPS FOR DESIGN OF TWO-WAY SLABS
Step (A) Slabs without internal beams, - | (B) Slabs on rigid beams or stiffened sfr.':'ps
-g el = 1 | -Check applicability of DDM. .. | “As in AL
B il i s =, — — . . 2 8 ) N P . : o n ’ “I
& R e -t -1 & & 2 Select dépth from () deflection Select depth from (4) deflection (b)
: Q g i 2 = |. (b) punching $hear. Incredse depth - one-way shear.
N o S| slightly for moment transfer.
. . I o o ) . _ 1 -
11 : ;‘E’ . < = 3 - Divide slab into frames in the E-W and © | As in'A.
™ ‘ Qi
I e _‘E §;;\' ‘ . N-§ directions. .
- 1 8 E = N - 5 ) 4 | Take interior frames in the E-W direction. | As in A.
j 2 2= S‘: g M o Find M, = wi,L2/8 and
: i £ b N a. 2 £ "L, = distance column to column faces.
' E - Y 8 ) 5 Find end conditions and assign positive’ As in A.
Z = s =} - b ‘
. A T '\\3 E: N and negative moments using Table 11.1.
N 5" 7] - . : :
ﬁJ E §- z 6 | Distribute the moments in step 5 to (i} As in A to column and middle strips
N s column strips from Table 11.3 or (i) Assign moments in the column strips
N 8 g P
'TF § ! - = Eqs. (11.9-(11.11) and the rest - to beam using Table 11.4 and the balance
wl] oo Y ‘I ry 2 y - moments to middle strips. -to the slab.
IR, A N A W R P RN | _____"___J o 9] - : )
" = ‘ ey o & 7 | Take. exterior fiames in the E-W As in A steps 4-G,
£ v = \ S ane ! .
5 -- T Sad Rk ol otE] ST J4.o.= J_f_\::— - §- o d:rectlon.:-Re;seat steps 4-6. Assign
Elode_ L _lAsSl_ 1&g .| e = . « also moments to edge beams.
. i = b | alndier S Sanlinalianl padianll afianiiniell 3iiand [ ] i -
] e = ol |? S o g 8 | Take interior frames in the N-S dircction. | As in A steps 4-6.
] ¥ N -
¥ |8 7 - = - Repeat steps 4-6. Find
R w ]
g & : = My = wi L% /8
<@
o E s . : oo 9 | Take exterior frames in the N-S As in A'steps 4-6.
§ i 2 = = direction and repeat steps 4-6.
o = i.g g Assign moments to edge beam.
: o a . . . . ;
T o 10 Design and detail slab for reinforcement. Design beams for bending and shear.
o . |4
3 / » = Design slab reinforcement for the slab
= E ) 21 W = moments,
- . - o .
- A - 12 =| 3 = 11 | Check the slab capacity for moment
5 °I transfer by flexure and eccentric shear
R - e nle --F el 1 3 T U (Sections 11.15.3 and 11.16). .
1 A I R Y A I Bl =1~ e ahadt e B ‘ 12 | Design edge beams for bending, shear
- ; L1 o
%) % S <| = = = £ ,’ and torsion.
P —t- L. - ! g E ; 13 | Irregular slabs to be designed by the _
olieao] doy, wonog dog, wonog e ! equivalent frame method. lrregular stabs can be designed by the
L coefficient methods IS 456 Clauses 23.2 ~
ding dus uwinjop " duis a1ppiy 234,
. - )
!
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CONCLUSION
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TABLE 1. Dimensions of X and Y ‘Frames. (in metres)

Al types of -rcgulér'tiﬁo-way slabs (with rigid or flexible beams) which safisfy the limitatib Fig. 11.1 N Tiem © X frames Y frames
prescribed in Section 11.2 can be designed by DDM. Twe-way slabs which are ot fégal Fig. 11.2 ” B X, X, __nh . 'h
are designed by equivalent frame method (EFM). Two-way slabs which are not regular ' ' N
which aré on rigid beams can be conveniently analyzed by the coefficient method giv‘ei; i -1 ] etoespn 70 ' . 10 L 6.0 ‘ 6.0
IS 456 {2000) Annexure D. - AL~ 2 Clear span (L) 7+ 136 7-9075. 6= 136 6-075
The axial loads in columns are caleulated by conventional analysis. An approx , - =564 = 25 =464 = 5.25
mate method giving conservative valees for the moments in the columns is presente 3 Widih of 3+ (7572) 3.5 + (7512}
Section 11.15. _ . _ ¥ spn (L) 60 . =337 70, =38715
The moment transfer from slab to external columns and also the moment transfe A - . . L ol o o s/ 1 75 + (7502
pattern loading in internal columns takes place through the specified narrow strip l;;sl'a_b Sec 11141 4 :{;dth(;g)w . 25 1.2?—_41- égs ) 3.0 s 2({25 !
. around the columns as described in Section 1116, These zones should be properly i P AT o
‘ for the good performance of flat slabs and flat plates. - 5 Width of midstrip 3.3 175 40 - LB
g ' Sec. 11.8 6 Lyl 086 _  0.86 1.17 1.17
EXAMPLE 11.1 (Direct design method of a flat slab) \ A . : -
A flat slab on a series of columns with column heads has the following dimensions; .z A Analyze the interior X frame (Ly =7 m and Ly = 6 m)
Column spacings 7 m X 6 m in X and Y dircctions, respectively; thickness of main sla wi.zl? o s
180 mm; size of drop 3 m x 2.5 m in the interior; total thickness of drop 260 mm; in etfé 0= g n
. column 750 m; column head diameter 1.53 m; exterior column 750 mm square with- ed]
" ‘beam; edge beam 750 x 900 mm; storey height 3.3 m; factored dead and live loads—7:kNUE 123 6(5.64% ~286.3 KN
and 5 kN/m?, respectively. : : i 8 =280 _
. * Analyze an interior frame in X direction by DDM and determine the design moments:b e - ' '
| ACI and IS 456 methods (sec Fig. 13.8). i Note: We will distribute .the moments first by ACI method and then
Y by IS 456. - .
: 5 part 1 Determine distribution factors by ACI method .
Reference - Step Calculations
Sec. 11.6 5.3 Find longitudinal distribution Sor flat slab with edge beam
Ch. (10} 1 Check preliminary dimensions 1. Interior spans :
Sec. 11.7 . Equivalent square column head of 1.53 diameter (Same-as in 18 456)
b« 0.89 x 1.53 = 136 m Support ~ve = 0.65; Span +ve = 035 .
15 456 2 Check applicability of DDM 2. End spans (ﬂa:.sfab with edge beams)
Clause 31.4 Minimum three spans—O.K. Table 11.1 Interior —ve = 0.70; Span +ve = 0.50; Exterior —ve = 0.30
L L i h !
Aspect ratio _I;_ < 200K, (IS 456 mses foermulae to arrive at these va ues)
Section 11.8 5.2 | Find transverse distribution Sactors {ACI)
Differences in spans are nil-—O.K. :
o Here we use Table 11.3 or Eqgs. (11.9) - (1111}
Column offset-—nil
1. Interior span
LL/DL ratio is less than 2 @ ) ( 5% ) 25% to, mid
) a) Support moment (negative): % to column strip; 25% to mid-
3 Divide the slab with frame in X and Y divections and obtain -tk strip PP B
dil i d
imensions of X and ¥ frames (b) Span moments (positive): 60% column strip; 40% mid-strip
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TABLE 1 Dimenslon_s of X and ¥ Frames (in metres) (cont.)
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Reference " Step Calewlations

TABLE 1 Dimensions of X and Y Frames (in metres), (con.t.) .

2. End spans

End span has an edge beam, the distribution depends on the following
factors fas given in Table 11.3 or Eqs. (11.9) - (1L.11)].

Sec. 11.8 1. Stiffness of column strip a = 0 for flat stab
6 .
2. Aspect ratio %=:’-=9.86
o
3. A, of edge beam = 2_1;

y 3
Edge beam 900 x 750 with slab 180 x 720 amached
x =075 p» =090

3
where ¢ = 2(1_ 96&) XY \

xn =0.18, y =072
C = 0.60 m*

L 6x(0.18° .
I =

==L S 00029 mt
12 12 0?09111

=006
" 220.0029
Use value 2.5 only.

=103>25

Table 11.3 Summarise transverse distribution factors of end-span

I. Interior support
Negative moment: 75% to colunmn strip; 25% to mid-strip
Span positive moment 60% to column strip; 40% to mid-strip

+ 2. Exterior support (negative moment) (with edge beany) 75% to
column strip; 25% to mid-strip

6 Part 2 Determine the distribution facters by IS 456 method
We will first make the longitudinal and then the tronsverse distribution.
6.1 Find longitedinal distribution

Sec. 11.6 Interior span (same as in ACT)
Support (-ve} = 0.65;

Span (+ ve)} = 0.35

Reference

Step

Calculations

18 456
Sec, 31433

IS 456
Clause 31.3.5

Step 6.1

6.2

End spans 7 _ N .7
End-span distribution depends on @, as givei below.

ZKC

&, = {omitting 4E)

5

. . ’ 3

k= de - U _ 20605107 mun®
€L, 12x%3300

T K, that of column above and below

3

!
Taking 1, =—-—-[;22 , we get

1. 6000(180)°
K o=t (180)

=25 =416.6 x 10* mm®
ST L 12x7000

Ratio of flexural stiffness of exterior columns to flexura) stiffness of

" slab in the direction of moments

. 2XT990
_2XT0 354
="

1 _
Distribution factor = W)’ = 0975 =R

Distribution factors are

Interior —ve = 0.75 — 0.1 = 0.65

Span +ve = 06.3 — 0.28R = 0.36

Exterior ~ve =0.65R = 0.63 _

Find transverse distribution factors in end span in [lat slabs (IS 436)
Interior —ve: 75% to column strip; 25% to mid-strip

Span #ve: 60% to column strip; 40% to niid-strip

Exterior —ve: 100% to colummn strip

| ible beams between columns in
The presence of edge beam as flexible ea i ol i
i(nteric?r spans‘can not be taken care of by information available in
IS 456. Such designs can be made by AC_l method.)

Determine final distribution of moments

M, = 286.3 KNm
0.65 M, = 186.1 kKNm
0.35 M, = 100.2 kKNm (similarly other values can be found)

E——— )
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ansverse directions of momeiits (summary) .

Types of, - Longitudinal.

: Factors  Transveise’ direction
monients; direction ; .

Factor Moment 7 CS* MS’“’

Step 5.1(2)

Eq. (11.13)

‘ -~t'0-75—+'l39-f6..'
0.65 1861 | - oo

> 0.60—> 60.0 - -

035 100.2 S .
DAL o 040—————s 402
End span-analysis (AChH L o . L

o — 0.75—> 1503,
Interior . 0.70 200.4 ‘

(—ve). o bt ), 25— 50.]
Span —» 0.60—> B85.8
(+ve) 050 143.0
o L 040—————p 572
. Exterior —p 0.75 — 644
(~ve) 030 85.9 -
. : v | 025, 215

End span ‘::malysis (IS 456) .

interior —— 0.75— 1396
{~ve) 0.65 '186.1
— 0.25———-e——— " 46.5

Span —* 0.60—* 61.9
{+ve) 0.36 103.1

. : —* 04— 41.2
Exterior '
(—-ve) 0.63 180.4 —* 100 —> 1804

) » 0.25 o d65

*CS = column strip

- *%MS = 2 half middle strips together
- Estimate the design moment in the external columns

M = 0.035 (wy+ 0.5w)L,L,? = 0.035(9.5)(6)(5.64)

= 63.5 kNm

Estimate design moment in the internal column
M’ = 0.035 (0.5wLL,2 = 0.035(2.5X6)(5.64)
= 16.7 kNm

(Note: Analysis of internal frames in the ¥ direction (¥, frames) can
be made as shown above for X, frame. X; and ¥; frames with beams
along the span are analyzed by the method shown in Example 11.4.
In the corner column, the effects of bending in X and ¥ directions
should be considered.}
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EXAMPLE 11.2 . (Parameters in two-way siab design).

Define the following quantities arid explain their significance in direct
. way slabs including flat slabs: S

design niethod of two-

Cay e (L/Ly): (@) (La/Ly)s B and e

Irem

. Description .

g

Eq. (11.8)

- Value of ¢ (beam-to-slab stiffhess for'_l.,: Beam) o :
_Let us take a two-way slab with beams between columns. Consider bending along
"span L, (with the width of the slab L2) o o

‘:The relative stiffness of the beams in the l_'.", direction with that of theslab in the same

direction will be given by the following equations:

' f, = KbD? (with the attached slab)

s .
I, = %— (width of slab being Ly)

The ratios of their stiffness ENL, will be given by I/l, = &

Value of a,(Ly/L;) (for transverse distribution)

Let us consider the slab with beamns. When we deal with the transverse distribution

of moments between the column strip and the middle strip, the column strip will take
more moments if there is a beam in that strip. The value will depend on the relative
stiffness of the beam in the £, direction and on stab in the L, direction.

Ll _al,
L, L
where I, = L2

A value equal to unity for this relative stiffness is used as the break point value; so
in Bqs. (11.9)-(11.11), if alyL, is greater than 1, it is taken as 1 only.

‘Thus the factor @L./L, gives the rigidity of the beam. 1f it is unity, 85% of the moment

" in the column strip is taken by the beam. When it is zero, the full -moment is taken

by the slab. For intermediate values, proportionate distribution is assumed.
Value of (@/ e )LL)

2
aly/L _ o [g ]
alil, @ \L)’ ,
1t is the ratio of the two values in L, and L, directions. For direct design of two-way
slabs, its value should be between 0.5 and 2.0.

Value of B, = Ci2l,

This is the tatio of the torsion stiffness of spandrel beam to the bending. stiffness of
the slab. When we consider the end spans of frames which have edge beams, the
torsional stiffiess of the edge beam is a factor to be considered in the transverse {as
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; . )
‘! ) Item Description .- Rejbrencé Step Calculations
' well as longitudinal) distribution of moments, The torsional stiffiiess C includes the _ — B 525 k165
. portion attached with the beam also {smaller of (D - ) and 4¢ on each side]. Bending A dix A =le=—=14, TR 0.69
d in the L, direction is the edge beam being in the L; direction. ppendix b 3?5 . . .
. L . ) )
g } PREPTAPIRER S W Chd ) 2 V)1 ) BRIV
X g S G P )
12
. N y - - . . - 0 y 3
This val_ue of B is substituted to give the distribution of moments in Egs. (11.9) — I =--1_‘l.?é.f-..:"."‘ﬂ‘!(_)._-.5.|5><]08 mm units
(1L.11) in ACI method for transveise distribution}. As shown in Eq. (11.11), in a fiat b Co12
slab, the presence of an edge beam will reduce the column strip moment by a factor )
‘depending on g, Sec. 10.7.2 2 Caloulate a = I/I; of the system
H ] - . ! 3
The break point value of g, is taken as 2.5. For any value farger than 2.5, we put 2.5 I =_L£=M =17.98x10® mm units
only in Eq. (11.11). For span 6 m, f:=77=""12
5 Example ¢, and e, a =_‘,’,{:_=__5']5 =0.29
When using ACI modified stiffness method the fongitudinal distribution of moments in -1, 1798 3
two-way slab in the end spans is calculated from equations containing the term ‘ = 60_.00(]65) =22.46x10*
- Fig. 11.4 For span 4.8 m, I, = 12 :
LK., . i
o = 515 ,
* I(K, +K,) j G2 = 2246 023 . : o
involving stiffness of equivalent colutn, stiffiiess of stab, and stiffness of beam. : ‘Both values are less than 1 and hence the beams have 10 be consuder(l:d
However in IS 456, the-*equivalent column’ concept of ACI and the existence of the ‘ as flexible.
edge beam are neglscted and the above expression becomes ! C o
' : ' 3 Calculate relative stiffness of beams
K i '
o = 52e 2 2 .
o2t | _Rs,ﬂ(% 0548V oy
i ’ 0.234 6.
It is to be noted that the present ACI code replaces the equations with Table 11.3. ; a\h
This makes the direct design method very simple and truly empirical, This value is between 0.2 and 5.
. 4 Check applicability of DDM .
P . i .0; differences in spans,
EXAMPLE 11.3  [Design of two-way slabs with stiffened ribs (flexible beams)] . Sec. 11.2 Minimum three SP““fS:: ASP":‘]’T ’La,f}"Df ﬁﬁ:i: ;25?;55' ﬂfa: 2 (assunI:ed);
A floor consists of a series of spans with 165'mm thick slab on a grid of columns 375 x 375 5 nil (OK.); °°h;:§'s 2:;;'5:: 'relative stiffincss is between 0.2 ang 5.
comprisis mm? spaced 6.x 4.8 m in the .X and Y directions, The slabs are stiffened by shallow For two-way s. ) T ' ¥
beams (75 mm deep below the slab and 375 mm wide) between the columns. Analyze the slab Hence DDM is- applicable. -
by direct design method and estimate the load that the heams have to carry. Assume a factored 5 Take internal frame of span 6 m for analysis
. total design load of 10 kN/m?. ' ‘
=029, 22 =438/6=08; % =023 (for long beam)
Reference Step Calculations R L L ' 23
Sec. 10.7.2 For span in the 4.8 m direction, &, = 0.23
V- Caleulate I of beams below slab Corresponding %: 4_68= 1.25
Fig. 10.4 b=375, B=375+ 2(75) =525 mm
, ' ol g
k=165; H =165+75 =240 mm | 7. 5=029  for chort beam




Eq. (11.10)

Sec. 11.13

1 Sec. 11.13
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Srép

Caleulations

12

13

Derern;ine the longitudinal distribution of moments

Imerror span

Suppon (—ve) = 0.65, Span’ (+ve) = 035
End- span As in Example 11.1.

Cait'u!are the transverse drsmburmn of moments by formulae _
Determine distribution of negative moument (span L ) o cohmm strrp

="=.75+30—‘51-L_l[!.o—ﬁ] '
L)

=75+30(0.23)(0.2) = 76.3% (say 76)
‘To mlddle strip (2 half strips) = 100 ~ 76 = 24%

Determine the distribution of positive moment
To column strip, balance= 60 + 30¢, —= L, [l S— J
Ly L,
= 60 + 30 (0.23)(0. 7)
= 64.8% (say 65%)
To mlddle strip (balance) = 35%

Deteimine the portion taken by beam from column strip moments

With zx.%:] , portion taken by beam = 85%

Portion takén when a'%=0'23

= 0.85 % 0.23 = 0.19, ie. 19%
Balanee taken by slab = 81%
. Calewlate the simply supported bending moment M,

.szL!2
8
L,=6—0.375=5625m

My=

2
g =10 4.8;5.625) 190 KNm

Diswribute moment as shown in Table 2
Negative moment (support) = 0.65 % 190 = 124 kNm
Positive moment (span) = 0.35 x 190 = 66 kNm
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11

Reference_" Steﬁ = Calculations S s
' TABLE 1
- ) Column sirip
| Bpe of moment  Total moment  M.5. - :
. _ Total - Slab Beam -
ve at support - 124 3 94 7% 18
_ . - (0.65) (0.24) (0.76) (0.81) (0.19)
+ve in .66 23 4 35 8
span U (035) (0.35) (0.65) - (0.81) (0.19)
10 ‘Determine the load taken by beam for shear desi,_gn
Load taken by beam if the beams were rigid is first calculated
- Since km—S==125 -
- 48
Chapter 8 Per cent load on each short beam =-?I:5- = ]2255 20
@
_Eq. (8.2) Load taken by rigid short beams of @ slab of 6 m x 4.8 m
= 020 % 10 x 6 x 4.8 = 57.6 kN
Per cent load on each long beams = 30
Hence, thé_ load taken by rigid long beams of slab
=030 % 10 x 6 x 4.8 = 86.4 kN
Per cent load taken is 85, if oqLofLy = 1
Step 5 When aLy/L; = 0.23 (long heam},

Load taken = 86.4 % 0.85 x 0.23 = 16.9 kN

When ayLy/L, = 0.29 (shost beam),

. Load taken = 57.6 x 0.85 x 0.29 = 14.2 kN

Determine the width af column and middle strips for design

We should note that in flat plates and two-way slabs the width of
column strip is equal to one-half the shorter span.

. 4.8
One-half the shorter span = T=2-‘3m

Width of column strip in X; and Y| frames = 2.4 m

. The balance of the width of slab is taken as the middle strip.
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Step

Ca!cu.latians

* Reference

S!‘ep e

" Caletlations -

TABLE 2. The Properties of Frames (Example 11.3)

Mo e Hofromes Y1 frames
1. - L.Gospan 6.0 4.8

2 Width of frame 48 6.0
3 Width of column strip 24 24

4 With of middle strip 24 36

EXAMPLE 114 (Design of flat slab) _

A flat slab floor has panels of 6.6 X 5.4 m in X and Y directions between centres of columns
which are 450 X 450 mm in size. It has an edge beam all around the periphery of 250 x 500
mm which carries an exterior-wall of weight 6 kN/m. The slab thickness is 150 mm and the

characteristic live load it has to carry is 5.25 kN/m®. The height of each storey is 3 m.
&

1. Analyze extecrior frame in 6.6 m direction and determine: the. distribution of moments.

2. Determine the maximum torsional moment produced in the edge beam.

3. Check whether the moment can be transferred to column without transferring it on

edge beam.
EXAMPLE 114
Reference Step Calculations
Part 1 *Ana.lysis'of exterior frame
Fig. 11.2(b) B Dimensions of exterior frame

54 045
L ='_"2—+—2—=2-925 for My (to outer edge of beam)

L, = 5.4 (for other calgulations)
L, = 6.6 (for interior span)

: L,=6.6-9-'gi=6.375m

Dead load = 0.15 x 25 = 3.75 kN/m®
Live load = 5.25 kN/m?
Total factored load w = 1.5(3.75 + 5.25) = 13.5 kN/m’

Reference

Step |

Eq. (11.2)

Eq. (11.8)

 Defermine lotal static moment {0 des

ign by DDM which is appficab!e
o WLzbnz R
=g .
L,= 6375 mv(begweeri supports)
13.5% 2.925.(6.375)?
0= et 8 -
| =2006 KNm
Calculate stiffness of edge beam (span in X direction)

« of edge beam [/, (assume K of beam for M.L = 1.5)

Iy = 1.56d° = L5x 250; 500 =3.90107> m units
- 12 -1 :

L (2.925)‘(0.150)3

ARV 12
=8.22x107% m units
I, 390

Ao 3304
=7, 7082 -

-Find the torsional resistance ratio- of edge beam

.
' X y y &
Torsionat canstant C = poA —-;—’(1 ~0,63 —y—)

2505500} [, _ _2_52]
== - .-,1 0.63x 500

(150°(350) . o 63 1_53)
+—-—-——-7 1 1 0.63x350
(1784029 X107 =207x10 munits

.c 0T e s ‘
oL = =126 (is <25
B 21, - 2x0.82 ( )

Deiermine unfactored DL/LL ratio

DL
ﬁa=ﬁ=‘<2

(Hence pattern loading need not be considercd}

I I
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Reference Step . - C_alcu!ai‘ii};ns '
& i List !afera! tﬁsfﬁbuﬁon ﬂzcto'rs (for L, = 6.6 m)
| ir'—2-.—7—--082(use the full L,)
L6
- 5.4 :
74 %— = 4.75 GE =3.89> 1.0 (use 1.0)
B -—1 26(1655 than 25)
7 ‘ Fmd Ionguudinal d:sfr:bu!mn of moments by Table I1. Z
(see also Table in step 9) -
-8 Calculate the transverse distribution factors to column strips by
Table 11.1
L : _ al, (1, L
+ ve (spans) =60+—* (1.5~
Egs. (11.9)-(11.11) h h
=60+30 (i) {1.5-0.82) = 80.4%
. —ve interior supports =754+ —2% aLz[ h)
4 4
- =75+30(1) (1-082)=804%
—ve (exterior supports) =100-105; +—!M[l _._.L.z.)
o L L
=100-(10x1.26) +
(12 x1.26)(1.0)(1 -- 0.82)
= 90.1 {check from Table 11.1)

Tabulate the disiribution of moments in end frame {KNm) in long-spatt

dirvection
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Reference Step ,Ca!i:ula.rion.s__ o
" TABLE 1 Distribution of Moments of Exterior Frame
. Longitudinal Transverse: strip
Location A— . i "
. ety Morent Factor - 1/2 T M2
‘ Factor Moren (%)  column  middle
"M, = 200.6 KNm .
Interior span > 80,4 ——» 104.8
-Zve (supports} 0.65 1304 l :
Lo o 19.6 ——————> 25.6
>804—> 564
Step 7 +ve (span) 0.33 70.2 : : :
19.6 — » 138
End span (flat slab with edge beaﬁs)
Table 11.1 —ve (interior 80.4-—»112.9
and support) 0.70 1404 .
step 8 above 19.6 ————» 27.5
: ‘ 80.4 —» 80.6
+ve {span) 0.50 1003 . -
- 19.6 ———— > 197
—ve (exterior — 90.1 —» 54.3
support) 0.30 60.2 |
9,9 ——— 59
10 Determine the moments to be carried by edge beam

al/L, > 1.0
Hence edge beam taken 85% of moments
The distribution can be tabulated as in the following table

TABLE 2. Distribution of column strip moments
to beams and slabs

Distribution of moments (kNm)

Total Beam Stab

Interior spans
—+ 85.0

—ve support {C) 104.8

153
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Reuférence Stép Calculations
. Distribution of monients (kNm)
Lecation i
Total Beam Slab
. —* 48.0.
+ ve span : . 56.4 .
- 84
End span
o : —— 96.0
~ve interior supporte €55 T Mz2e. |-
- 6.9
: . ——+ 685
+ve span 806
——— 2.1
. U — 461
—ve exterior support (4) 54.3
. —— 8.2
1t Find the moments in beam due to the wall load
Design load = 6 kN/n
Self weight = (.25 % 0.5 x 25 = 3.2 kN/m
Total factored load = 1.5 x 9.2 = 13.8 kN/m
Use moment coefficients
Fig. 112 (a) End w2 13.8 (6.6)2
e support (A}=_IE—=T =37.6 kN/m (~ve)
, : wi?
(b) Middle of end span =1—2—= 50.0 KN/m (-+ve)
2
{c)} Suppott next to end (B) = -‘—:% =60.1 kNm (—ve)
2
(d) Middle of interior span =%"2- = 25.0 kNin (+ve)
. wi? :
{e) Interior supporis (C) = T 50.0 kNm (— ve)
12 Determine the total moments in the spandrel beam

Reference Step | Calculations .
TABLE 3. Table moinents in the spandrel beam
From wall load  From slab Total Support
_ - analysis [see Fig. 11.2(b)]
50.0 89.0 1390 «——C
25.0 48.0 - 73.0
60.1 96.0 i156.1 +— B
500 685 118.5
316 46.1 837 «——-— 4
Fig. 11.2(b) Part 2 Determine maximum torsion in edge beam internal
- frame : .
1 Find static moment in interior frame {end span)
Fig. 11.2(a) Maximum torsion will be felt by the end span of the
interior frame with L, = 6375 m
BT 2
My = WL (135xSH)63TF _ o0
' 8 8
Table 11.1 2 Moment at exterior end
Case Bl 30% of My = 370 x 0.3 = 111 kNm
3 Transverse distribution
3
g, = SO0 5107 munits
:” 12
I, =39%x107
3.9
@====26
15
@la _96x0.82=2.13>10 (use 1.0)
I'l -
20 _ge9<2s
2, 2x1.35
Step 4 Find transverse disiribution to column strip—exterior support
Eq. (1]'“) =]00—‘0ﬂ,+12ﬂ,[1--l£"]

- 100 — 6.9 + 8.28(1 ~ 0.82) = 94.59 (say, 95%)
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Step

Calenlations T #®,

Eq. (126)

5

Caleulate the moment in column -strip at the exterior end

Total exterior moment = 111 kNm

-~ Column strip M = 111 % 0.95 = 105 kNm

In a'square colurmn, 60% of this monment is carried directly to column
and 40% by torsion (and shear) through slab and beam

Torsional moment = 0.4 x 105 = 42 kNm

This will be carried by two ‘beams
: a2
Torsion. on: each side === 21.0 kNm

Find the ﬁém‘on of moment carried bj) (1/2) middle sirip on the side

 of the (1/2) column strip

11i-105
2

=3.0 kNm

Calculate total torsion from centre of edge beam to the junction of
column in-edge beam

Total torsion = 21.0 + 3.0 = 24.0 kNm
(Note: See also Example 14.5) for design of edge beam

Part 3 Moment transfer without edge beam
Find moment to be transferred through columu strip to column
100% of énd moment = 111 kNm

Check the value of column moment for approximate design

M= o.ozs(wp + “’—2"]1,21,,,2

= 0.035 (1.5) (4.5 + 2.25) (5.4) (6.375)* = 77 kKNm
which is less than 111 kNm .
(Assume moment to be transferred is 111 kNm.)
Find dimensions of transfer zone
h =150 mm; d = 120 mm (say)
Breadth b = 450 + 34 = 900 mm

Calewlate moment capacity of by
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Reference Step Caleulations ‘ :

Sec. 11.16.1 ' My = 0.15 fubd? = 0.15 X 20 % 900 x (120)* = 39 kNm -
_ {This is less than 50% of 111, hence not satisfactory.}
-5 " Determine moment {o be iransferred to.column by bending

. As colunmn is square, assuming the moment 1o be transferred is 60%, -
111 % 0.6 = 66.6 kNm :

" As this momén:t is la;éér than M,i,;,;,),'\}.rg should change the structural

arrangement as follows:

(a) Transfer thie moment in exgess of tlie capécity of the slab Mymaxp
the edge of the slab should have an cdge beam or an edge strip.

(bj Alterﬁ.ately, determine the theoretical values of moments by
exact analysis (see Chapter 13) and redistribute the moment, in

excess of 39 kNm to the span,

EXAMPLE 11.5 (Minimum size of columns for pattern loading)

Table 11.1 gives the value of 3, K/Z K, for the pattern loading to be neglected in two-way
slabs, Using Table 11.2, find the minimum. size of intemal square column for a flat slab of
6 m x 5.4 m panels with a LL/DL ratio of 1.67 so that the effects of pattern loading can be
neglected. Assume thickness of slab is 200 mm and storey height is 3 m. :

-

Reference Step Calculations
1 . Determine Oy for B, = 1.67
Consider an internal span in a frame with 5.4 m spans.
Li=54mand L, =6m
L8y
L 54
Table 11.1 [, = 2.0 for all Ly/L, and & = 0, Gorimy = 0
B, = 1.0 and LyL, and 1.1, @ = 0, min) = 0.74
Hence f, = 1.67 and Ly, and L1, a=0; find o fmim
Sec. §1.7 (Difference between 2.0 and 1.67 = 0.33)

Taking K, as column sliﬁ‘ness, above and below the slab,

2K,

[

oy = 074)(033)= 025 =
1
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Reference Step Calculations

2 _ Calculate K, for the given K, for the span in 6 m direction

C L 54027
7, =28 30 6 0036 mumits

f12 12
o OB _4x00036
== (omitting £) = 0.0024 m’
L .6
. 0.25%0.0024
Required K, =—~"————=3.0x10"* m units

.Assuming square column for (L, = 3 m)

dd

K = —_—
¢ 12x3

d=0322m, ie 322.mm°

=3.0xi0""__m units (= 3 m)

.(!f a, is less. t‘han Ceminy» We can either increase the column size or
increase positive moment by 8,
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CHAPTER 12 |

Shear in Flat Slabs and Flat Plates

“42.1 ' INTRODUCTION

It is very important to rhdroughly check the safety of flat plates and flat slabs in shear. Many
a-time, failures in flat plate construction have been reported due to improper design for shear-

" transfer, especially at the exterior columns. This is due to inadequate appreciation of shear

forces in flat slabs and the bending moments produced in the external columns. The followin,
three types of shear action are to be checked in flat-slab and flat-plate design: ‘

L One-way shear of tﬁe slab (wide beam action)

2. Two-way shear around columns {punching shear action)

3. Shear caused by moment transfer (combined with torsional moment) around columns,
especially the external columns, along with two-way shear.

Slabs should be safe in onesway shear without shear steel. in addition, if analyses show that

punching shear strength along with the moment transfer is inadequate, the areas around the

columns have to be reiiiforced to resist this shear by ‘designed shear reinforcements’ in the

form of *bar reinforcements’ or ‘shear-head reinforcements’ (by means of rolled steel section).
These problems are dealt with in this chapter. ACI 318 Clause 11.12 deals with design for shear

in flat stabs and the same principles arc aiso used in IS 456.

12.2 CHECKING FOR ONE-WAY (WIDE BEAM) SHEAR

The critical section for one-way shear is at a distance equal to the effective depth from the face
of the column. The areas from which the load is fo be transferred is known as the ‘tributary
areas’. These areas for wide beam action, ave shown in Fig. 12.1. The resultant shear is
transferred by the full width of the section. The magnitde of the shear stress is given by

ve v

7 (12.1)
where d is the effective depth. The maximum value permitted for one-way shear is the usual
value allowed in codes for one-way slabs. Generally, this type of failure is highly improbable
in any type of practical construction for normal loads acting on the slab, but routine check is
always carried out in design calculations. We may also apply the enhanced shear value for siabs
given in IS 456 Clause 40.2.1.1. '

211
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Fig. 1'2_.17 Design shears at an interior column support in flat slabs: (a) One;way shear or .

besm shear; and {b) punching shéar or two-way shear.
12.3 TWO-WAY (PUNCHING) SHEAR

It is easy for us to visualise that, if a flat plate is gradually subjected to increased loading, the
first crack will appear at the top of the slab around the column due to negative moment near

' the column: On further loading if the structure is not strong in_ shear, a truncated pyramid of
concrete will be pushed out of the slab as shown in Fig. 12.2. Such a failure is called a punching

shear also referred to as fwo-way shear. The critical sections of punching shear are assumed

* 1o be situated in footings at @/2 from the periphery of the column capital (drop panel) perpendicular

to the plane of the slab, where d is the effective depth of the section. The shape in the plan
is geometrically similar to the support immediately below the slab as shown in Fig. 12.2. For
flat stabs ‘with drops, there can be two critical sections for checking punching shear, ong at

an il dn an | .
SN “/ 2! r X T
Fi " 1T+ -1 ' T
[ 13 [: _ Lz—:'v-l ;4———c+d'_._.+: 5
;ve steel- o Failure plarie t T:n
C o lColumn . a1
i T
@ r--~_ ®
' ': éf‘”
— T N NN
7 T
P———J [ 1 '
© @ bemm

Fig. 12.2 Punching shear perimeters in flat slabs and flat plate: (a) Flat plate; (b) flat siab
(c) corner column; (d) external column; and (e} non-rectangular column.

o TR T
X e

e

R

b’

e

g i
" VI

. for a square- column of size c.

s e o e

kb

SHEAR IN'FLAT SLABS AND FLAT PLATES 213

172 (('_l{i'op' tlﬁlckhess')“ froin face of column or capital and the other 1/2-(slab. thickness) from the
edge of the drop. -~ AP o : L :
" The formula for the critical perimeter by for checking this punching shear can be different

for different situations as sHowh in Fig.-12.2. These canbe summarised-as- follows:- -~ -

‘Case 1. For normal puniching shear calculations without extra shiaf reinforcemments with
rectangular column size ¢) % ¢, and effective depth of slabs d, = ' T :
by = ey + d + ¢ dy = Hc + d) (12.2)

Case 2. 'When shear reinforcements in the form of steel bears are provided as shown in
Fig. 12.7, for a length a beyond face of column for a square column of size ¢

by =alc+2a) o w20

Case 3. ‘When fabricated shear head reinforcement as in Fig. 12.9 is provided for a square
column, )

‘ ' ¢ 3 e\l R o
| bo=4\f2_[§+z(1,,,—-2—]] (12.2)

The tributary arca of the slab for punching shear will be the area outside the critical section

- of the-panel being examined. (For, location of critical perimeter of different types of column, refer

IS 456 Figs. 13 to 15.) .

' The area resisting the shear = (Perimeter) x {(Depth of slab)
The punching shear stress V, is calculated as -

. _ _ v,
“bd

where .
'vw = Factored shear from relevant contributory area
by = Perimeter length of the critical section

d = Effective depth
12.4 PERMISSIBLE PUNCHING SHEAR
For a structure to be safe, the punching shear stress should be less than the safe value. The

ultimate safe value of the punching shear of concrete is given by the least value of the
following three equations (IS 456 Clause 31.6.3) [1, 23

1, =025 fu (12.3)
T,=(05+8)n (12.4)

; _ o, d N
it —_(0.5 + z;;]r, (12.5) .
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Equation {12,3) is the initial value suggested for a square column but research has shown
that its magnitude is affected by the shape of the column so that it can be expressed for a
rectangle by Eq. (12.4), where §; = ratio of short side to long side of column capital. [Note:
B, in ACI is the inverse of that in IS 456.] Further research has shown that the ratio of the
effective depth d to critical perimeter &y also has an influence on 7, as in Eq. (12.5) [2]. In this
equation we take the following values for o ' ’ '

@, = 40 for an interior column
= 30 for an edge’column
= 20 for a corner column

The value used is the smallest of the 1, values obtained from Egs, (12.3) to (12.5). When shear
strength is inadequate, we may resort to the following changes:

1, Use a thicker slab

2. Use a large column

3. Use higher strength concrete

4, Use additional shear reinforcement

i2.5 SHEAR DUE TO UNBALANCED MOMENT (TORSIONAL MOMENTS)*

The two types of shear considered so far are one-way shear and punching shear, We shall now
deal with the third type of shear, which is due to-moment transfer. Let us consider an internal
column with columun strips in E-W direction as shown in Fig. 12.3 with the punching shear

:
(3

[ %N

End column Interior columns

Fig. 12.3 Transfer of unbalanced moments between slabs without beams with columns at their

junctions.

forces acting around it. Let M, and A/, be the moments of the column strips on either sides
of the column. If M, = M,, there is no moment to be transferred from the slab to the column.
If M > M,, then that part of the column strip which abuts directly on the column will be called
upon to transfer some part of the unbalanced moment directly to the column, as bending
moment, ihrougl side ¢; of the column strip. The otherpart of the uubalanced moment in the
column strip will be transferred as forsion through the portion of the slab along the transverse
direction adjacent to side ¢,. This torsional moment produces additional shear which should
be added to the punching shear. Thus, the unbalanced moment (M, - M,) will be transferred
through the column as bending moment in the E-W direction and as torsion in the N-S direction,
with a magnitude of - '
(1 - k) (M, - My)

The following are the forces that act on the critical perimeter of the column:

*This section may be omitted on first reading.
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t. The shear force V, producing uniform shear stress along the periphery of the colum.

2. A bendin
' g Mb=M|—M2

acting on face ¢; produc-ing .only tension and com_pfession on face ¢, ard no shears (Fig. 12.4).

3.0 A torsion o :
M, = (1= DM, = M) = My — M)
esses around- the critical section as shown in Fig. 12.4
on all faces. The shear stresses produced by forces 1 and 3 are added ;o%\ethc; an.d thle reszll:?nt
) i Tue. (It should be noted t at the simple addition
shear should be less than the specified safe va ‘ t !
" those $ i thod of design for this purpose.
tresses means that we are still using. an elastic me i
‘I)\iatr}l]; Sriesﬂ:gd?for an ultimate load analysis have been proposed recently but have not been

accepted in codes.}

along face ¢, This ‘prcdnccs shear str

. . -V
4— |~
¢ . b AM
" : ; TINM +
M s ) = oy , lCI>M AM- . ﬂ—.—x{.
afitratl” < :

@ ®
Fig. 12.4 Combined action of (a) Punching shear;

column junctions.

and {b) shear due to moment transfer at

e to torsion around circular columns are f:om;.)le.:x,
t equivalent square columns fgr simplicity
critical perimeter is the same as in the case of
¢ in shear transfer are d/2 away from

Since the expressions for shears due to
circular columns are first reduced to thei
(see Section 10.5). It is also assumed that the cr
shear without moments. The overall lengths that take p]ac. -
the sides of the columns so that the moment transfer distances are:

a=¢+d (in longitudinal direclion)
b=cy,+d (in the transversc direction)

where d is the effective ,dépth of the slab.
Tests by Hanson and Hanson {1968) ha

d a slab, 6

are transferred between a column an 3 _ -

40% by torsional moment M,. Therefore, to apply this result to rectagg,ular ess aél o can
mption that the value of k is a function of the moment transfer distance

assu

be given by the equation:

ve shown that in square columns when moments

0% of the moment is transferred by flexure and
e, we make an
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shear around the crmcal section. The magmtude of the shear can be expressed as

Tx

V= - azn

; v
Which is as dcr'ivéd in the following section.

12.5. ‘i Combined Effect of Shear and Torsional '\ﬂoment*

- The shear stresses produced by the gombmed effect of shear forge ¥, and torsional moment ..

© M, are taken as the sum of their effects. This can be conveniently expressed as

M, -M
v =iy (M, -M,) x 7
Ae J (12.8)
v, nlM;-M
. : © Ve ST ( I 2)"z
‘where i . . ¢

A, = Shear resisting area (= byd)
by = Critical perimeter
J = Property of the assumed, critical section analogous to the polar moment of

inertia of the shear resisting area, about the axis of bending perpendicular to
the column section and located at the CG of shear area.

X, X; = Distances from the centre of twist to the sections where the maximum and
mmlmum shcar stress act.

The values of J, %y, x, and A for various cases are given in Table 12.1 and Fig. 12.5.

TABLE 12.1 CALCULATION OF J YALUES FOR COLUMN JUNCTIONS

Fig 125 g A % n 4
Case 1 -"-2‘1’;’3} 2;’;3 + 20 - -‘i’- % i(a.+ b)-d
Case 2 3,—‘2’—+ ng + 2bdds} +2ad[——x.]z 2“+ — a-x é(za , by
Case 3 % +-‘1L;+ 2bd x? % -;- 2b + a)d
Cflise 4 %_‘_a;_a;__'_ bdx," + ﬂd[‘;" x ]2 2(::_ 5 az((aa—:i;;) (a + o)

*This section may be omitted on first reading.

_ T | T
; PN UV
. 1+ (2/3)Jalb . oL 129

‘As we have already seen, (1 - k) = 7 expresses the tors:onal component and it prodnces .

i
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3 sides
Case 2
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! ..
3 sides
Comér
.................. Iy
a
2 sides

Case 4 G)]

Fig. 12.5 Column junctions: (a) Interior column; (b) edge column (bending |;erpendlcular to edge);
{c) edge column (bending parallel to edge); and (d) corner o umn. -
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- I(f;;; )m?;:;rgt;m lfonllblined shear stress, és calc'ulated above
. (12.3)~(12.5), the sla is safe in shear withou ’
designed shear reinforcements are proﬁided."l‘ oot extra she

is less or equal to z, given in
ar reinforcements, Otherwise,

12.6 CALCULATION OF JVALUES'?*.

We can get the physical significance of J from the foIlowing derivation:

I.;Ct us take ”le case 0‘ an interior C()ll,lm[l COlIlpOlleIlt a) m }:l S. 2 4 alld 5 a“d case
b ) y ( ) g 1 4 12.
i m }l’l i 12.1. Iile Sicar siresses pIOdUCCd by e .I;:l()lllent are constant anng Slde b and
var Ylng alOIlg Slde a. Ihe lnolneﬂtS.Uf ﬂ]cse f()rcc abou the be d ve
M t 1 lng axis gl the tol'slonal

M; = Moment [of (the maximum shears a[ong

about the bending axis (Fig. 12.4a). eide B) % (The varying shear alongside o]

M, = 2bdy 48 Vman 22 da’
o . | K 2 37 - dbavmax +__3_vmax
IC Vi IS the maximum shear due to torsion effects. Therefore
Vmax = ——4-»—([—’{-’-2 ) - [L— %_
dba +(da®/3) toal2
_ iM ' A
g
Therefore, for an interior column,
- 3 2
e 4_{61_ + dba*

There is if, i

o the s 01::: lzlz(:lne‘ill-trc:}rfxf;l::tsg?;i .of the(‘iabove value of J, the following expression analogous
is used, as recommended b '

Clause R.11. 12.6,2, The val Ciated with the itaronl e mentar

o value of J for the areas associated with the internal column is givelsl’

12 12

[Ihe polal moment Of nertia can b t I S I)C otin, = a d b = A
[+ de.“.ved as O] oW,
. 11 ad A
J ( g q 40 d [2]

. 2ad® fa® ?
Tl ly 4 gr? = 200, 200 zbd[ﬁJ

n I lg‘
J= 1 04 Co f L a Lpldy ] S
ar monient o merila Of A A (.x 4 x ) J + J2

- i2.9
11_1 general, the polar moment of inertia of A, is ‘equal to o

[yy + [zz -+ AI'Z

Iz7 being i i
zz being the vertical axis. Let us take case 1 and evaluate Jy and J, for each area

*See Section 12.8. :
**This section may be omitted on first reading.
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For each side {(a % d),

o33 Ty 2
Jl=£‘-i—+-@—+da£— )
12 12 \2

~When x = a/2 as in cases 1 and 3, the third term becames equal to zero.

To evaluate J,, we take the moment of inertia of A, with two b sides, as in case 1, about
the centré of gravity. Therefore, - o
o Jy = Ay (5 + 1% :

In the other three cases as shown in Table 12.1 and Fig. 12.5, only one b side will be present
$0 ihat J, = A, x,%. Adding up Jy and J5, we get J. The values of J are given in Table 12.1 and

Fig. 12.5 for various cases and can easily be written down by inspection.]

12.7 STRENGTHENING OF COLUMN AREAS FOR MOMENT TRANSFER BY TORSION
 WHICH PRODUCES SHEAR*

We have already seen that the forces that act on the faces of the column due to load and
unbalanced moments are I '

1. B.M. and S.F. along 782 edges
2. Torsion and S.F. along ¢, edges

It is therefore advisable, as already pointed out in Séction 11.15.3, to strengthen the portion
that transmits these forces. Accordingly, the unbalanced moment at column junctions is considered
to be transfetred fo the critical section (¢; + @) through a slab width equal to the {column. width
£ 3k), where & is the total thickness of the slab. Closer spacing of designed steel or provision
of additional steel in this region for the additional unbalanced moment is recommended when
. defailing the reinforcements. As already pointed out in Sections 11.5 and 11.16; this moment
transfer is very important for external and corner columss of flat slabs. ‘ i
When end-moments are determined by DDM using approximate moment coefficients, Clauses
13.6.3.3 and 13.6.3.6 of ACI code require that the fraction of moment transferred by torsion
producing shear must be based on the full strength capacity ef the whole coluran strip. Taking
into account also the special reinforcements, including the additional steel available in this
region, the theoretical column strip moment is calculated from loads. This avoids shear failure
under all circumstances.** Figure 12.6 shows the combined action of the shears.

12.8 SHEAR REINFORCEMENT DESIGN 7

Generally, flat slabs (with drops) can be made safe in punching shear without exira shear
steel by increasing the thickness of the slab near the columns us drop panels. But this
increases the cost of shuttering and, in addition, drops are also not very pleasing to the eyes.
In flat plates, however, punching shear becomes critical and extra reinforcements.to cater for
punching shear will be found necessary. These shear reinforcements can be in the form of (i)
bar reinforcements and (ii) shear head reinforcements fabricated from rolled-stecl sections.
These are shown in Figs. 12.7 and 12.9. The summary of recommendations for shear design of

flat slabs and flat plates is given in Table 12.2.

#This section may be omitted on first reading.
++This {5 explained in Example 12.6.
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|
'T_ABLE 1_2.;37_ DESHGN FOR PuNéillﬁd SHEAR (ACT) | 5 ,, - f_—':“j
- Value of punching. shear, vp " . . . 'Ij,'_be af shear réirg”qrjce;nen-r T ' ‘ : ,,',. :J
Cowsg o ‘ ' No special steel need_c{:i':' o : - 7 ' ,,’ :_—:
- v, >-'-rp but < 1.57; o lf'rovide designed-bar"réiInfor‘c‘e&ients‘ 7 -7

- : ) ‘ L . f : i

V, > 7, but £ 1753, S Provide designed fabricated-shear head i _ﬂ‘%‘_ ) ////
ce reinforcement ' ) : 7 i N ERREE //
't".n’.' 1'755 . I o . ' o

Redesign the slab

- g i E ] : S . - 1
Nofe: When providing steel for shear assume concrete takes only 0.31,. . . ’ oo A2

g
l o \.\ .
[ I—— T o
Hh— s
il— a Yo
(Load) | — ..

e o
1

: i

L ' //
'Y D ’
PEe—— /, ’
— .

|} 42 .

; ] L/ P

d L] s

4 4

: . H Vd
(Load) {Moment transfer) - ‘ {Resultant) L "
: () )

Fig, 12.6 Combined action of punching shear and shear due to-moment transfer at celumn
_junction: (a) lnterna_l column; and (b) external column,

' 135° 64 j f j
_127.8.1 Design of Bar _Reinfnrcements for Punching Shear* g E ' - :
' S M

" We know that the principal difficulty in using bars as shear reinforcements in slabs is to find i
the necessary anchorage for the bars. Bat reinforcements fabricated in the form of a hat, called e

- — o |
shear hats, were once used in flat plates construction, but they have not been found as |
effective as was imagined. Single U stirrups or double U stirrups as shown in Figs. 12.7 and : :
12.8 are commonly used nowadays. They should be provided in the region extending from the # - @

S ® © o

column face to a distance away from the critical perimeter, where the shear stress does not
exceed one-half of the allowable design shear strength value of 7,

: Critical perimeter for checking ‘
e, 127 Reinforcing flat stabs for shear by ACI method: (a) :
rie shear for ?nternal colunmns; (b) critical perimeter for external columns; and (c) details
of steel reinforcements.

"o *This section may be omitted on first reading.




SiviroL A ol

A e —aen i

S -y

222 ADVANCED REINFORCED CONCRETE DESIGN

SHEAR IN FLAT SLABS AND FLAT PLATES 223

L

d 154
p e EP
[— 2-_ " Failure
0.5d 7 zone !
- Py
0.75d -4
/]
0754, 1.54
f I MMV
E 2 4 Failure
L 5 7 Lk zone 2
F=
J S 21 Failute line
IA ) .
Py .
e Ao 15d g 1.5d
AL 2[3 4 . R
Y [ 10471 Failure
’ g I
11 TR oo
4 —
ﬁ Check zones spaced at

0.75d for punching shear

(b
|

Type 1: '
closed -
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() SECTION A-A

Type 2:
castellated
stirrups
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L

= 1

A

o (d) Alternative SECTION A-A
ig. 12.8 Reinforcing flat skab for shear 1
§ by BS 8110 methed: (a) Takix
(b) detailing of steel; and {c) and (d) types of shear relnforcuge:tfs c;:tei;al Fections

 Fig. 12.7. In addition, the new critical perimeter is given by Eq. (12.2b).

12.8.2 Maximum Shear Stress Allowed in Punching Shear with Steel Bars* A_
When'designing these shear reinforcements with steel bars, we should noté that the ACI code

- allows these to be used only in situations where the maximum value of the calculated punching

shear at conventional section is equal to or less than 1.57, (Table 12.2). Hence,
, . Vp 2155 - (12.10)
According to ACI 318 (89) Clause 11.12.3.1, when designing the shear steel, we should assume

that conerete can be allowed to take 0.57, of the shear and the balance should be taken by steel.
The teinforcements should extend to a distance beyond which it is not required as shown in

Anchorage of stirrups may be difficult in slabs less than 250 mm thick. In thinner slabs,

stirrups should be used only if they are closed and enclose at each corner a longitudinal bar
as shown in Fig. 12.7(a—c). [ACI 318 Clause R11-12.3]. The total shear capacity of concrete and

steel in this case is given by the equation.

¥, =V, +¥, =0.57,byd wHotid (12.11)
. E '

where
Ag, = Total area of stirrups in the critical shear perimeter-

. Single U stirrups give 4y, = 2 (arca of bar)
Double U st'irn;l-ps give A, = 4 (area of bar)
s = Spacing of stirrup = df2
d “="Effective depth of slab™
by = Critical shear perimeter

12.8.3 Design of Shear Reinforcements by BS 8110

BS Clause 3.7.7.5 allows the shear capacities in slabs, over 200 mm in depth, to be increased
by reinforcing it with stirrups arranged in a specified way. The allowable punching shear value
in BS 8110 is the same as in one-way (beam) shear (Table 19 of IS 456), the percentage of steel
to he considered for shear value being the mean value of tension steels in the X and ¥
directions near the column [3]. However, to compensate for this lesser value of the allowable
beam shear as compared to the IS and ACI punching shear, the critical perimeters are taken in
BS 8110 at distances of 1.5d, instead of 0.5d, as shown in Fig. 12.8. The design procedure to

‘be adopted is as follows: .
Step I: Calculate ¥, the punching shear at the column face. Its value should be less than
the maximum allowable one-way shear (Table 20 of IS 456)
. e _‘:_cz) <Tgmayy O 5 N/mm? or 0.8V7, 7
" It should be noted that BS 8110 allows an enhanced value of shear for sections taken
the support as 2d/a,, where a, is the distance of concentrated load from the face of the support
and d the effective depth (see also IS 456 Clause 40.5).

2
near to

*This section may be omitted on first reading.
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Step 2. The first failure zone is taken as the zone between columm face and'1.5d from the
column face. The failure line is assumed as. shown in Fig. 12:8, and the critical perimeter

by =2e) + ¢y + 64) s the perimeter taken at the end of the failure line.

M
=
v, < 1,, tite slab is safe in shear and, if v, > 7, < 1.67, the shear steel s calculated as follows:
o bd _ R
m (=T, ) ——
A= ‘)o.s7f,

with (v, — 7,) being not less than 0.4 N/mm?. A, is the area of the steel cut by the failure line.

Since it is specified that the failure line should cut at least two lines of stirmups the area of steel :

obtained above shmﬂd be distributed evenly around the zone in two perimeters. To satisfy this

‘requirement, the first perimeter steel ‘is placed at a_ distance of 0.54 and the subsequent -

perimeters are spaced at 0.73d from each other, as shown in Fig. 12.8.

Str?p 3: The second failure zone is taken as between 0.754 from the first failure zone and
extcndlpg for 1.5d (i.e. 0.75d — 2.25d) from the column face. The potential failure line is again
shown in Fig. 12.8. The critical perimeter is at 2.25d from the column face. -

by =2c, +cz +94)

Agy is calculated as in step 2 and the corresponding steel will include the.second row of stecl
already considered by the first failure zone and the third perimeter row.

Step 4: Similar successive zones are checked as shown in Fig, 12.8 until a zone which does
not require reinforcement is reached.

Step 5: Detailing of steel. As already stated, the first perimeter of stirrups should be at 0.5d
from the column face and the subsequent perimeters are spaced at 0.754. Either closed stirrups
or castellated stirrups, as shown in Fig. 12.8, can be used. They must pass around steel rods
of normal size running perpendicular to the stirrups at each face as shown in the figure.

12.8.4 Design of Fabricated Shear Heads* .

Another method for providing shear is to use fabricated shear heads.r']“he. shear heads fabricated
from' rolled f;teel sections or two channel sections, as shown in Fig. 12.9, are found to be very
efficient against failure with large punching shear values (Table 12.2). They are made from rolled

_ sections welded to form four identical arms at right angles to each other for placing over the

internal columns. For exterior columns there can be only three arms and in corner columns only
two arms. (Even though it is not specificd in the codes, it may be advisable in the case of
external columns, especially the corner column, to extend the shear head to the column also
by an arm at right angles to the plane of the shear head reinforcements.) The shear head

construction permits the use of a thinner slab above inner columns when the shear controls -

slab thickness, According to the design recommended by ACI 318 Clause 11.12.4, sheat héads
should satisfy the following nine conditions:

*This section may be omitted on first reading. ’
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Fig. 12.9 Design of fabricated shear heads (a), (b), () and {d).

Condition 1: We have seen in Section 12.8.1 that the ‘maximum puﬁching shear calculated
at d/2 from face of column for use of bar reinforcement is 1,57, With shear head, the maximum
punching shear at the conventional section can be more but should not exceed 1.751, where
7, is given by Egs. (12.3)-(12.5). ’ s ’

Condition 2: The length of the arms of the shear head should be such that the punching
chear stress calculated on the new critical perimeter should not exceed 7, = 0.25 fix. This new
critical perimeter for punching shear calculation with shear heads is taken at 0.75 time the
distance of the shear head arm from the face of the column as shown in Fig.12.9. Shear stress
is calculated by using Eq. (12.2b).

Condition 3: To ensure that the flexural strength of the shear head is much more than the

required shear strength of the slab, the plastic modulus of the rolled section selected should

be at least of the following minimum plastic resistance Mp:

¥, _c
M, _m[h,,m,,[L, 2)] (2.1
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where - : . : ]
k, = Depth of steel section _
V, = Fagtored shear around the column
‘1 = Number of arms of the shear head
0.85 = Strength reduction factor A

Equation (12.12) can be derived by taking moments of the forces assumed to be distributed
at ultimate shear on the shear head about the face of the column, as shown in Fig. 12.9(b}. The

extreme end of the shear head has a force o, V., where g, i§ the relative stiffness of shear head*

and V, is the shear carried by the compression zone of the concrete in the slab. We also assume
that the peak shear forcé is at the column face and it extends for a length equal to the depth
-of the shear. head ¥#,. The inclined cracking-shear in gonevete is -
o
: ‘2 _
where ¢ is the reduction factor. Taking moment of all the forces about the face of the column,
the total value of the moment is given by

' v, aV, c -
M, =tp pZluty E) : :
| M=y 2¢[, 2) -2
With four arms (#'=4), cach of them should have an M, given by Eq. (12.12).
. v, <
M=t g safL <
r (085){8)[ v v[ \ 2}] (12.133)

Condition 4: The overall depth of the steel section must not exceed 70 times the web
width, i.e.

h, > 704,

Condition 5: The bottom flange (compression flange) of the steel section must be located
within a distance of 0.3d of the bottom of the slab. ‘

Condition 6: ‘The value «, can be defined as the ratib_' of the stiffness of each shear head
arm to the stiffness of the surrounding composite cracked slab having a width equal to the
width of the column plus the effective depth ¢ (i.e. ¢ + d). This should not be less than 0.15.
Taking E,/E, = m and [, = moment of inertia of the arm, we get

' o ml, -
I (of composite section)

a, 20.15 {12.14)
The composite cracked section will have a width (c + d) with the concrete and steel sections

and the negative steel placed on top side of the slab. The bottom side of the slab will be in
compresaion in this zone. ) -

*See condition 6.
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) Condition 7: The shear head can be assumed to add to the column strip negative moment
resistance by a value M’ given by . _ _ : .- _
. Tl o v, (. < o

LI L — .
g 2,,"‘.*[* -2_) T
However, t:his vélue should hot be more than 30% of the column strip negative moment or
the change in the column strip moment over the length L,.

‘Coﬁditim; 8: Thé s‘teel shapes must be fabricated by welding with a full penetration _weld

" idemica] T tb ‘s uare cut or cut at.an angle not less
i . .

thanci;a(;iod::it:g .-&e ’1}"‘1(1):1_;::;3;;2?’3:;1t]h?l;fa:tli\;s n}ome?u strength of the remaining tapered
section is equal or greater than M’ given in Eq. (12:15). , |

(Nate:. These steel sections are placed under the top mat of negati'vg steel at sugports
which should be uninterrupted, and by cutting some of the bottom steels in the slab at the top: ,
of the columns. This is shown in Fig. 12.9(d).)

12.9 EFFECf oF OPENiNGS IN FLAT SLABS
7 jituations in whi i . avoided in flat slab construction. These
any situations in which openings cannot be avoi n flat sla :
z‘zeai:;tewrgth );n detail in IS 456 Clause 31.8. Codes classify openings into the following two
types:
1. Those which do not need special analysis
2. Those which need special analysis

. The main recommendations for dealing with these holes are as follows:

Openings whr‘ch do not need special analysis. They include the following:
@ 'Openings of any size completeiy within the intersecting @iddlg strips (within the
middle half of the spans in each direction). ' : .
(i) Openings of one-quarter width of gach strip in the cc;nuntc]sln‘areashog ‘:cz?il(ﬁ!)mi:‘t;g
i i imi i i -ci f the span length in ¢ach di . 3
d ddle strip of limited size (viz., one eighth o t :
:sinii':nﬁments_ ir!:tenupted in these openings are put back on all sides of the openings, thesg
stabs are bbund to ‘behave well.

VSituations which need special andlysis for shear. O%ening;; _rafr;ISt;ll- :;i:}lt:eogtt-h: ;::po; 131;;22
i afe. The
common to two column strips are found to be generally s ! e o e
i i irable, especially when they are situated on
near the column of flat slabs is not desirable, mated on e 5
i thods to take care of these openings is t0
stressed part of the perimeter. One of the mett i c i s is 0 dicuted
i i ter in design calculation for shear
safety of shear by reducing the effective perime 3 Celoulaon o it shear -
in ause 31.6.1.2. According to ACI 318 (1989) Clause 11.12.5.2., bear e
giisﬁ:‘riirg;:: t='the. ineffoctive portion of the perimeter is taken as one-half the theoretical value

calculated for flat slabs without shear heads.
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12 10 RECENT REVISIONb IN ACI 318

'I‘he followmg revisions have ‘been pmposed in the ACI 318 (1993) code (Clause 13. 5 33 to
simplify design [3). The unbalanced moment about the axis parallel to the edge may be assumed
to be carried more by momerit transfer (with less by torsion and shear transfer) provided that

" the ¥, calculated for the edge ‘support is only 75% or less of its shear capagity in the case of y
edge columns and 50% of its shear capacity at'comer columns In such cases, the tedious

calculations for shear die fo shear-transfer by torsion need not ‘be carried out. If a member size

_falls short of the theoretical rcqulrcmcnts its safety can be checked by ad|ustmg the- level of

torsion without revxsmg thc member sizes.

1241 SHEAR IN TWOWAY SL’ABS‘WITH BEAMS ~

In two-way slabs with rigid beafns, the load is transferred from slabs to the beams from the

_contributory areas, assumed to be formed by the 45° lines at the'corners. The beams carry the
load to the columns, The shear in the beams and the design moments in the external and corner -

columns are based on this load transfer mechanism [4, 5]. If the value of aL,/L, < 1, the beam
cannot be considered as rigid. In such 2 case,.the load in the slab is transferred to the colunmn
partly through the beams and the rest of the load ‘goes from the slab directly to the colunm

. as already explamed in Section 11.13 and Table 11.4, De.szgn for shear of the slab and beam must' '
. be made usmg this prmc1ple :

&

EXAMPLE 121 - (Checklng for shear) o
A flat plate with 7.5 % 6 m panels on 500 x 500 mm columns has a slab thickness of 185 mm,
designed for a total characteristic load (DL + LL) of 9.3 kN/m®. Check the safety of the slab

:'_ in shear if grade 25 concrete and grade 415 steel are nsed for its construction. How can we
“increase the shear capacity- of the slab?

Reference Step Caleulations

1 Design Data

Effective depth assuming iS mm cover and use of 10 mm steel
d=185-25~5=155mm

Factored load = 1.5 x 9.3 = 13,95 kN/m?

2 .| Check for one-wcly shear for a central column

Assume no shear along cuts through the. mid-points between slabs
Take section at distance d = 155 mm from face of the column

Contributory area for shcar

-6(1§~025 0. 155] 20.07 m?
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Reference

Step -

<o s Calenlations

IS 456
Tabte 19

Egs. (12.3)}
(12.5)

Step 3

V, for one-way shear 20.07 x 13.95 = 280 kN
Length .resisti'ng shear b = 6000 mm

et _——280’”0—~_0.30N/mm '

bd 6000xl55
Assume p 0.2%; 7. fnr M;,s = 0 33 Nfmm?

7"Hence sale in one-way sheiar. - - -
-Check fa. punchmg .s!:ear

D:slnbuuon of cnucal perlmeter from golunm face = dIZ : 77.5 mm

Area inside critical perimeter = (¢ + d)?
= (500 + 155)* = (655)" mm?

- Load on crltlcal perimeter ¥ = 13.95 [(7.5 x 6) - (0 655)%]

= 621.76 kN
Critical perimeter by = 4{c + d) = 4 % 655 = 2620 mm

V.. 622x10°
Sl = = .53 N/
Punchmg shear’ bod 2620x1<5 1 mm?

-Check allowable plmckmg shear -

7, =0.25.ff; =1.35 Nimm?
1, =05+ f)r, =157,

=[,

Allowable = 1.25 N/mm? Hence the slab is not safe in punching shear.

%) ¢ with a, =40
4by

40155
4%2620

=109z,

Method of increasing shear capacity
(a) Increase the strength of concrete
(b) Provide a drop and, if necessary, provide a capital also

(c) Provide shear reinforcement in the form of bar reinforcement or
fabricated-shear head reinforcement

Deterniine necessary strength of concrete to withstand punching shear

1.53

0.25ff, =1.53 N/mm’. Hence fyy = (Hﬁ) =37.5 Nimm?

Use 40 grade concrete
[Note: Example 12.2 shows the design of stirrups for the shear.]




230  ADVANCED REINFORCED CONCRETE DESIGN

EXAMPLE 122 (Deéign of reinforcement for shear)
Design the necessary stirrups for reinforcing the slab in Example 12.1 against the shear
assuming f, = 25 ‘and f, = 415 N/mni® as in Fig. 12.7. :

Referente ' Step Caleulations
1 Design data (as in Example 12.1)
Bxempled2.d .| Y, = 153 Nimm?;, 7, = 1.25 Nimn?
Step 3 by = 2620 mm; Vi - 622 kN
2 Check suitability for shea;— reinforcement -
Aliowable_maximum shear stress with reinforcement
Eq. (12.10) vp = 157, = 1.5 x 1.25 = 1.875 N/mm?
- Hence shealr steel can be safely used. As slab is thinner than 250 mm,
closed stitrups with one bar at each corner is to be provided.
3 - Calculate shear that resists af the critical section with shear steel
74, allowable with shear steel = 322'=L:22-§'=0-625 N/mm?
‘Step 4,
Example 12,1 Shear that can carry concrete = V. = Tibg
Step 3 _ = 0.625 x 2620 x 155 = 254 kN
~ Bhear to be carried by s{éee! = ¥, = 622 - 254 = 368 kN
4 Desigii of stirrups as showst In Fig. 12.7

Eq. (12.11) -

Y, _ 40871,

d Sy

For intemal columns, shear steel is provided as four strips of two-
legged closed stirrups of maximum spacing s, = df2 = 77 mm
Adopt spacing of 60 mm

PR/ 268x10° x 60
7 d 087f, 155x0.87x415

=287 mm?
for all the four sides.

. 287
Steel for each side = —41—'#71.75 mm?

71,75 -
For each leg =~ =36mm’

- Provide 8 mm bar giving an area of 50.3 mm?

{(Altemnatively, design by SP.16 Table 62.)
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Step ’ Calculations

" Reference

5 Determine distance to which stirrups should exiend

 the face of column. Then, *-
4, = 4 (column size + a¥2) = 4(500 + 1.41a)

I -
5= 0,625 N/mm®
Assume ¥, = 622 kN (it will be much less)
0.625 % 4(500 + 1.41a) x 155 = 622,000

a = 784 mm from edge of cc_)lumn

a--‘—;-=784-78==706

_.extend it to 700 mm from the face_ of the column. -

_ Shear steel can be stopped at df2 (i.e. 78 mm) for the perimeter where -
shear in concrete is 7,/2. Lét the distance of this perimetet be a from

Provide closed loops of width 500 mm and depth 135 mm wit_hicovér
of 25 mm with 10 mm rods at each of the corners of the qolumn and

'EXAMPLE 12.3 (Shear in flat pléte and flat slabs) )
indicate how the flat plate in Examnple 12.1 can be converted into'a fiat slab so

against shear (see E12.3).

l 200mm )

1500 mm - \

S

-

Fig. E12.3.

that it is safe

I
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Refersnce

Step

Calculations

Example 12.1

Step 4

Step |

Provide a drop and column .Ifq'trd for layout
='ﬁ1icl_c'r‘le'ss of drop = 1.25 to 1.5% (assume 1.4h)
B = 1.4 % 185 = 259 mm (say, 260 mm)

W - h = 260 - IBS 75 mm o

Prolecuon of drop = 4 x-75 = 300 nan from end of s.apltal .
Apprommate sme of column capital = L/5 = 7. 5/5=15m .
Size of drop = 1500 + 600 = 2100

Final dfmen.slons

Size of colurm = 500 % 500 mm

{. Size of column capital = 1500 x 1500 mm

Slze of drop panel = 2100 x 2100 mm

The capltal should be so dlmensmned that the 90° line lies msu!e the .
- capital (Flg 12.10)

" Tuke first critical section for punching shear and calculate shear

Critical section at #72 from end of column capital

d"= 260 — 30 = 230 mm

 Size of critical perimeter area = 1500 + 230 squarc

_ Area jnside perimeter = 1,73 1.73 m?

Load from contributory area for punching shear
= 13.95 {(7.5 x 6) - (1.73)%] = 586 kN
Critical perimeter = 4 X 1730 mm = 6920 mm

586x10°

289% 0 - 0.37 Nimm?
6920 230

Punching shear =

This is less than the allowable value.

Take second critical section for punching shear
Critical section at 472 from the end of the drop
Size of critical section = 2100 + 155 square

13.95{(7.5% 6) - (2.255)°]
4 x 2255

= 0.062 Nimm?

Punching shear =

This section is also safe in punching shear. Hence the flat slab is safe
in shear without any reinforcements.
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EXAMPLE 12. 4 (DBSIgl‘l ol‘ shear head reinforcement) :
Des:gn a fabricated. shear head for an intemnal column for thc slab in Exarvple 12.4 (see

Flg E12 4}

“30 'mm"

ISMC 100

L=

[=-3

3

5.
I” 185 mm

Fig. E12.4, - ¢

Reference.

Step

I 3 -Caiguia!;'ons

Seétiop 12.84

Eq. (12.26)

Eq. (12.12)

Check whether shear.in slab is less than the alloveable one

_For shear head, punching shear should not exceed 3.757,
~ Allowed 7, = 1.25 Nimm? ’

175 x 1.25 = 2.18 N/fmm?
v, of slab = 153<218

'Shear head can bc prov:ded to resist shear.

De!ermme the reqmred crmcal perimeler for safcly in shear

V=622 kN = by x Depth x g,

by x 155 x 1.25 = 622 x 10°

Bo=3210 mm .

The shear h.ead Iayout. should give this value of b,

Find L, to give reguired by

by =42 [o.Sq +0.75 (1,, - 52'.]}

421250 + 0.75(L, - 250)] = 3210
L, = 675 mm ’

D.e.re_r‘:_m'ne the required plastic moment of shear head to prevent
premature bending failure

¥, c
Mo = 8(085)['” “("' 2)]
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Reference Step . ‘Calculations Reference Step _ Calculations
A g : ' - —
A sf:t:lgcf:: slab thickness ?f 185 mm, the depth of steel section 5.1 Find NA (let it be x from the botiom of section)
. v ’ : Equivalent areas of steel is mm’ in section
Eq. (12.14) a,= mle  ous Top steel tods 9 x 800 = 7200
Hof compositesection) Steel section 9 x 2340 = 210.6 % 10°
Assume @, = 025 - - o . .CG of combined section (from battom}
Bq. (12.138) With 4 amms (n = 4) cach agm M, is given by : |
S W = ch agm M, 2
R ) cach agm My is given by @;—)-x—-:210'.6x102(85—x)+7200(150-x)
PO . A L ) .
- Mo "-(0.85 ® ["’ *“V("v “;'"2"]} x = 60 mm
i ' Concrete is in compression at bottom at Supports.
_622x10° ' 52 | Find I, of composile sectioh about CG
= 0.85x8 [100+0.25 (675 -250)] — That of (steel section + of stecl rods + concrete)
. . 3
~189x10° Nmm = 189x 10° kg-cm - 9(T3.4)10° +2106x107E5~60)" + 7200 (90 +f.55—(36—°)-
p=ﬂe.-=.139’<1°’ w7560 = 15225 x 105 mm*,
F 5 2300 53 Find relative stiffness
rom -stecl tables choose two channels to thi i
Altem_a'tcty, o this plastic modulus. o= _’"’n of steel (9)(3']3,4)12" —oz2l
2, = 1.15 (elastic Z) I (152.25)10
75.6 This is wore than 0.15. Section adopted is permissible.
Z =-l_l."=65'7 cem?® e Eq. (12.15) 6 Estimate the cqmribulian of shear head towards negalive moment
o i . £} 62
Two channels ISMC 100 of Z,, = 37.3 co®® M =2—:a..[a—;)=-8—(0.221)(675—250) =7302 KNm
Tot: = = . -
otal Zg = 2 x 37.3 = 74.6 cm’ . M' should not be taken more than 30% of column strip negative
Area=2 % 117 = 234 em® . ‘moment or change in column strip moment over a fength equal to L.
I, = 2 % 186.7 = 373.4 cm* .
. Shear head consi . EXAMPLE 125 (Critical perimefer of fon-rectangular columns) :
- of column m:’:fl’i‘;e"fot;‘:’?;;:sngf_ltshexte;ldmg to 675 mm from centre Determine the ultimate punching shear strength of a slab of effective depth 150 mm supported
CG of steel socti - e column (bottom cover 35 mm). on an L-shaped column ABCDE as shown in Fig. E12.5. Assume fy = 25 N/mm?, AB = 600,
of steel section = 35 + 50 = 85 mm from bottom. BC = 1200, and AF = 200 mm.
5 Chedf. lhf assumed relative stiffness of section (&)
Moment of inertia of composite section e ————
Width of section = ¢ + d = 500 + 155 = 655 : A200mmF T~ _
Depth of section = depth of stab = 185 mm ! ~o] Tl el
. - ~. - -
Assume 4 nods 16 mm baré at fop of section (800 mm?). | e el T
Cover to steel = 35 mm : :E A ¢ 90° .H"'-, Teell Tl
4 - -~ -
Two channels I, = 373.4 x 10% mu', Area = 2340 mm’® :é . E - ~~.p)
. i ‘ ' s -
280 1 .o v diz (75 mm)
’"=T$' (assume m = 9) ' ,’ 1200 mm ~ -.'___" :‘"—_"'—'
§ C
1 B 1
We have to find NA of section and I of equivalent section. rm = mrm—m == =TT -
: Fig. E12.5
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Caleulations .

Reference

S!e}ly

N Caleulations

. - Referehce . - D Step.

i : ‘Effec:i‘vé loaded area ARCDFA- -

Large diménsion = AC = ¢;-= 1340 mm

S}goi‘tidim_ensibh = perpendicular from B to AC

¢, = 537 mm - B

Pe = éddey = 5371340 = 0.40

2 | Dérérp:iﬁe the punching shear valué_ Jron the three e..'qua-a‘:;.t:v-n.s
7, =025ffy =125 Nfmm®

Egs. (123

7, =(0.5+0.40) 7, =1.125 Nimm?
(12.6) o :

B . ad
7, =[0.5 +4—’bb-)rp

by = Perimeter at a distance of d/2 from the column face = 4200 mm
o, = 40 (for inrterior column) )
7= [o_.s +.%—’:;%]rﬂ =107 Nimm?
Adopt the least among the three = .].'.07 N/mm?
3 Estimate the ultimate shear strength
V= bodt, = 4200 X 150 X 1.07 = 674 kN
Punching s;hear_ strength = 674 kN

EXAMYLE 12.6 (Shear due to moment transfer in columns)

A flat plate 185 mm thick (effective depth 150 mm) has 7 m x 6 m panels supported on 500 mm
square columns. The total factored design load is 12 KN/m?, Assuming that the column strip
negative moment M =65 kNm: ’

1. Design the strip around an external column for the moment transfer and check for .

safety in punching shear at the external columns, where fox = 25 N/mm? and fy=415 N/mm?.

. (Note: Transfer of moment from slab to column is very important in flat slab design. First, this
moment transfer may be assumed to take place through a narrow width of slab (1.5d) around
the column. This portion should be specially designed for this moment transfer.
Secondly, shear capacity of the columns for withstanding the. moment transfer should not
only be based on the theoretical value obtained by coefficients but also ‘on the ultimate
moment capacity of the slab, including the special reinforcements provided. This will ensure
that shear failure {which is sudden and brittle) can never take place at these places (see
Sections 11.15.3 and 11.15.4),

" Determine the: area by measurement of the loaded area ¢y and ¢;. | .

. Eq. {12.6)

SP 16

Table 3

‘De.ﬁ'g'u _’_aqlm;m strip fqr_ negative momeé:j:‘ .
M = 65 kKNm, d = 150 mim, b = 6000/2 = 3000 mm
=096 Hence p = 0.282

- Area o?steel.;:w= 1269 mim”
| 100
Provids 12 bars of 12 mm (1352 mm?)

Determine moment transfer componenis (bending moment part +
torsion part) ..

-~ Unbalanced moment ét edge = 635 KNm = M
. ‘Portion transferred.as bending = kM -

Portion transferred as torsion =.(l - M

] .

f P L.

1+ (2/3Walb
a=q +%= 500+ 75 = 575 mm (external column)

b=g¢, +d =500+150=650mm
1

k= =0.615

1+ (2/3)3575/ 650
Moment transferred as bending.
"M, = 0.615 x 65 = 40 kNm
Only 25 kNm is in torsion
Torsion transfer coefficient = 1 - k=1~ 0.615 = 0.385

Design additional steel for bending moment parl

Area within the effective slab width of 2(1.5d) around the column
has to be specially reinforced for transfer of M.

Widih of transfer = ¢; + 2(1.5d) = 500 + (3 x 150) = 950 mm

M __4ox10° _
bd®  950(I50°
p= 0574

=818 mm?

" 0.574x%950%150
T

Put & nos. of 12 mm (900 mm?) in 950 mm width.
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Step

Calculations

Reference Step

Calculations

Reference
Steps 1. and 3 Total number of bars in column strip
=12+ 8 = 20 bar of 12 mm
Area = 2262 mm?®
Pcrccntagc = M =
. _ 3000 x 150
SP 16 Corresponding Mibd® = 1657
Table 3 M = 1.65 %3000 (150)* = 111 kNm
This is about l_.7 times the moment (67 kNm) obtained by coeflicients.
According to ACI code, the forsion fransfer for design of shear in
See the ‘Note’, column should be based on this increased value.
Example 12.6 -4 Determine the torsion moment capacity of cofumi strip
. 1—k=1n=0385 T, =0:387 x 111 = 42.7 kiNm
(Note: In step 2, torsion transfer of 65 kNm was only 25 kNm.)
5 Calcylate shear in column
Shear produced by torsional moment plus direct load from slab.
5.1 Sectional properties for shear in torsion

Step 2

Table 12..2

Case 2
External column

Section df2 around column

= 500 + 75 = 575 mm

b = 500 +150 = 650 mm

Critical perimeter = 2a + b = 1800 mm
ot

2a+b

x,=575-183.7=391L3

X= 2183.7
4, =(2a+b)d = 270=10° mm®

575(155)° N 155(573)°
6

J=

2
+'s75x155[52'-_ xl) +bdr?
=9449x10° mm*

=50.4x108
x

J
Z=24.15%10°
2

qs. (12.31(12.5) A .

52 | Calculate shear force for punching shear

12x7x6 =252 kN

= (Load)(Comnbulory area) =

Penmeter area resisting shear = d x bo
= 150 x 1800 = 2.70 x 10° mm

5.4 1" Determing maximum and minimum punehiﬂg shear
v M,

y=—=1—"x
¢ S

(O ‘n6
252x103 . 42.7>c106 — % 76 Nfrmm?
270x10°  51.4x10 .
252x10°  42.7%10°
O 270%x10°  24.15x10°

' The ‘negative sigﬁ indicates that the shear due to torsion is more then -
that due to direct shear.

6 Calculate permissible value by the fol!owmg three formulae

Maximum shear =

- (.83 N/mm

. Minimum shear =

7, =0.5F5 =125 N
1y =(0.5+1)r,_, =157,

30x%150
4% 1800

Aliéwab]e shear = 1.25 N/mm? 1.76

7, =1.137,

‘Shear res1stance can be increased by des;g'ned shear reinforcements as
' shown m Example 12.2.
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‘chapTER 13 |

Equivaleht_'-Frame Analysis of

Flat Slabs

13.1 INTRODUCTION

Two-way slab systems that do not satisfy the limiting conditions for the direct desfgn
method (DDM) should be analyzed by the equivalent frame method {EFM). The equivalent
frame method is very similar to DDM but it uses classical methods of analysis, instead -of

. coefficients, to give the positive and negative moments in the longitudinal direction. They

should be then distributed: transversely in the same way as already described in the DDM .in
Section 11.9. Thus, the difference between the DDM and EFM analysis for gravity loads lies
only in the procedure of getting the magnitude of the longitudinal negative and positive
moments.

As already pointed out, when dealing with effects of lateral loads due to wind or
earthquake on the flat slab frames, direct design procedure is not permitted. Analysis of all
such frames, whether or not, they obey the conditions for DDM have to be made by the
equivalent frame analysis or other theoretical methods. Similarly, raft slabs whose column
loads are fixed, if designed as two-way slabs, should also be analyzed by the equivalent
frame method. ACI Clause 13.3.1.2 states that lateral load analysis of unbraced frames shall take
into account the effects of cracking and reinforcement on reducing the stiffness of frame
members.

This chapter gives a brief outline of the equivalent frame analysis for two-way slabs
according to ACI code, It should be noted that the method given in IS 456 uses approximation
of the ACI method. A comparison of the results obtained by the two methods is given by
Purushothaman [1].

13.2 HISTORICAL DEVELOPMENT OF THE CONCEPT OF EQUIVALENT
FRAME

The idea of equivalent frame was first proposed in its elementary form in the California

Building Code as early as in 1933. A modified version of the same was introduced in ACI
code in 1941, Since then this method has appeared with various improvements in all the
subsequent ACI codes. In the earlier version of ACY codes, the stiffness of the slab, which is
referred commonly as the slab beam, the columns were to be calculated as in ordinary frame
analysis from basic principles. In 1961, Corely and others suggested that the coluron stiffness
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should be modified by taking into account the torsional stiffness of slabs on the sides of the
cohimn too. It was also pointed out by Sozen, Seiss, et al., on the controlled. test results in the
laboratory that the observed span moments were more and ‘support moments’ were less than
those obtaited by the conventional aralysis of that time. To get calculated values nearer to
the test values, it was suggested that the stiffness of the column be reduced by introducing
the concept of an additional torsional member. “Thus the concept of ‘equivalent column®' was

.intreduced. In 1970, Corely and Jirsa developed an empirical formula for K, the torsional

stiffniss of the transverse mernber, to reduce the support moment and the calculation to agree
with test results. Such a modified a:ialysis was later (1977) recommended in the ACE code.
However, it was shown in 198 1 by Vanderbilt that modification can as well be made in the beam

" stiffness and analysis can be made using: equivalent beam method. Accordingly, in the revised

ACI 318 (1983) code, the provisions of ACI (1977) code have been revised and presented in
a more general form permitting any acceptable method for design. It may, however, be noted

that the equivalent column analysis, for which readymade tables are available, is more often

wsed than the equivalent beam method.?
i3.2.1 Definition of Equivalent Frame

As we have already scen in Chapter 11, the equivalent frame is a simple substitute of a two-
dimensional model for a three-dimensional frame consisting of slabs and columns. Thus, the
building frame is cut verticatly from top to bottom, first in the longitudinal (E-W) direction and
then in the transverse {N-3) direction along the centre lines of adjacent panels. In general, the

frames used for analysis in EFM methods will consist of three members as shown in Fig. 13.1;°

1.- A series of slabs (or siab beams) in fhe longitudinat direction
2. Columns extending above and below the slabs

3. The transverse moment transfer elements (torsional members) consisting of the slab and

- beams (if any) at the columns in the transverse direction.

For the exterior row of column, the slab beam will consist of only one-half the interior panel.

It should be noted that in EFM analysis the spans are considered from centre-to-centre of slabs,

but the design moments are reduced® to those at the face of the supports. These resulting
frames are then reduced to two-dimensional model with columns.as vertical meimbers and the
slabs compressed to equivalent beams as horizontal members. This two-dimensional models are
the equivalent frames and they should be analyzed by methods of elastic analysis such as
moment distribution, slope deflection, or matrix displacement methods. Bach floor is analyzed
separately with the columns assumed fixed at the floors above and below for the worst live load
condition (pattern load) on the ‘slab-beams’.* As this method is considered to be an exact
method, redistribution of moments is also allowed. The analysis is made in both the E-W and
N-8 frames for the factored dead and live loads.

1See Section 13.3.4.
2See Section 13.7.2.

" 3See Scction 13.6.

4See Section 13.5.
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P Actual column above

Torsional member K,

Paralie]l beam

“Torsional
member K,

\ Actual column below

Fig. 13.1 _Eqﬁivalent column {column: and torsional melﬁber).

13.3 BACKGROUND OF AC! (1977) METHOD — EQUIVALENT COLUMN METHOD

An cquivalent frame is a two-dimensional representation of the three-dimensional struétures.
For the sake of structural analysis, it is obvious that appropriate moment of inertia and
expressions for- rigidity should be assigned to the boams and columns. The values to be
assigned were determined from results of extensive tests so that the results obtained by the
) theoretlcal analyms ‘agree’ very ‘well with the results of the laboratory tests.

13.3.1 Moment of Inerlia of Slab—beams

The first problem is to assngn suitable ngldlty value for the slab-beam. ACE318 ([989) in Clause
13.7.3 gives the rules regarding assumptions to be made for ca]culatmg the moment of inertia
of these slab-beams. In flat plates where the moment of inertia of the slab is constant over the
whole span it-is gwen by the -simple equation; .

L
12

3.

where L, is. . the transverse span and A the thickness of the slab.

The moment of inertia of the plates inside the colurns is corrected, but it is indeterminate.
However, the omission for this correction does not make much difference in the overall results
of the calculations for flat plates. In flaf slabs with drop panels and colurn capitals, the slab
will have a varying cross-section as shown in Fig. 13.2 and corrections have to be madeé. ACI
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Flg 13.2 ldeallsation of stab eletﬁents for siab-beam stiffness: (a)’ Slab with drops and cﬂ)?tal,
and (b) simple slabs. -

{ inertia of such slab beams from the face of support to the centre

recommends the moment o
ven by

line of support to be assumed-as cqual and gi

N - o C(132)
- (c /L)Y

where Iy =Moment of inertia of the slab-beam at the face of column-capital or bracket
sd =

' i " described i tion
i on column as described in Sec
¢, = Size of the column (or equivalent square sectjon . ective

10.5) in the transverse direction

I, =Span in the transverse direction,
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- of reinforcement, but for analysis of horizontal load;
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" For analyzing the vertical gravity loads, the moments_of inertia are usuaily calculated on
the gross area of concrete without taking into account the effects of cracking and the amount

: : '_!Hes= effect of cracking #nd consequent

decrease of I have also to be takén into account,!

13.3.2 Theoretical Co!umn-Sliﬁnesses. N

* ~The theoretical colamn heights Z, is measured between the centre lines of the slabs, as shown

in*Fig, }':’_5,3; ‘The basic column stiffness is given by |
4ET. - .

. o A (133)
‘where J, is the -mb'r'ngni’t;éf_ inertia of the column. 7 .
I T I T I=w
Le E.1, L, E.,

i
|

Upper column
Lf Eclc
- _\Ka (near) Joint
| L R
= - |—I =® a_{near) \__/
L.

: ® . _ . (d)
Flg 13.3  Sections for- caléulating column stiffness: (a) Slab without drop panel; (b) slab with

drop panel; (c) slab with-drop panel and capital; and (d) jdealised slab column joint

coefficlents.

1Refer Section 13.8.

EQU_WALENT' FRAME ANALYSIS OF FLAT SLABS 245

" Calculation of J, for a straight column is easy; however, when drop - panels and column -

heads are present; some sort of empirical procedure has to be- iniroduced for: simplicity.
Accordingly, the stiffness of:the column from the centre line of ‘the upper .slab to the bottom
of the drop panel'is taken as infinity It is then:taken as.varying lingarly to the base of the
colimn ¢apital after which it témains constant tifl the top of the bottom slab is reached.. The
moment of inertia jnside the bottom slab is again taken as infinity as in Fig. 13.3. With infinite
value of J-(the reciprocal of §tiffness), which we call as flexibility; becomes zero. With values
of & and-b.as shown in Fig. 13:3(d), Table 13.1, at the enid of this chapter, gives values of
coefficients for calculating the' stiffness of ‘¢olurin for various values of @/L. and d/L; as -
' _kE]T,
L

e

Kl.‘

13.3.3 Use of Published Data for Flat Slabs

The calculation of factors fox stiffness, carry-over and fixed-end moménts {FEM) for the beams
can be worked out for various situations from the above fundamental sectional properties.
However, the work can be made much simpler in the design office by referring to the
published tables available in books such as in 1S publication SP 24 (Page 88-91) and reproduced
as Tables 13.2-13.5 presented at the end of this chapter. Using coefficients m, K; and ¢ from
these tables, we get the following values: . -

1. Fixed-end moment (FEM) = mwl,L}
2. Stiffness of slab K, = kEL*(12L)) (13.4)
3. Carry-over factor (COF) = is read directly from the tables as follows:

Table 13.2 is applicable to flat plates shown in Fig. 13.7. It is derived, ¢, 4Ly is approximately
equal 1o cy4/L,, and similarly for ¢;5/Ly = 35/L;. This table gives values for ¢ 4/L; and ¢5/L,,
the fixed moment factors, stiffness factors and carty-over factors for use in Eq. (13.4).

Table 13.3 is applicable to flat slabs with drbps but without column capitals as shown in
Fig. 13.7. It again gives values for ¢,/L and ¢;p/L,, the fixed-moment factors, stiffness factors
and carry-over factors for use in Eq. (13.4). g

Table 13.4 is applicable to flat slabs without drops but with column capitals as shown in
Fig. 13.7.

Table 13.5 is applicable to flat slabs with drops and with column capitals as shown in Fig.
13.7 for use in Eq. (13.4).

-

13.3.4 Equivalent Column Method

As already pointed out in Section 13.2, when the equivalent frames with the simple coluvmn
stiffness were analyzed and compared with test values, it was found (around 1963) that the
test values: of the span moments were more and the support moments were less than the
theoretical values. This showed that the column sides were not as rigid as imagined. This can
now be physically explained by the fagt that under the conditions prescribed for the early
theoretical model, the column and the slab-beam are considered as fixed. However, in reality

-(i}.Bé) _
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they are not 'sorﬁXed.‘-Beyond the immediate vicinity of the columns, slab tends to Totate freely
as it is restrained only by the torsional stiffness of the slab which is quite small.
As shown in Fig. 13.4, there will be considerable ‘leakage of moments’ at supports. This

naturally tends to increase the positive bending moment in the span and decrease the negative
" bending moment at the supports. In other words, the actual rotational restraint of the columns

on the-slab is less than that indicated by the ‘simple equivalent frame’. This is due to lack
of torsional stiffness of the slab which is supposed to fix the supports. The: {ixity offered

- therefore should not only be a function of the bending stiffness of the column but also be the
torsional stiffness of the slab and that of any transverse béam if present, If there are no beams
to fix, the slabs along the column line, the torsional stiffness of the strip of slab of width equal
to ¢ {i.e. the width of the column in the longitudinal-direction} and length equal to the
transverse span (L;) should be taken into account, as shown in Fig. 13.1. The real column with
the torsional members is called the equivalent column. (It should be noted that IS 456 simplification
has not introduced this aspect in its recommendations.)

(Plan)

_\ Leakage of ,/
L >

4
4

Fig. 13.4 Leakage of moment from supports to spah. .

For the fhysical concept, it may be imagined that the end-moments are first transferred to
the transverse beam or strip and then by torsion to the column. Thus the flexibility (inverse
of stiffuess) of an equivalent column is taken as the sum of the flexibility of the actual column
above and below the “slab beam’ plus the flexibility of the ‘attached torsional members’ on
each side of the column. This relationship can be expressed by o

41t

K, XK. K

Ky L2 (13.5)
LK +1K .

where )
K, = Flexural stiffness of equivatent column {moment per unit rotation)
%, K, = Sum of flexural stiffness of the actual colummn above and below the joint

K, = Torsional stiffuess of ==2ch of the transverse slab or the slab and beam (if any)
that acts on the face of the column (attached torsion member).

Thus, K. will always be smaller than K, i.e., the equivalent column is more flexible than the
actual one. When K, = 0, (1/K)) is infinity and the value'of K, will also be small.
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Equation (13.5) was mentioned in the ACI 1?’!7 code. In ‘19'70, Corel:,r.am:l1 Jirsa- ;lac! -
developed -an empirical formula for the torsion st.lffncss of the at.tathd ?ors1lclm_a}‘ mt?;nlzlru
mentioned above so- that the results of the analysis of equivalent frame' with ¢ ': e?ul aTh
column’ 'me'mber-de'scribed- above yield results close to those obtained in the laboratory. ‘Lhe

expression derived for the torsional stiffness of the attached torsional member is as fqllows:

(5.9E,C)

=T a3 13,
& Lll~(e/ L) ( ‘6)

where C = Torsional constant of transverse torsional members given by Eq. (13.7)

E, = Modules of elasticity of concrete

L, = Span of member subjected to torsion on eithet side of .lcolu?nn o .
¢; = The length of the side of the column in the transverse direction in line with Lz‘.
n the columns along [ as in two-way slab on

i anning betwee
When thore i 4 po e & : by introducing a factor 1/L;. Therefore,

beams, the value of K, will be enhanced to Ky,
| _Kdy ' 3

i |

5

where K = Ir.lcrcased torsional stiffness due to parallel beam B in Fig. 13.1

[ = Moment of inertia of the slab with the full width between panel centre lines =
£

Lk12 .
I, = Moment of inertia of the above slab with the longitudinal beam.
: N
is based more on tests with gravity loads and its value

more test data with such loads.] .
verse member is to be evaluated for the cross-sect19n,
rectanpular parts and carrying

[Note: In Eq. (13.6), the coefficient 9
may change for horizontal loads with

The torsional constant C for the trans aon
as is usually done in R.C. design, by dividing it into separate

out the following summation:
. | x3 |
Cc=% (1—0.63-{} [—l : (13.8)
y 3

i in the rec fon 14.6). .
Jess than y in the rectangle (refer also Section L
Whef?hfs 1rs"m:::hocl of aﬁalysis is called the equivalent column method recommended for design

in ACI (1973) commentary and it should be distinguished from thebaltnr:m;snt_c&;e?lui\.'a;leln;l bﬁ:::
' ilabili jvalent beam methods, whic!

thod’.! Because of the availability of the altema}e equivalent ¢

:?ﬁcéobcen developed, the present ACI code has omitted the equivalent column methods from

the main body of the code.

13.4 SUMMARY OF PROVISIONS IN ACI 318

In the analysis recommended by ACI code, any fwo-way slab syst?m can b O The
equivalent frames on cofumn lines, both in the longitudinal and transverse
. ES

e considered as

'For equivalent beam method, see Section 13.7.2.
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whole load is assumed to be carried on both directions as in the direct design method in these
frames, The moment of incrtia of ‘slab-beams and the equivalent moment of inertia. of the
cotumns. will be: determined as described above. In the absence of a beam in the L, direction,
the torsional member ‘attached’ to the column will be a slab of width ¢, equal to thatof the
column in the longitudinal direction Z; and length equal to, one-half of the transversc span L,
on gdcli side of the colurin (4s in Fig. 13.1). If there is any beam in the L, difgction, its effect
shotld be considered in detail in Eq. (13.7). Beam in the longitudinal directjon increases from
K, 10 K,, as.in Eq. (13.7). As already indicated, ACI 318 (1977) ‘recommended this equivalent
column method for analysis of the effects of all types of loads. Substitute frame. as described
.in Chapter 8.may also be used for the simplification of the analysis for gravity loads. Redistribution
- of moments is also altowed. : ' SR

13.5 ARRANGEMENT OF LIVE LOAD

Analysis should also be made for effect of pattern loading, However, if the live load does not

exceed 75% of the dead load or if all the spans are likely to be loaded simultaneously, ACI and

1S 456 Clause 31.5.2.2 allow the frame to be analyzed with fagtored live and dead load on all

the spans, It may be noted that according to ACL when using DDM in the case of frames of

equal spans, the effect of pattern load can be neglected when live load is even up to twice the

dead load. For two-way slabs with beams and loads acting directly on the beams, an addjtional
frame analysis has to be made for the effects of such loads. ’

13.6 REDUCTION IN NEGATIVE MOMENTS

As the frame analysis is made with centre line distance as spans (see IS 456 Clause 31.5.3.1),
codes allow the negative moment so obtained to be reduced for design purposes. The moment
reduces on the face of the supports at interior (square or equivalent square) column and to
one-half of the distance from the face of support to centre line for exterior columns as well
as to specified sections for rectangular columns as shown in Fig. 13.5. However, the numerical

cf2
—p

e o — X -y -

Mo — =
PR

] — o m— e amme | —— e

@) () © .
Fig. 13,5 Correction of moments computed from centre Haes to face of support for determination
of design moments.
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valye of thc-suﬁ’q of the negative and positive moments should not be less than My in Bq. (11.2)

as stated in the following. equation:
MitMy ry=toL,L
- S 2 : 8
where M, M; a';e the negative moments and M the positive moment.

13.7 GENERALISED SPACE FRAME MODEL

ACI 318 (1983)_ Clause’ 13.3.1 ﬁemu’ts tHe analysis to be carried out by “any procedures
satisfying conditions of equilibrium and geometric compatibility”, thus recognising the findings
of Venderbilt [3, 4, 5]. The basic principle is a true model of the space structure should take

into account the effect of constraints along the column lifies. Accordingly, an analytical model

shown in Fig, 13.6 has been proposed by Venderbilt to analyze the two-way slab systems,

e

A B C . XSpnng Spring
. I (N
4 L
C .
A) B! C' .
’ Fd 7T wr L T 7;’
@ {®) ©

Fig. 13.6 Equivalént beam analysis for two-way slabs.

especially for lateral loads, The beam having a moment of inertia equal to that of the entire
cross-séction-across the fisll width of the equivalent rigid frame is located along A'B'C, offset
from the plane defined by the columns. Beam ABC located on the column Yines will have no
stiffness, but the beam A'B'C’ will be connected to the colurmn by torsion elements 44", BB'.
This model is called the space frame model. The word ‘space’ being used only to differentiate
it from the *plane model’. This ‘space model’ can further be simplified for easy analysis by
manipulating it into equivalent plane models which can be analyzed by ordinary methods. Two
of the important plane models that can be evolved from the space model are the commonly used
equivalent column method and the equivalent beam methold.

13.7.1 Equivalent Column Method (K, Model)

The equivalent column model as described in Section 13.3.4 is obtained by replacing torsion
clements from rotational springs distributed over upper and lower columns in proportion to
the column stiffness. This method was proposed by Corely and Jirsa and recommended in the
ACI Codes from 1977. This is the most commonly used method for both gravity and lateral
loads, even though it is most suited to gravity loads.

"More details of this method can be found in references given at the end of this chapter.

‘ _.. .
B v et i T o

J
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18.7.2 Equlvalént Beam Method (K, Model)

The model obtained by replacing the torsion element by rotational springs at the slab beam
“ends is called the equivalent beam model. This was first suggested by Venderbilt in 1981, Tt
i generally believed that this model gives better results for analysis of frames for lateral loads
like wind and earthquake loads, This model has not yet been recommended in IS 456.

13.7.3 Other Modifications

Other modifications of the space models have also been .i;ro'po'se'd. For example, a space model,
in which the moment of inertia of the column strip is placed on ABC in Fig, 13.6 and the moment
of inertia of the middle strip is placed on A'B'C’, has been proposed by Wang ‘and Salmon [6]
for the analysis of both gravity.and lateral loads. oo :

13.8 LATERAL LOADS AND TWO-WAY SLAB SYSTEMS

Two-way slab systems without beams, like flat slabs and flat plates, are inherently not very
strong under 1ateral loads. In tall buildings they should preferably be braced by devices such
as shear walls so that the frames have to withstand only gravity loads. In moderately high
buildings: they should be. analyzed .by conservative methods for lateral Joad analysis and
designed” with sufficient margin of safety.

There is considerable difference of opinion as 1o what should be the stiffness of the ‘beam
slab’ for the analysis of the equivalent frame for horizontal loads. BS 8110 Clause 3.7.23
recommends that *for horizontal loading’ it is more appropriate to take one-half the width
that is taken for. vertical load analysis. This reduction’is mainly due to cracking of the slab,
especially near the columns. Hence, it stands to reason that this factor will be higher for flat
slabs with drops surrounding the columns. The ACI code Clause 13.3.12 only states that for
lateral load analysis the effects of cracking and reinforcement on stiffness must be considered.
This stiffness depends on parameters such as Ly/L,, ¢)/Ly, ¢y/c; depths of drop and coﬁben_tration

- of reinforcements provided for unbalanced moment transfer by flexure. Values reported from
tests for reduction vary frem 0.25-0.5. From these discussions it is clear that the BS 8110

recommendation of using 0.5 time width of the slab as effective width for stiffness calculation -

can be considered as a very acceptable method for analysis of horizontal loads like wind
loads. ' : ' o

13.9 DESIGN PROCEDURE

The following procedure is usually recommended for ofderly analysis of flat slab by equivalent
frame method: : ’

Step 1. Calculate from the geometry ¢\/Ly, e)/Ly

Step 2. Determine_ the stiffness of column from the expression K =__,_-KCI-JLC,“.with k.
obtained from Table 13.1 and Eq. (13.3a).

Step 3. Calculate the torsional stiffness of the attached member by Eq. (13.6). -~
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Step 4.-Estimate the stiffness of the équivalent column ftoxp the rcs?llts of steps 2 and 3.
by Bq. (13:5). - SR e

Step 5. Read off the B.M. coefficient carryover factor s_a;_l_cl:'qoe_fﬁqlent for suf;‘n gs of slab
from er}m'a'de iablés, Defermine also the stiffness of tho slab (Tables.13.3-13.5).

B B

Step 6. From stiffness of slab and column, calculate the dis@ibution factors:
Step 7. Consolidate steps 1-6 in 2 table. B
Step ‘8. Aﬁaiyﬁe the equivalent frame by' moment distribution method.

S!ep‘9' Make correction for design moments as in Section 13.6 and compare them with the . -

. )]
direct design method. (Also, if tht?-SlﬂbS can be analyzed by DDM' tbe mt_al BM n‘eec.1=,no

) excecd Mo'.)

10. i i s and the positive momentsin
i obtained the negative moments at suppo h .
the :;:ﬁ {i?étrli{t?x:%hgmato the column strip and middle strips as explained already in Chapter
11, usin'g the same coefficients as in DDM. o 7 - d
S!ep.'II The columm foments- can be taken as those obtained from the analysis instea
of using the empirical»method given in Section 11.15.

' t i 1.
As steps 9-11 are self-explanatory, only steps 1-7 are worked out Example 13

. TABLE 13.1 ‘COLUMN STIFFNESS COEFFICIENTS X,
o [See Eq. (13.32) and Fig. 13.3]

biL,

020 022 024

alke .0.00 O.bl 004 006 0.08 0.10 012 0.14 016 018

5000 5128 5263

0.00 4,000 4,082 4.167 4.255 4,348 4.444 4.545 4851 4762 4878 6
0.02 4'.3.37. 4.433 4533 4.638 4747 4862 4.983 5110 5244 5384 5533 5.690 5.823
0.04 4709 4.882 4.940 5063, 5.193 5330 5.475 5.627 5.787 5958 6.138 6.329 6.510
0.66 5:122I 5252 5.393 5.53% 5.693 5.855 6.027 6.209 6.403 6.608 6.827 7.060 7.203
0.08 5581 5735 5898 6070 6252 6443 6.650 6.868 7.;100 7348 7.613 7.897 8.2 3
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0.12 6.659 6.870 7.094 1333 7.587 7850  8.150 8.461 §.796 9.157 9.546 9.967 1Q.430
0.14 7.292 ‘ 7.54-0 7.#03 8.084 8385 8.708 0.054 9.426 9.829 10.260 10.740 11.250 11.841;0
© 016 S.d-ﬂl‘ 2291 8.600 893} 9.297 9.670 10.080 10.530 11.010 11.540 12.110 12.740 13.3l0
0.18 8796 9.134 -9.498 9.888 10310 10.760 11.260 11,790 12.370 13.010 13.700 14.470 15.

e -16.490 17.530
0.20 9,687 10.080 10.510 10970 11.470 12010 12.000 13.240 13.940 14.710 15.560

. ; 20,150
14.140 14910 15.700 16.690 17.210 18.870

650 23.260
15.920 16,840 17.870 19.000 20260 21.65

0.22 10.690 11.160 11.660 12200 12.800 13.440
0.20 11.820 12370 12.960 13.610 14.310 15.080
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. q LAT SLABS WITH
TABLE 13.2  ACI MOMENT DISTRIBUTION CONSTANTS FOR FLAT PLATE TABLE 13.3. ACIMOMENT D1s1'm)i3!iJTl40I':T COII‘;QI'I]‘?gPT;FrgEeFE 5
[See Fa. (13.4) and Fig. 13.7) (SP 24 Table B.4) . - ~ : DROP PANEL [See-Eq. (13.4), Fig
Colusn dimension ", Uniform foad . " - Suffess fretor Canﬁ:over factor Columa dimension . Uny"arm lﬂal«' o Stufﬁ:ess f’w"o" = Carry-over factor
e1atly Y/ AR mag gy L7%3 kea COFpp.  COFp, el el P!;,;; r‘!n_A oo kam T ken COFAB ' VCOFBA_
0.00 S | 0,00 | '
- 0.00 0.083 0.083 - 400 .- 400 = - 0500 © - 0.500 - : M e p0ss 0088 478 - 478. 0541 - 0541
0.05 0.083 0.084 4.01 0.04 0.504 0.500. _ LR e S tags o 0.545 - 0541
0.03 0.087 0.089 480 | 482 O :
010 .0.082 0.086 403 415 0513 . 0499 : : _ P C © 0553 0541
0.15 0.081 0.089 407 4327 - 0528 0 0498 : 0.10 0.087 0.000 -_4 83 - 4945 0 .
0.20 0.079 0.093 4.12 456 0.548 0.495"- i , , 015 . 0.085 0.093 - 487 ;5.2 . 0.567 0.540
025 . 0077 0.007 - "4.18 . 488 - 0573 © 0491 e 0.20 0.084 0.096 493 - 536 - 0585 0.537
0.30 0.075 0.102° 425 - 528 .. 0.603. .. 0485. B i ' 0.25 0.082 0.100 500 568 0.606 0.534
SUe3S . 0073 . 0007 - 433 578 - 0638 . 0478 _ 030 0080 0,405 (509 . 607 0631 0529
0.05 ' . e 1 0.05 ' . S
005 0084 - 0084 . 405 = 405 - 0503 0.503 A 0.05  0.088 G288 - 484 - A84 - 0.545 0.545
0.10 0.083 0.086 4.07 415 0.513 0.503 ' _ " 610 0.087 0.000 487 . 495 0553 0.544
0.15 0.081 0.089 .11 433 0528 0.501 I 015 0,085 0.093 491 513 0.567 0.543
0.20 0.080 0.092 4.16 4.58 0.548 0.499 538 . 0.584 0.541
025 0.078 0006 422 4.89 0573 0.494 0.20 0.084 0006 - 497 . .38 . T 0537
030 .. 0076 0.101 . 429 5,30 0.603 - 0.489 0.25 0.082 0.100 505 570 0.606 )
0.35 0.074 0.107 4.37 5.80 0.638 0.481 f 0.30 0.080 0.104 513 6.09 0.632 0.532
0.10 , . : 0.10
0.10 0.085 0085 418 | 418 0513 0513 : 0.10 0089 0089 498 . 498 0553 0533
0.15 0.083 0.088 422 4.36 0.528 0.511 | 0.15 0.088 ©.092 5.03 5.16 0.566 0.551
0.20 0.082 0.091 4.27 4.61 0.548 0.508 ‘ 0.20 0.086 0.094 5.09 © 542 0584 0.549
oz gme o am o
- - - - . : - i ' 43 0631 0.541
w 0.35 0.075 0.105 4.5 5:85 0.637 0.491 , ; 0.30 0082  0.l03 526 6.
. _ _ 3 0.15 :
e 015" 0.086 0.086  4.40 4.40 0.526 0,526 0.15 0.090 0090 522 e a6
. .| K . . 520 - " - . : . 0.583 0.563
020 . 0084 0.9 4.46 " 4.65 0.546 0.523 0.20 0.089 0094 528 5.47 e oo
0.25 0.083 0.094 4.53 = 4.98 0.571 0.519 l?,: 0.25 0.087 0.097 5.37 o 580 0. _ -
0.30 0.080 0.099 4.61 5.40 0.601 0.513 . 0.30 0.085 0.102 5.48 - 621 0.630 0.554
, 0.35 0.078 0.104 4.70 5.92 0.635 . 0.505 4 020
0.20 : ' 0.20 0.092 0.092 5.55 555  0.580 0.580
0.20 0.088 0.088 472 472 0543 10.543 _ 025 0.090 0.096 5.64 588 0.602 0.602
0.25 0.086 0.092 4.79 5.05 0.568 0.539 : 24 630 0.627 0.571
0.30 0.083 0.097 438 5.48 0.597 0.532 - 0.30 0088 0100 5 ' o
0.35 ©0.081 0.102 4,99 6.01 0.632 0.524 0.25 .
025 : S 0.25 0.094 0094 598 598 . 0598 0598
0.25 0.090 0.090 5.14 5.14 0.563 0.563 ' 0.30 0.091 0.098 6.10 641  0.622 0.593
0.30 0.088 0.095 5.24 5.58 0.592 0.556 iy :
035 - 0.085 0.100 5.36 6.12 0.626 0.548 : 0.30
0.30 : : 7 B : 0.30 0.095 0.095 6.54 6.54 0617 0.617
0.30 0.092 0.092 5.69 5.69 0.585 0.585
.0.35 0.090 0.097 5.83 6.26 0.619 0.576
0.35
0.35 0.095 0.095 6.42 6.42 0.609 0.609
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- TABLE 134 -ACI MOMENT DISTRIBUTION CONSTANTS FOR SLAB-BEAM : o Cu s L
E - MEMBERS WITH COLUMN CAPITALS : S Lt T : : +
[See Eq. (13.4) and Fig. 13.7] (SP 24 Table E.6) ; ' ¥ o A
) 1.25h
elly eilly mo ok COF  olly “ofly m k,  COF |l !
000 | , 0.30 _ . |
. 0.00 - 0.083 4000 0.500 0.00 0.083 4.000 0500 ' L
010 . 0083 4000 0.500 0.10  0.086 4488 0.527 @
020 . 0.083  4.000  0.500 T0.20 0.089 5050 0.556
0.30 0.083 . 4.000  0.500 © 1 030 0092 5692 0585
040  0.083 4000  0.500 . 040 0.095 6414 0614
0.50 0083 4000 0.500 0.50 0.098 7.205 0.642
0.05 » 0.35 ‘ , !
. 0.00 0.083 4000  0.500 0.00 .0.083 4.000 0.500 |
0.10  0.084 4093 . 0507. . - - 0.10--0.087 4.551 0.529 1
0.20 - 0.085 4222 0516 0.20  0.090 -5.204 0.560 . : [
0.30 0.085 4261 0518 030 0.093 5979 0,593 ) ‘ - @
040  0.086 4368  0.526 0.40 0096 6.888 0.626 . iabs b ivalent column method: (a) Flat
. . . . . design of flat slabs by the equiva
050 0086 4398 0528 0500099 7.935 0.658 . ig- 13.7 l;li:tger?,[n;;':l: 1t;.bzl)e;s(1f;;rﬂais§ab with drep panel (Table 13.3); (¢} fiat slab with column
0.10 T 0.40 : capifals only (Table 13.4); and (d) flat slab with capitals and drops (Table 13.5).
0.00 0083 4000 0500 - 0.00. 0.083 4.000 0.500 : '
040 0085 4272 0513 0.10 0087 4.607 0.530 B -BEAMS WITH
0.20 0086 4362 0524 © 020 0090 5348 0.563 TABLE 3.5 ACI MOMENT msmlgl&llg)r; fgfﬁfﬁgﬁg FOR SLAB-BEA
030 0087 4535 . 0535 . 030 0094 6255 0.598 A e 13.7] (SP 24 Table E.7)
. 040 0088 4698 0545 . 040 0097 7.365 0.635 [See Eq. (13.4) and Fig. 13.7] S—
0.50 0.089 4,848 . 0554 050 0 0.100 8710 0.672 ] Constants for kz= |.251'I| CO?!Sfmf,fS fOJ‘ f)z = 1,55’I|
0.15 . 0.45 - . el efl; : P COF m k, COF
© 000 0083 4000 0500 045 0.083 4.000 0.500 - - o 4 '
0.10 - 0.085 . 4267 0517 0.10 0.087 4.658 0.530 0.00 N 5.837 0.589
, 020 0087 4541 0534 020 0.090 5.480 0.564 : 0.00 0.088 4,795 0.542 0.09; 7 058
: 030 0089 4818 0550 030 0094 . 6517 0.602 T 0.05 0.088 4.795 0.542 0.09 837 -
: 0.40 009 5090 0565 040 0.098 7.836 0.642 0.10 0.088 4795 0.542 0.093  5.837 0.589
050 0092 5349 0579 0.50 0.101 9514 0.683 015 0088 4.795 0.542 0.093  5.837 0.589
0.00 0083 4000 0500 0.00 0.083 4.000 0.500 0.25 0.088 4795 0.542 0003 5.837 0.589
_ 0.10 0.086 4346  0.522 0.10 0087 4703 0.530 : : 0088 - 4797 0.542 6.093  5.837 0.589
; 020 0088 4717 0543 020 0.090 5599 0.564 0.30 : ' :
. 030  0.090 5108  0.564 030 0094 6.600 0.603 0.05 - 837 0.589
040 0092 5509 0.584 - 040 0098 8.289 0.645 : 0.00 0.088 4795 - 0.542 0.093 ‘;'.8;0 o
0.50 0034 5908 0602 - 7050 0.102 10329 0.690 ? 0.05 0.088 4.846 0.545 0.093 5. .
028 : : 0.10 0.089 4.896 0.548 0.093 5942 0.594
: | : . _ 596
0.00 0083 4000 0.500 ' 0.15 0.089 4.944 0531 o 533? 3:33
0.10 0.086  4.420 0525 0.20 0.089 4.990 0.553 0.094 6. 0,600
020 0089 4887 0550 0.25 0.089  °5.035 0.556 0.094  6.087 .
0.30 0.091 5.401 0.576 ' . 0.090 5.077 0.558 0.094  6.131 0.602
040 009 5952 0.600 ; 0.30 : e
0.50 0.096 6527 0623
' |
E _
| .




256. ADVANCED REINFORCED GONCRETE DESIGN

TABLE 13.5 ‘(cont.) -

Cz!Lz ’

~ Constants for hy= 1.25h,

Consteanils for hy= 1.5k

oL, = -
_ m K, COF m k, COF
-0.10 : o
0.00- . - 0.088 4.795 0.542 0.093 . 5837 . 0,589
" 0.05 0.088 4.894 0.548 0.093 " 5940 - 0.593
0.10 0.089 4.992 0.553 0.094 6.042 0,598
0.15 0.090 - 5.039 0.559 0.094 . 7 6.142 0.602
0.20 . 0.090 5.184 0.564 . 0.094 " 6240 0.607
0.25 0.091 5.278 0.569 0095 76335 7 (61l
0.30 0.001 5.368 0.573 - 0.095 - 6427  0.615
0.15 . _ ' :
: 0.00 0.088 4.795 0.542 - 0.093 5837 9.589
0.05 0.089 4.938 0.550 0.093 5986 0.595
- 0.0 0.096 . 5.082 0.558 0.004  6.135 0,602
0.15 - 0.090 5228 0.565 0.095 6284 0.608
0.20 0.091 5.374 0.573 0.095 " 6.342 0.614
0.25 . 0.092 - 5520 0.580 0.096 6579 - - 0.620
0.30 0.092 5.665 0.587 0.096  6.723 0.626
0.20 _ .
0.00 0.088 4.795 0.542 0093  5.387 0,589
0.05 0.089 4,978 0.552 0093 6.027  0.597
T 0.0 0.09 5167 0.562 0.094 6221 0.605
0.15 0.091 5.361 0.571 0.095  6.418 0.613
. 0.20 0.092 5.558 0.581 0.096. " " 6.616 0.621
- 0.25 0.093 5.760 0.590 0.096 - 6.816 0.628
'0.30 0.094 5.962 0.590 0.097  7.015 0.635
0.25
0.00 0.088 4,795 0.542 0.093  5.837 0.589
0.05 0.089 5.015 0.553 0.094  6.605 0.598
0.10 0.090 5.245 0.565 0.094  6.300 0.608
0.15 0.091 5.485 0.576 0.095  6.543 0.617
0.20 0.092 5.735 0.587 0.096  6.790 0.626
0.25 . 0.004 5.944 0.598 0.097  7.043 0.635
0.30 0.095 6.261 0.600 0.098  7.29% 0.644
0.30
0.00 0.088 4,795 0.542 0.093  5.837 0.589
0.05 0.089 5.048 0.554 0.094  6.099 0.599
0.10 0.090 5.317 0.567 0.095  6.372 0.610
0.15 0.092 5.601 0.580 0.096  6.657 0.620
0.20 0.093 5.902 0.593 0.097 6953 0.631
0.25 0.094 6.219 0.605 0.098  7.258 0.641
0.30 0.095 6.550 0.618 0.099  7.571 0.651
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EXAMPL}:. 13.1  [Eresign by eguivalent frame methed {EFM))

—->| 750“ |4—

| {
{

900

""l 50 fe—

Middle column

End column

Fig. E13.1,

Using published tables (Tables 13.1--13.5), determine the coefficients for analysis of the equivalent
frame of the following flat slab by moment distribution method (Fig. E13.1): -
1. Spacing of columns: 7 m in x-direction and 6 m in y-direction

2. Internal columns: 750 mm diameter with 1.53 m circular column head of 0.9 my depth from
top of the slab to bottom of the column capital

. Peripheral columns: 750 mm square with 1.53 x 1.53/2 rectangular column heads
. Thickness of mzin slab: 180 mm

. Drops: 2.4 x 3 m size and 280 mm thick (h, = 1.5} approximately)

. Peripheral beams: 750 x 900

. Storey height: 3.3 m from centre-to-centre of main slabs

W

~ N th

Analysis of frame in the XX-direction (7 m span)

Step 1. Calculate from the geometry ¢\/L,, c,/L, of the flat slab
Distance of centre of slab to top of slab = 0.180/2 = 0.09 m

Distance of centre of slab to bottom of .capital =09-0.09=08Im
Refer Fig. 13.3.
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. External upper column- Internal upper column

Column stiffness coefficients from Table 13.1

k.= 6.025 k. = 6.025

kI (6.025)0.02637) _ (6.025)(0.0155).

K =—te 7V sl R vttt vtk S
<=L 33 = 0.048 K 3.3

K = 0.0283

External lower column Imternal lower column

2 02450, 2= 0.027 2 0245 — =0.027
L L o L, L,
he=12.52 : k.= 1252
K. = 12590002637, o K, = 0252000159 o0
33 i3
LK. = 0.148 T K. = 0.087
Step 3. Calculate the torsional .sr{ﬁ'ngss of the. attached member
¢ =¥%|1-063% y Torsional suﬂhessK MELQ
yjl 3 L(1-e/L,)

External span Internal span

C_'o'{umn .. - External co!umn Internal column
[ ; . B
Upper column 7~ 9:;—059-=0.027 o 0.027
. (= » :
b 0
Upper column I %'-8:%:0.245 0245
. (4 N
a
Lower column 7~ : %ﬂ=0,345 0245
. 4 . i .
b 009 - ‘
Lower column L 33 0.027 . 0.027
Column heads External span Internal span
_ 153075
|——£—+—‘2'*—"1 14 o =0.89 % [.53 = 1.36
(Equivalent square)
¢ = 1.53 : & = e
¢ o
Left 2 14 o * 1.36
——=10.163 : —
Iy 7.0 . 7p 0194
Left 2 153 _,, 1.36
= =0.255 =
A 60 5 0.227
Right LR 136 0. 194 136
I _ 7.0 : T
. [
Right=% 1.36 =0(.227 136
i <o -0 = =0,227
Step 2. Calculate the stiffitess of the columns
External upper column " Internal upper column
15 R . 75)* -
1= =0.02637m - 1=_f_—(-;4-—)-=o.0:55 e
2 00227 L o025 o 2 0007 D 02s
Lﬂ LC LC ’ LC )

The attached membecr is a slab of 0.28 m

The attached member is an L beam
depth on face of column () = 1.36 m)

750 % 900 mm with attached slab

-

620 x 280 mm . ; _ .
[1-0.630.28) ]] (0.28)°(1.36)
X =075y, = 0.90 C=1"3 3
x; = 0.28; y, = 0.62 = 0.0086
C = 0.0633
= 2292008 0459 (with E=1) = 2900086 _, o5
- 6(1~0.255) 6(1—0.227) ,

Step 4. Calculate the stiffness of equivalent column

C l
Column stiffness -3—-=-i~1~- [from Eq. (13.5)]

Kac
1 1 1 : 1 1 1
—— e R —_—— =
K, 0148 04 =894 K. 00872 00556
=0.11 . K, =0.034

(Note: The stiffness of column has been reduced due to the attached torsion member.

¢
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.S'fep 5 Read oﬁ' BM. Cocffi c:ent r‘arry-over fauors and. sfab stiffness from Table .13.5 TAB_I_‘E 13’6 (_':O"_-ﬂ' _
Stifiness of slab. K, = ky i L, o . Ttem . Description Exter na_l:co!umn _ f’:rs! infernal . Second internal
121, o : e column colunn
Usmg Table 13.5 and Bq: (13.5) - ' 2. Stiffness o
. i - K.above LD D04B0-: - 00283 0.0283.
End colinn . Interior column e N A P TR -
o e e : . K below 3 o100 - 0 - 00589 © 0.0583
S og16 Lo : § BRSSO S ST : : R :
PR 0255 AR “?_'1‘:94' 7 028 R & LK o o1ag0 - 00872 0,087
(1) FEM coefficient m = 0.096 . (1) FEM coefficient = 0.096.. - . R : . To.sion member _ : o
- (2) Carry-over factor =0.623 i (2) Carry-over facior = 0.624 o : ] C - _ 0.0633 0.0086 _ 0-003.6
" (3 k= 6.65 (Table 13.5) T B k=6T6 T j B , - - K _ 0.4560 0.0556-.. 0.055€
e 6.65%(0.18) X6 - ¢ ' >
i, = SESXOIB X6 o ok fapprox) K, = 6716>1<2(0 ;8) %6 —0008 appron) Kee omo0 0040 070340
. 12x7 % . N o 00000 00028 . 0.0028
Step 6. Calculate the distribution factors - . o K (slab) rigﬁt' L 0.0028 0.0028 0.0022
' ; ) Exterior end B : First interior column = i TK= slab + col. Coz2s 0.0396 o 0.01{9(1'
\ Colums stiffess = 0.11 : Column stiffness. = 0.0340 3. Factors B.M. coefficient  0.096 0.096; 0.096 0.096; 0.096
E 1 Slab stiffness = 0.0028 - Stiffness of slab right of column = 0.0028 o ) _
t —_ Stiffness of slab left of column'_= 0.0028 - COF : 0623 - 06230624 0.624; 0,624
: Total =0.1128 7 Total = 0.0396 - . 4. Distribution - Slab 0 |25 717 747
! . . _ ,
| . _010 - 0. 0‘40 ' Column -97.5 86 36
T~ = =0.97 =———-=0.86 -
‘ D{str:bution to columiv =7=oog 5 Distribution to colern 00308
[ ] ' .
! Slab = 0.025 To cach slabs @z—i‘f_w |
l ) . .
Step 7. Consolidate steps 1-6 in a table _ o REFERENCES
‘ TABLE 13.6 DATA FOR ANALYSIS OF EQUIVALENT FRAME IN XX DIRECTION _ 1. ‘Purushothaman, P., Remforced Concrete Structural ElementsmBehavtor Analysis and
an 7 M } : Design, Tata McGraw-Hlll New Delhi, 1984. ‘
(Sp ) _ _ 7
Trem Description External column First internal Second :'nterna!: : 2. SP 24,- Explanatory Hand Book on IS 456 (1978), Bureau of Indian Standards, 1984.
column . colum 3. Venderbilt, M.D., Equivalent Frame Analysis for Lateral Loads, ASCE Journal Struct. Div.
1. Geometry Column above . ST-10, October 1979. ‘ . '
alL 0.027 0.027 0.027 4. Venderbilt, M.D. and Corley, W.G, Frame Analy.s'is of Concrete Bmldmgs Concrete
biL, o 0.245 ) 0.245 o 0.245 . International, January 1983,
Stab ' : 5. Venderbilt, M.D., Equivalent Frame Analysis of Unbraced Reinforced Concrete Buildings
el left . slez o194 0.194 for Static Lateral Loads, Structural Research Report No. 36, Civil Engineering Department,
cofLy left 0.255 0.227 - 0.227 : Colorado State University, Collins, June 1981.
Column below o _ - . 6. Wang, C.K. and Salmon, C.." Reinforced Concrete Design, Harper & Row, Cambridge
alL, 0.027 - 0.027 0.027 ' : (Mass.), 1985. : .
bL, ' 0.245 0.245 - 0.245
» g
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. Design of Spandrel (or Edge)
Beams .

14.1 INTRODUCTION

Spandret b.eams or edge beams ate provided to slabs in many situations as shown in Fig. 14.1.
In conventional two-way slab systern with beams, these edge beams give fixity to the end slab
thus reducing deflection as well as span moments. In the case of flat slabs, they also help tc;
redistribute the negative moments at the end-spans to the middle strips. ,

Cnlumn\_i
1771

+ Spandrel ;
beams

(@)

INg! 11 P
Spandrel (or edge)

" beams
@ 8]

W @Z

e

(b
F_‘Ig. 14.1 Action faf spandrel beam: (a) A walk-way on columns; (b) edge beams in_ flat slabs.

. We have seen in Chapter Il that without edge beams the entire oxterfor negative moment
in the end-span of flat-slabs have to be taken by the column strip itself. Being edge members

262
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these beams are subjected to torsion in addition to bending and shear. Considerable amount
of research in the behaviour and design of spandrel beams has been conducted between 1968
and 1974 in USA [1], the results of which have been incotporated in ACI 1977 and later codes.
This chapter deals with the design of these beams in the light of ACI 318 (1989). Design of
Concrete Beams in Torsion [2] can also be used-as a good reference and aid for design of these
beams. These aspects have not yet been incorporated in IS 456.

14.2 _DESIGN PRINCIPLES

It is obvious that edge beams in slabs are designed for bending, shear and torsion. The
routine empirical procedure used in the design of ordinary beam and slab system (as given
in IS 456 Clause 21.5.2) assumes that the end-fixing moment is wi?24 for the slab. This is
also taken as torsion acting on the beam. In many cases they are not separately designed for
torsion, but reinforcements for shear in these mémbers are provided moére liberally than in other
situations so that these reinforcements are assumed to take care of the torsion as well. A much

more realistic procedure would be-to quantify the torsion that can-come on the beam and design
the edge beam for the combined moment, shear and torsion.

143 SIZE OF BEAM TO BE CION'SIDEFIED

It is obvious that a part of the slab will act with the beams in resisting torsion. It is different

' from that part used for T and-L beam action in bending or that used for finding the & and

B, values in flat slabs in Fig 10.5. ACI 318 Clause 11.6.1.1 assumes that for calculating the
torsional capacity the overhang of the slab that acts with the beam in torsion can be taken as
three times the: slab thickness. This is an empirical value based on test results. :

14.4 BENDING MOMENTS AND SHEARS IN THE BEAM

The moments and shears for design of these edge beams are produced by the direct loads like
wall loads, dead load of beams that directly act on the beam as well as the load from that
area of the slab from which the load is transmitted to the beam. This area is usually called
the ributary area. Generally, the tributary area is taken in codes of practice as the area between
the conventional 45° line used for the load distribution from slabs to beams (IS 456 Clause 24.5;
see also Ch. 8).

14.5 TORSION TO BE TAKEN FOR DESIGN

The value of torsion for the design of these edge beams is indeterminate, ACI code and PF?A
publications recommend some interesting guidelines for their design based on the following
principles. )

We already know that torsion in structural systems can be classified into the following
two types [3, 4]: :

L. Stétically determinate or equilibrium torsion

2. Statically indeterminate or compatibility torsion



T mTaw T

" 264 ADVANCED REINFORCED CONCRETE DESIGN

As spandrel beams come under the second categoty, the amount of ultimate. torsion that
the member i$ required to resist is based not only on the requirements of ‘statics but also on
the relative stiffness of the member. This stiffness varies very much as the member cracks in
torsion, Tests indicate that due to such cracking the torsional stiffness can come down to as
Jow as 5 to 10% of the uncracked value, compared to about 50% in bending [4). In the ACI
publication SP 35 (1973), Analysis of Structural System for Torsion [5], Lampert proposed
an -expiession for. the torsional rigidity of the cracked reinforced concrete section, However,

.

in the same publication, Collins and Lampert came to an interesting conclusion that.“in case
of beams in compatibility torsion, analysis of the structure assumes zero torsional stiffness.
This stiffness-can also result in a design which is as.good as that of -the- torsional’ stiffness
of the uncracked section”. This principle can be explained as follows: . .
1f we call the torsional moment that causes the cracking of a section as ‘cracking torsional
moment T,,-experiments show that adding extra steel for resisting torsional moments, beyond
the cracking moment has some effect on the twist or the rotation of the member. But this
effect is very little on the increase in torsional moment capacity as shown in Fig. 14.2. This
observation has been used as the ‘key’ to a simple method of design for torsion of reinforeed
concrete metnbers in compatibility torsion. Accordingly, two methods of design of members

subjected to compatibility torsion have been proposed:

.

Excess stirrups

Designed stirrups

Tc;rqué N

Minimum stirrups

-~ No stirrups

] | ] ] I 1 I ] >
Twist angle (6) '
Fig. 14.2 .Effect of amount of stirrups in beams under torsion.
Method 1. This simple and conservative method is given by ACI 318 (1989} Clause 11.6.3.
For memibers in a statically indeterminate structure where redistribution of internal forces can

occur, the maximum factored torsional moment of the member can be assumed as the cracking
torsion. ‘The yalue of this torsion T, is given in pound units by the following equation in ACI

318 (1989) (commentary Clause 11.6.3.%
’ .
]c 3¢'\}fp szv (1 1)

1461 Permissible Design _\falues for Compatib_ﬂity Torsi'on'

I3

_ "DESIGN OF SPANDREL (OR EDGE) BEAMS 265

where
- . ¢ = Reduction factor (=0.85)

JZ = Cylinder strength in p.s.i.

_ 1f we assume that beyond this cracking moment the member rotates and redistributes the |
mD_l‘flEI_ltS -along alternate load paths, there is little use in designing members beyond this
torsional moment. The procedure t6 be adopted in this method is to-analyze the system
w_lt!;out_ taking i.nto account the torsional stiffness of the member, and design the member to
Tesist ﬁ_le cracking torsion, the bending momént and shéar obtained by the above. analysis
Accordingly, a-maximum factored torsional moment, equal to the cracking torsion, is assumeci
to occur at the ¢ritical section. This torsional moment is also used to calculate new or adjﬁstéd
_v_a\h_x:s of shears and moments in the adjoining members by simple analysis that ‘are designed
for the stress resultants. This method is illustrated Example 14.1. '. ’ '

1 Method 2. The second method is used for members, in which the torsion may be much
ess than the cracking torsion described in Method 1. To find out this torsion, exact theoretical

- analysis of the structural system is made using the torsional rigidity of the uncracked section.

:ltl‘tl_xe magnitude is Iess than the value of compatibility cracking torsion, we nced to design
e member for that reduced value only. It is obvious that this method requires detailed

" caloulations of torsional rigidity and structural analysis. :

~ The first n?ethod_ always gives a very safe design without complicated analysis. It should
_be no_ted that, if t.l-1e member is also under tension in addition to torsion it can cause severe
cracking. There will be no strength contribution from the concrete to the torsional capacit
and all torsion in such cases has to be resisted by steel only. >

S
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‘When we design for torsions, the torsional shear stress in the member should not be excessive.

- We know that the ultimate torsional stress in a rectangle of sides x and y (¥ > x) subjected

to torsion can be written as
T

Ve = kxzy

(14.2)

where & is constant.

If we have a T or L seclion, it has to be cut into th
ave : ¢ component rectangles. i
k = 1/3, which is valid for large y/x values (x < y).. ’ gles. Asmming

T

VY= or T=-— 2
( 3 Pyi3 3";ny

From extensive testing of T'and L scctions the followin rsi een ince

. s g values of torsion have been incorporated
in the commentary L

tgrsisn.‘ ntary of Clause 11.6.5 .of the ACI 318-(1989) code for members in compatibility
(a) A torque can be considered as nominal (i.e. the torque effects can'beln'eglected) when

the factored tersional stresses obtained from Eq. (14.2) are of the order of 1.5¥f? (p.s.i. units).
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(This is 0.375 time the cracking torsion given in'(b) below.) Thus, the magnitude of nominal
. torsion is given by the following equation (in pound inch units) as [ACK 318 Clause 11.6.1]:

7, =085(L577) i‘;—” - (143)

Note: 1. This is also expressed as T, =0.85 (0.5,[};7 )(szy).
2. The above expressions are dimensionally incorrect unless we take the value of 1.54f;
as the allowable stress. . , R
] 1. Lot us remember that T, will work out to 0.375T, given in Eq. (14.4). We may take
T. as the base. = .

{(b) When the torsional stress in concrete is 4%, the section reaches cracking stage in
compatibility torsion. Hence the cracking or compatibility torsion can be expressed by the
following equation as given in ACI 318 Clause 11.6.3. "

T, =085 (4@) E{-” p.s.. units

Converting the ahové e(i'ilation into S.I units by assuming f; = 0.8/7 and including the

reduction factor 0.85, we can write the formula for cracking torsion as follows:

T 0257 [Ef” ] (14.4)

3

approximately.

(¢) When the factored torsional moment is between the above nominal and cracking torsion,
the elastic analysis based on uncracked section can be made. When torsion is more than
cracking torsion, redistribution of moments can be assumed in indeterminate struciures whickh
are in compatibility torsion. o Co ' .

(d) The absolute maximum torsion allowed in a section in. torsion (by ACI 318) Clause
11.6.9.4) is Tyay = 47, If torsion is more as calculated from Eq. (14.2), we have to redesign the
member so that the stresses are reduced to allowable values [6].

CONCLUSION -

Based on the theory and results of laboratory tests, the following procédniréé'of —désign of

members in compatibility torsion can be recommended:

Procedure | (the Simple Procedure). For analyzing: the indeterminate structural system
under compatibility torsion, we first assume that in any case the torsion in the member will not
exceed the value of cracking torsion given by Eq. (14.4). The bending moment and the shear
force values are obtained by a simple analysis without taking into account its torsional stiffness
of the beam. The beam under torsion js designied for cracking torsion as assumed in the
analysis. This method is simple’ and does not need elaborate structural analysis. This is
illustrated by Example 14.1. In this case, if the actual torsion is lower than the cracking torsion,
it will result only in an overdesign of the members.

.

 floors is 3.3 m

DESIGN OF SPANDREL (OR EDUR) VPR & .

Procedure 2. Where the torsion is expected to be very low, but more than the nc_)minal
value, we have the option to overdesign cracking _to;sion as in p.rocedure.l or tc_: .detcrrn.me the
actual torsion by an exact elastic analysis of the structure, This determination 1s possible by
using bending and torsional stiffness . of uncracked section and provide steel only for the

cotresponding elastic torsion.

EXAMPLE 14.1 (R.C. beams:in ‘torsion)

. The plan of a building shown in Pig. E14.1 consists ofa grid 10 mx 4 min the x and y directions.

Along'thc'extcrior:edge in the y-direction, one of the columns is o;-nin.:?dl on éll the floors. The
edge beam is 350 x 500, and the floor slab 125 mm thick. Determine: ‘ S

1. The torsional moment for which the spandrel beam ACB should be designed X

2. Find the bending moments in beam CE )
3. Determine the design bending moment shears in ACB

Assume the total factored load on a beam such as AD = 30 kN/m, Ja =25, f;. = 415, the
exterior columns are 300 % 600 m, the interior columns are 600 x 600, and the height between

‘ 10 m I
D ) o 175

A 3 3
g ,
E h 375
— Ch—s B 50
A
v
B F : 350
1 1 |
(Plan) Section
o column at C) -
® (2 ®) © -
Fig. E14.1.
Reference  Step Calculations
1 Find torsional capacity of edge beam in compatibility torsion “c
and CB) in y direction _ :
Size of beam acting is as shown in Fig. 14.3
=%
7 =025{a 22
Fig, 14.3(b) =(0-zsx5{§)[(swx350)’ +375(125)]
=28kNm ' -
Forsional capacity at C = torsional capacity of CA and CB
' = 2 % 28 = 56 kNm
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Calculalibns

keﬁrenc'e : 'Stg_p _
‘2 .. | Analyze beam CE in the x-direction. - :
. " Using mognent‘dislribution'method and assuning fixity at E,
21t Ca!cu!a!eﬁxing moment at C 7 -
. L wi’ 3exi0? .. ‘
ixi frit L s = kN
) _lemg”n.?mgr_nt.at. C,.j TRITI ?5.0_k7 -m,: o o
“However, at the end C, the.fixing rioment cannot be more than the
_ torsional bapacity (=56 kNm) =~ .
2.2 | Distributé the excess momentat € .
-250 : + 250
+194 ———» + 97
“Total -56 - 347
" These values give the bending momient distribution in beam CE.
-3 Calculate reaction at C
' L PL MMy
2 L
B 30,’”0-347_56:]21](14
_ 2 10
Fig. 14.3(0) 4 Determine bending in ACB - Co -

Analyze the frame ACB with column at 4 and B with concentrated

load 121 kN by subframe analysis. The resultant B.M., shear and
tersional-moment are to be used to design beam ACB.

 EXAMPLE 14.2 (Design of spandrel beams)

A walkway consists of a slab 5.4 m between edges supported on spandrel beams 200 x 600 in
size, which in turn is carried on 300 x 200 columns spaced at 7 m centres (Fig. E14.2). Assuming

that the total factored load on the walkway is 6 kN/m’ and the slab thickness is 150 mm,

determine the design torsional moment in the spandrel (edge) beams and the walkway slab.

L 7m- =j|
- ——
£
- _
L2
Colunmn /Beam
h 4

(@
Fig. E14.2 (cont.)
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400, e
|‘_—“§l {8 '|";00‘»l4~*>d*|
7. L s
g1 1 .. >~ &
Sl e
_ " o e—33m
- ®) e
Figs. E14.2.
Reference Step. Caleulations
T | .Detea-;mine torsional capc.rcilf of edge beams
Width of the olab attached to beam is the Jesser of
3k = 3 x 150 =450 mm
. and ] .
D~k =600 — 150 = 450 mm
Adopt 450 mm
2
Text 2y =-§[600(200)2+450(150)2]=11.4x10° mm unils
Sec. 14.6.1 3 .
' 7, =025 f 114x105) N-mm  (where fy, =20) =12.7 kNm
2 Find fixing moment at junction of slab and edge beam

T, is the maximum value of torsion the edge beam can take at
support with zero at the centre of the beam.

Assume maximum T, in the beam is taken at a distance from the

centre line of column = (depth of beam) + (% x size of co]umn}

=550+ }_;‘2 =700mm

Distance from the centre line of beam to the point of maximum
1
torsional moment = 3z span)—-0Tm=35~07=28m

' 12.7
The torsional moment per metre length = — == 4.54 kN/m
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Refei-éncé- Step Calculations

This torsional moment is the fixing moment per metre length of the
slab. .

3 _ Calculate the span moment for the slab

TR T = i
Fixing moment = 4.54 kN

Spait moment = 21.87 — 4.54 = 17.33 kN/m

EXAMPLE 14.3 (Spandrel beams in flat stabs)

The peripheral spandrel beam of a flat slab is 250 x 475 mm in size, and the depth of thé main
slab is 175 mm. The transverse distribution of moments at the end-span results in a negative
moment of 5.8 kNm for the half column strip, and 1.6 KNm for the half middle strip, the total
negative moment being 7.4 kNm on each side of the column. Détermine the torsional moment
for which the spandrel beam should be designed. Assuine fy = 20.

Reference Step Caleulations

7

1 Calculate cracking or compatibility torsion

025 R
Eq. (14.4) T, =—3—Jf_¢ ¥ yt= 0.373 yx? for £, = 20

Length of the slab acting with beam for calculating torsional capacity
=3h =3 x 175 = 525 '

D~ h =475 - 175 = 300 < 525

Adopt 300 mm )

7. = 0373 [475 x 250% + 300 x 1757)

14.5 kNm

Negative moment from flat slab analysis is (5.8 + 1.6) = 7.4 kNm

2 Check whether the actucl torsion is less than nontinal torsion capacily
of edge beam :

Nominal torsional capécity = 03751,

' = 0.375 % 14.5 = 5.44 kNm

Sec. 14.6.1a(3)

As the actual torsion is more than the nominal torsional capacity,
torsion cannot be neglected.

3 However, ihis torsion is less than the compatibility torsion

{ience we can proceed as follows:

DESIGN OF SPANDREL (OR EDGE) BEAMS 2/}

Reference - Step Calculations

1... Design only for the actual torsion. _
2. Alternately to be on the safer side design for bbm_pa'tib'ility
torsion capacity. :-
Nofé: If the actual torsion js larger than the ccmpatibilily torsion,
we proceed as in Example 14.4.

$XAMPLE 144  (Redistribution of moments in en_d_-spa‘n of a flat plate)

The exterior span of the flat plate has the following dimensions: L,= 7.1‘ m Ly, =6 m, fmd
factored load w=10.4 N/m? (Fig. E14.4). The arbitrarily assume(_i cocfﬁment_s of long'ltudmal
distribution of moments are 0.26 at extemal support C and 0.75 at m_temal s‘upport A, \;\.f1th ‘0.52
in the span at B. There is 2 spandrel beam at the exterior end and 1ts'tors1onal capacity is 23
KNm. Redistribute the moments in the slab so tl_xat the torsional capacity of the spandrel beam
is not exceeded.

5

070 o6 N 103
oA 2
052 - A _
i o~ " ¢ 4 204~ End

Int End. Int
224
@ ' &)
Fig. E14.4.
. Reference - Step ' Caleulations
| Vafue of My and its distribution

My = wloL M8 = 10.4 x 6 X (7.1)%8 = 393 KNm

M, =393 x 0.70 = 275 kNm

My = 393 x 0.52 = 204 kNm

M = 393 x 0.26 = 103 KNm )

IT'fle spaﬁdrel.beain has & capacity of 23 kNm but M, = 103 kNm

[}

2 Redistribute excess of moment al C
As the.capacity of beam at C is only 23 kNm
Excess of moment 103 - 23 = 80 kNm

has to be distributed. One-half of 80 (=40) will be carried over to
A and the value of B will be increased by 8(254__=___2_(_);_____._._..
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Reference Step Calculations
Final moments for design will be :
M, = 275 + 40 = 315 kKNm. - ’
© My =204 + 20 = 224 kiNm
M¢ = 103 —'80 = 23 KNm
3 Carry out the statical check

050315 + 23) + 224 = 393 = M,

EXAMPLE 14.5 (Des:gn of spandrel beam) -

[

Design the edge bearn of size 250 x 500 mm with slab thickness of 150 mm of a flat slab if
the:analysis shows that it is subjected to a maximum torsmnal moment of 37.3 kNm Assume

S =25 N/mm?,
Reference Step Calculations
1 Data
- Example '”,'4 Torsion in beam T = 37.3 kNm
Text Sec. 14.3 Beam is 250 x 500 mm; Depth of slab 150 mm
Portion acting with beam = 3k = 3 % 150 = 450 mm
2 Calculate cracking torsion )
% ;2” = % = [(250)2(500) + (150)%(450)) =13.80 x 10°
Sec. 14.6.1 Cracking torsion T, =%5-JE Zx%y
- = 0.25 x 5 x 13.8 = 17.25 kNm
T>T.
3 Calcnlate maximum torsion allowed
Sec, 14.6.1 Maximum torsion allowed = 47, = 4 X 16.25 = 65 kNm |
T < T maximum (allowed) .
Member can be designed for torsion as follows.
4 Method of design 1o be adopted

As the member is in compatibility torsion; we design the beam for
cracking torsion combined with the shear and moments due to loads.
We also distribute the balance of the torque to the slab as in Example
14.4,

Considering each side excess of moment over cracking torsion
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Reference Step : : Calculations -

Excess from both ‘sides of the column = 2 x 20.1 = 40.2 kMm

5 Dls!ribaie excess moment to the span and to the adjaceni ma‘erwr
suppor! as follows:

“Let the sncrease in moments = AM
AM at supp_ort:.%am.l kNm

Example 14.4
. P AM in span:%—:l_{los kNm
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CHAPTER 15 |

Provision of Ties in Reinforced-
Concrete Slab-Frame System

151 INTRODUCTION

The Indian Code IS 456 does not give any specific recommendations for checking the stability
of reinforced concrete slab frames for abnormal loads that may accidentally occur in a
builging. BS 8110 Clause 3,12.3 gives a few general recommendations for such designs and
these can be followed as a guide for design of slab and frame buildings [1.2]. Observations
of failures-of structures (especially those made from precast elements) due to explosion of gas
cylinders and other accidental causes have shown that structures should be detailed to act as
" a whole, under all possible conditions of loadings. For this: purpose, it is usual to check
whether the superstructure meets the following three réquiremenis: :

1. Suitable protective works like carth wark or otliér types of barriers are provided for
columns and other vertical load bearing members at the road level where vehicular traffic can
be expected either by design or by accident.

2. In regions subjected to heavy winds or earthquakes, the structurc has overall stability
to withstand the specified ultimate horizontal (wind and earthquake) loads for the region
under consideration. In alt cases, a load not less than 1.5% of the total characteristic vertical
dead load above the level should be considered as horizontal load for such analysis.

3. Even in ordinary buildings, interaction between elements should be provided by tying
the structure together using the following type of ties (Fig. 15.1):

() Peripheral ties
(i) Internal tics
(iiiy Horizontal column and wall ties
(iv) Vertical ties
This tying up helps the structure to stand up and prevent progtessive collapse, by providing
alternate load paths in case of any local failures. BS 8110 rules regarding provision of these
ties are dealt with in this chapter. Progressive collapse can otherwise occur when due to a

1pca1 failure debris of one floor falls on the next below which staris a train of successive failure
of floors below.

274
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] Fig. 15.1-- Provision of horizontal and vertical ties in buildings.
15.2 DESIGN FOR OVERALL STABILITY (ROBUSTNESS)

The vertical loads to be considered along with horizontal loads for stébility against lateral loads
under item 2 above, as given in 18 456 Clause 36.4, are the following: :

-~ 1.2(PL+LL%BL) _ .
1.5 or 0.9DL  1.5HL

See Section 18,10 and Table 18.6 in Chapter 18. HL indicates horizontal load which may be due
to wind or edrthquake. The minimum horizontal load should not be less than 1.5% of the total
dead load above that level. [Note: The factor 1.5 for DL is to be taken when dead load does
not add to the stability and the factor 0.9 when DL is beneficial to stability.]

15.3 DESIGN PROCEDURE FOR TIES

For the third requirement given in Section 15.1, we proceed as follows. Even though standard
detailing ensures these provisions automatically, it is a good practice to check for the existence
of the four types of ties to withstand the specified forces as detailed below. The purpose of
these ties is to sustain the load of a floor and prevent the damaged part {or debris) from
falling on to the lower floors. The usual procedure adopted is to first design the building for
the specified loads and then carry out the final check for the tie forces. When designing for
the provision of different types of ties, no forces other than those specified for the particular
tie analysis are assumed to act. The reinforcements, already provided in slabs, beams and
columns, can be assumed to act also for this stability considerations. It is always important
to check for continuity of these steels in the detailing of the structure.!

45.3.1 Design of Peripheral Ties

level, continuous

Peripheral ties are type 1 ties shown in Fig. 15.1. At each floor and roof 1
to be resisted by

peripheral ties should be provided in each direction. The horizonial force Fy

ndicated in Section 15.4.
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" these ties at each level depends on the number of storeys above the level consldered mcludmg

basement. Value of F; is to be lesser in the following two expressions:’
1, F,=20+4n kN, n=No. of storeys including ground floor -
2. F,=60 kN - - o '

Thus, F, = 24 kN for smgle storey and F, = 60 kN- for a ten storeys and more. With high yield

reinforcement of grade 415 N/min?, an area of 2.5 mm? of steel is enough to be provnded per::

‘kilo neuton of force. Hence, for the meximum force of 60 kN, only 150 mm? steel pr 2 nos of,_
- 10 mm or 1 no of 16 mm bar is necessary for such ties. ThlS steel can be’ easily provided in
~ the perimeter beams, slabs of perimeter walls, BS 8110 also stipulates that this should be locatcd

w1thm a distance of 1.2 m from the edge of the building or perimeter walls.

15'3'.2 Pesbl_'_l_q_f internal Ties - . e

Internal ties are type 2 ties as shown in Fig. 15.1, These ties are provided in the slab or beams
at each floor or-roof level in X and Y directions approximately at right angles of each other. They
should fulfil the following conditions: :

1. They should be continuous throughout the length of the slab or beam.
2. They may be spread evenly in the slab or grouped in beams, walls, etc. Their spacings

_..;should not be greater than 1.5L, where L is the greater of the distances in metres between
colurnns or vertical supports. They support any two adjacent ﬂoors in the dlrectmn of the tie

under consideration.

3. They should be anchored to the peripheral ties, described in Sectlon 15.3.1, at their .

two ends or continue as horizontal ties to columns beams or walls as-shown in Fig. 15.2.
4. When anchored in walls, they should be placed wlthm 0.5m of the top or bottom of

_ floor slabs.

C— ﬂ f e
‘ P S Ly N Colupn .

44 L \._@
Beams
(a) ' . (b) Plan

Fig. 152 Details of anchoring of ties: (a) Internal ties; and (b) column ties.

For the above purposes, when detailing continuous slabs on beams, some of the bottom
or the top bars in them are given continuity at supports. It should be noted that bars which

are laid at-bottom and bent to the top are not considered as ‘uninterrupted tie bars’. These tie

bars should be straight from end to end with continuity bars provided for laps. The tensile
force, for which the internal tics are designed, is greater of the following (expressed in kN/m?
per metre width):
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(1) F, asin Section 15 3. 1 above -

gta L - S
if — F, =0.0267(g, +q;)LF, i
(i) =25 755 (8k %)

where _ i . a

g = Characteristic dead load (kN/m?) on slab
g = Charecler'istie live load (KN/m?) on slab .

kb= Largest centre lme dxstance between supports

" Generally, two 10-mm bars per'metre w1dth of stab will be ample for this purpose. They can be -

evenly distributed or also - grouped at positions of beams. They are to be_ anchored in the

peripheral’ beams by one of the incthods as shown in Fig. 15.2, and as per requirements of

anchorage.! The importance of providing mtegnty bars in two-way slabs has already. been

Vemphas1zed in Section 11,13.

'?15 3 3 Honzontal Tles from External Columns and Walls Back to the Floor

These are shown as type three ties in Fig. 15.1, All external load bearmg vertlcal members, such

‘as external columns and walls should be tied back into the floor (roof) structure horizontally

at each floor level by means of proper ties. In case of external walls, every metre Iength of the
wall should be anchored into the floor.
The force to be cons:dered is greater of the following two.-

(i) ”léhe lesser of 2F, or 0.4 LyF, in kN, where Lo is the floor-to- cellmg height in metres and
F, is in kN.

(ii) Three per cent of the total ulnmate vemcal load in the column or wall at that floor
level.

For comner columns, this force is to be provided in each of the two directions at right
angles. The system used for a column-to-floor beam anchorage is shown in Fig. 15:2(b).

) 15.3.4 Vertical Ties.

Vertical Ties are shown as type 4 ties in Fig. 15.1. From each column and each wall of building
of five storeys or more, vertical ties should be continued from the foundation to the roof level.
These ties should be capable of safely resisting a tensile force equal to the maximum design
ultimate dead and imposed load transferred to the column or wall from any one storey or the
roof. Normally the reinforcements provided in the column will meet this requirement.

15.4 CONTINUITY AND ANCHORING OF TIES

A tie is considered as continnons if it is properly lapped, welded or mechanically joined at the
points of discontinuity. When the ties to be anchored are at right angles. These are considered
as properly anchored to the other if it satisfies the following requirements:

1See Section 15.5.



278 ADVANCED REJNFORCED CONCRETE DESIGN

1, It should extend 12 times its diameters or equivalent anchorage beyond the other bars.
2. An effective anchorage length (based on the force in the bars)»beyohd the centre line
of the other bars is provided. :

CONCLUSION

s mandatory that overall structural stability shotild be provided in all structures by proper
- ties: Engineers at the construction sites shionld--also pay. speciul attentior to provision of these
ties I_and their -continuity in the various members. As stated in Section 15.2, the design
procedure is to check whether.the above requirement of ties is satisficd by the reinforcements
already pr,qvided in the structure for the various other design requirements. Separate
reinforcements are not normally needed for this purpose.

EXAMPLE 15.1 (Design of ties in buildings) .

The plan of a six-storeyed framed building G + 5 designed as slab on beams supported on
columns is shown in Fig. E15.1. The average characteristic dead load on the slab is 7 kKN/m?
and the i_gnposed load is 3 kN/m?. The storey height is 3.5 m with floor-to-ceiling height 3 m.
Design the various types of ties prescribed in BS 8110 for ensuring robustness of the building.

6of 6 m=36m

g |
"t

p—f—f—i H——
g B—H -
. B o .
H— H—i tH {1] Hi g
i E I
" B —f——8—f ¥
Fig. EI5.1.
Reference Step Celeulations
Sec. 15.3.1 1 Design peripheral ties

F, is lesser of the following two quantities:

(@) 20 + 4ng = 20 + (4 x 6) = 44 kKN

(b) 60 kN

Lesser of the two = 44 kN.
_ #4x10’ 2

A= aTnals 2L

Provide two 10-mm bars (157 mm®)
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- Reference Step Calculations
Note: The maximum area for peripheral ties
w103
=-—-——-—60x10 =166 mm>
0.87x415
_2T10 will provide this steel as above.
" Sec. 1532 2 Design internal ties in X and ¥ directions
' g7 KNP, ge=3 K, L=8m
_Tensile force is greatet of the following two quantities:
) F, = 44 kN o
(i) 0.0267(gy + g¢) LF, = 0.0267 x 10 x 8 x F, = 2.136F,
= 2.136 x 44 = 94 kN > 44 kN
94)(]03 - 2
= = 260 mm” -
A = 08T=a15
Provide 3T12 bars (339 mm?) in the slab per metre width in X and
¥ directions. : :
Sec. 1533 '3 | Design external column fies

Each external column should be tied back to the floor or roof. The
internal ties can also be used for this purpose.

The force to be resisted should be greater of the follow.ingzr -
(i) Lesser of '
(@) 2F, = 2 x 44 = 88 kN
(b) 0.4LyF, =04 X3 X Fy = 1.2F,
The floor-to-ceiling height Ly = 3 m = 1.2 X 44 = 52.8 kN

(i} To find 3% of total ultimate load in the external column at that
floor level.

Contributory area 4 = 6 X 3=18m

~ Ultimate load from cne floor to the external column

= 1.5 (10)(18). = 270 kN per floor (total load = 10 kN/m®)
“Load on the first flcor level = 270 x 5 = 1350 kN
39 of 1350 = 40.5 kN
Force to be resisted-adopt = 52.8 kN

At corners ‘ijrovide tie backs in both directions.

_ 52.8x10°
s 0.87x415

=146 mm?
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‘ Reference - Step . Calculaiions

4 Design vertical ties (Building ixighei'fl:ari Jive storeys)

B Sec. 15.3.4 - ' Design force = Maximum veﬁic_al design lodd from floor on the miost.
: : _-loaded  column = 1.5(10)(42) = 630 kN (area = 7% 6 = 42 m").
Fig. 15.3- : i Stecl nece'ésaiy in column =-'630“03 =1745 mm? T

 087x415

4 0f.25 mm? = 1963 mm?
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cuarrer 16

Design of Reinforced Concrete

Members for Fire Resistance

16.1 INTRODUCTION

The Indian Standards IS 1641 (1988) and 1S 1642 (1989) deal bricfly with fire resistance of
buildings. But details of design are not given in this code. BS 8110 Part 2 and CEB-FIP
model code “Design of Concrete Structures for Fire Resistance” can be used as the basis of
design of concrete members against damage by fire [1, 2]. The latter recommends the following
three assessment procedures for assessing fire resistance of reinforced concrete members:

1. Assessment method I is based on tests under the standard heating conditions, as

. formulﬂed by IS0 834. The design criterion is that the fire resistance time of the member against

the 1SO 834 standard fire! should be equal or exceed that specified by the building regulations.

2. Assessment method I is the direct application of a direct test on structures or elements
based on the concept of the equivalent of the fire exposure which tries to relate the effects
of an arbitrary given fire to those of the ISO 834 standard fire. Thus it is the equivalent time
concept.

3. Assessment method IIT is by means of engineering calculations based on experimental
data. It is an analytical structural design of a member for a non-standard fire exposure using
heat and mass balance equations for temperature. The assessment takes into account the.
conditions of fire load, ventilation and thermal properties of the structural element used.

However, at present, the most commonly used method is method 1. The other methods
are still in the developmental stages. Accordingly, this chapter describes method T (which is
generally found in modern codes) and gives a resume of the other two methods. The latter
require specialized knowledge of field application.

16.2 1SO 834 STANDARD HEATING CONDITIONS [2]

Most of the present-day knowledge of fire resistance of reinforced concrete members has
been obtained from tests on me -hers which were experimentally exposed in a fire chamber to

1See further explanation in Section 16.2. ]
- 2Tlie model code for fire design of concrete stryctures *Bulletin D Information No. 174 of Committee

. Euro-International Du Beton® may be consulted for further details regarding the assessment methods

1 and IIL. 1S 456 (2000} clause 21 and Table 16 deal with fire resistance of reinforced concrete.
281
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standard fire. A standard fire can be defined as a standardised time-dependent temperature
development, according to the standard heating conditions stated in ISO 834, as shown in
Fig. 16.1. Thus, when applying method I, one should remember that all references are with
respect to test conditions, and not to real-life situations. '

1200
z E
£ :
< 800 |-
e
1
o
g 400
=
o ! ]

0 60 120 180
Time {minutes)

Fig. 16.1 Temperature—time -relatlonship in 1SO standard fire.

ISO 834 specifies a test method that. provides tlie determination of fire resistance of a
structural element on the basis of the length of time for which specimen satisfies the test
criteria. The speciimen is exposed to a furnace temperature rise which obeys the following time—
temperature relation: )

T— Ty =345l0go (81 + 1)
where
¢ = Time in minutes
T = Furnace temperature in Kelvin at time ¢

" Ty = Furnace temperature in Kelvin at time ¢ =0

16.3 GRADING OR CLASSIFICATIONS

The fire resistance of a structural member is expressed in two ways:

1. Directly by a fire resisitance time in hour or minutes, for example, 0.5 hour or 30 min.

2. Indirectly by fire resistance classes such as F30, F60, F99, F240 which respect the
minimum fire resistance -time in minutes.

16.3.1 Evaluation of Fire Resistance to 1SO 834 Fire

As already mentioned in Section 16.1, there are three procedurcs for design and evaluation
of fire resistance with respect to the standard fire:
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Procedure 1. By use of tabulated data. ) _
Procedure 2. By actual fire testing of full scale rmodel in specialised laboratories apd issue

of certificates. _ s .
Procedure 3. BY theoretical fire engineeting caleulations of uldmate strength of the members.

Of these, procedure 1 is most commonly used in routine design. The second proccd.urf: is
; d in its applications. For the third procedure, at present, data on limited

expensive and restricte dus
: e.g. beams are available. It is not applicable to columps‘and wglls. .

type of members only,

16.4 EFFECT-OF HIGH TEMIsE.RATURE ON STEEL AND CONCRETE
Steel and congrete both undergo changes in properties at elevated temperatures, as described
below {1, 3].

16.4.1 Effect of Fire on Steel

The strength and deformation properties of steel undcrgo.c.hanges with increase 1n t_cm.pcraturc.
The magnitude of the change depends on the composition and the manufac.turmg process.
The increased strength of cold-drawn and cold-twisted steel rc!ds and prestressing steel is c}qe
to dislocation and distortion of mictostructure of sieel. At high temperature, this hardgm_ng
effect is neutralised. These changes are shown graphically in Fig. 16.2. For most ?f thle steels
the temperature at which the recrystallisation of the microstructure staris on heating is about

300°C.

300 350
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'§' \\ \x\‘\\
3 N NN
[+3
" o N NN
M b N
. < \
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0.2 \\ \\
~ 0.1
\
0 200 400 600 720 800°C
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Fig. 16,2 Decrease in strengtﬁs and elastic modull of concrete and steel with temperature,
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16.4.2 Effect of Fire on Concrete

In concrete also, the strength decreases and deformation increases with rise in temperature,
It is.also seen that the critical concrete temperature, beyond which the change in properties
is noticeable, is stress dependent, i.e. higher stresses result in lower critical temperature. The
trend of decrease.in strength of dense ‘concrete with temperature is also shown in Fig. 16.2.

16.5 EFFECT OF HIGH TEMPERATURES ON DIFFERENT TYPES OF
STRUCTURAL MEMBERS R

‘Beams, slabs and columns sho_w different effeété of fire. Seme of 'theqc' effects are as follows:

16.5.1 Effect of Fire on Simple Beams and Slabs

Members, like beams and slabs, are heated from below and the tensile zones are directly
exposed to fire. In such cases the- ultimate load is reached when the tensile reinforcement
reaches the critical temperature at' which the yielding starts, under the actual dead load stresses.
In most cases, the compressive zones {except webs of thin members) do not reach the compression

Jimit state and collapse is mainly by yielding of tensile steel.

16.5.2 Effect of Fire on Continuous Beams and Slabs

In dealing with continuous beams, the effects under service condition in ordinary state should
be superimposed with the éffects of heating from below (temperature restraint), and the failure

“mechanism may be as shown in Fig. 16.3. During a fire the strength reduction’ at supports

N~

N

©

d)

Fig. 16.3 Mode of fatlure of continuous beams under fire from below: (a) Service load moments;
(b) temperature restraint moments; {¢) resultant moments; and (d} failure mode.
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of continuous beams will be small, and hence a higl design moment at support helps greater
fire endurance of continuous beams. = S

16.5.3 Effect of Fire on Coiumns

Under fire, the load carrying capacity of the steel in the outer parts of the cross-section of
a column decreases rapidly. This results “in large -anicunt of 1oad to be- transferred to the
concrete, and this can lead to an eailier failure of the column; Slender columns tend to fail earlier
than shorter columns mainly due 1o the' further increases in slenderness. This slendemess is
caused by the damage of the outer parts of the concrete breaking on spalling, Columns are
generally monolithically connected at top and bottom to beams. Because of the larger mass
at junctions, there will be slower temperature rise at these junctions. Thus the loss of stiffness
at the ends will be much less, and this is a positive effect on the final load-bearing capacity
by maintaining the end-fixity conditions.’ : :

16.5.4 Effect of Fire on Tension Members

In design of tension members, the concrete is considered to act only as an insulation and the
limit state is reached when the steel reaches the critical temperatures and yields under the load.

16.5.5 Spalling of Concrete with High Temperatures

Two types of spalling oceur in concrete at high temperatures. The first is aggregate spalling
which is of miner importanice as it is confined to the outermost areas of the concrete mass,
It oceurs due to physio-chemical transformation of the agpregate structure. The second is the
explosive spalling, which is dangerous and occurs at carly stages of heating. The main reason
of this spalling is the waier-vapour movements and the temperature gradient in the cross-

section. The resulting stresses along with the stresses due to loading cause the explosive

spalling. Small sections are prone to explosive spalling than large cross-sections. Similarly,
rapid changes in cross-sections promote-explosive spalling. Explosive spalling also depends
on the type of aggregates used. Dense aggregates from granite are more prone to spalling than
light-weight aggregate or limestone. Figure 16.4 shows the relation between breadth and
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Fig. 164 Minimum breadth of R.C. members to avoid spalling.
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compi'essive stress undér service condition. These conditions are to be satisficd to prevent
spalling in dense aggregates.

16.5.6 ' Protection against Spailing

The measures that can be used to avoid spalling are:

1. Application of special plaster as protective coat to avoid spalling
2 Provision of false ceiling as a fire barrier
© '3, Use of Hghi-woight aggregates a :
4. Use of sacrificial tensile steel in the design, where protective coatings are not used,

The insul_atioﬂ provided by various applications can be considered in terms of the following
equivalent thickness of concrete:

"1, Plaster or sprayed fibre = (1 X thickness) of concrete
9. Vermiculite slabs = (1 X thickness) of concrete
3, Mortar of gypsum plaster = (0.6 x thickness) of concrete.

It may also be noted that the above equivalent finishes can also be used to remedy deficiencies
in cover thickness for reconstruction after a fire damage.

16.6 FIRE RESISTANCE BY STRUCTURAL DETAILING FROM
TABULATED DATA '

Analysis of a large number of fire tests on concrete members under 1SO-834 fire has established
design rules principally with respect to the following: -

1. Cover to steel
2. Size of members (minimum thickness for a given fire-rating)
3, Other factors like detailing practice

The values for these factors are given in the Indian codes for design [6}. The recommended
values are conservative and safe for use under normal conditions. Most of these recommendations
assume that the critical temperature at which collapse of a simply supported and unrestrained
member under its design service loads occurs when steel reaches a temperature of 500°C, It
should, however, be remembered that this temperature may be fower with prestressing steel. On
the other hand, hyperstatic structure may not collapse at the above critical temperature due to
moment redistribution. Fire protection requirement in the latter can be slightly lower than that
specified in tables which are meant for simply supported structures.

16.6.1 Definltion of Average Cover

Cover usually refers to the distance between the nearest heated face of the concrete and the
surface of the main reinforcement in the case of single layer of steel. Sometimes, for many
layers of steel, the term average cover, Cyy, is also used and is determined as

LAC

Cav= YA

DESIGN OF REINFORCED CONCRETE MEMBERS FOR FIRE RESISTANCE 287

where A is the area of tensile reinforcement and C the distance between the exposed surface
and main reinforcement. In design for fire, ‘cover’ generally means the clear cover to the
main reinforcement. In structural design, however, cover is expressed as the nominal cover
which covers all reinforcements including stirrups. For convenience of accommodating
8 mm to 12 mm stirrups in beams and transverse steel in columns tabulated values sometimes
give ‘nominal cover’ assuming that 10 mm ‘diameter stirrup is used in the construction. Thus,

Nominal cover = (Cover to main steel) — (10 mmy)

' 166.2 Tabulated Velues of Cover and Minlmum Size of Section

Based on the analysis of fire test results, tables such as Table 16.1 giving minimum requirements
of sizes of sections and concrete cover to. steel (heat protection to steel) have been published.
It should be. noted that the maximum clear cover allowed in reinforced concrete is 40 mm,
and with larger covers additional reinforcement has to be provided in order to prevent
the fall off of the concrete cover. The following comments refer to covers specified for fire
protection:

1. Cover for beams: The usual tables apply to beams affected by fire from three sides.
These tables fulfil the requirements of the minimum width b of beams and cover for the
different fire resistance periods F30 to F240. These also give the minimum rib thickness
required for T beams. o

- 9. Cover for columns: The values of the minimum thickness of cover are given as it is
fully exposed, or 50% exposed or only one face is exposed. _ -

3. Cover for continuous beams: As already stated, continuous beams behave better under
fire than simply-supported beams. Because of this favourable action the values of cover can
‘be reduced somewhat in.these beams. To ensure proper redistribution of moments at least
20% of the top steel should continue aver ail the spans, and the negative steel should exténd
to 0.15L over each support beyond the theoretical cut off point {(where L is the larger span
corresponding to the support).

4. Cover for floor slabs: The minimum thickness of floors and cover to be given are
usually specified.

5. Cover for walls: The minimum thickness specified to be provided for walls depend on
the amount of steel provided in the walls. .-

16.7 . ANALYTICAL DETERMINATION OF THE ULTIMATE BENDING MOMENT
CAPACITY OF REINFORCED CONCRETE BEAMS UNDER FIRE [5,6]

At the present state of development, only the analytical method for determination of ultimate
bending capacity of beams under effects of fite is fairly well known. The types of failure due
to loss of stength in shear, bond, anchorage, etc., are still in the experimental stage. The
method of calculating the bending capacity is based on the three following assumptions first
proposed in the Swedish manual Fire Engineering Design of Concrete Structures:

1. The temperathue distribution (isotherms} in typical sections of R.C. membets obtained
from tests or calculations can be adopted for estimates of the temperature in steel and concrete.
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TABLE 16,1 MINIMUM REQUIREMEN']‘S FOR FIRE RESISTANCE OF MEMBFRS lN e . For example the 1s0therms of a T section for a.standard ﬁre is given in Fig. 16. 5. Similar
DENSE CONCRETE 1,2} .~ * figures for rectangles, square (columns) are also available in the literatuie, It can be
[IS 456 (2000) Clause 21 and Table 16)(Cover specificd is nominal GOVGT) S ' calculated also by theory of heat transfer. Readymade tables like Tables 16.2 and'16.3 are
. i also avallable [5]
) Minimum dimensions in (mm) excluding combustible . _ I ' ' l 1
Type of member . o finish for a fire rating of _ N | ! 3 | 30 |
_ F30 - F60  F90  FI20 Fi80 - F240 . | Fire resistance E‘l.i |
T Sim}?l)-r-.supponed — —_— 7 - — ) I‘/V_ period (minutes) | |
© Minimum width 200 200 200 200 - 240 280 .. I |}
Cover - 020 020 - 020 040 060 070 -: I | | I
- . 2. Continuous beams ) - ' o S Ll__.._........_._...._...._.._._'_l
" Minimum width (not specified) 125 125 125 "150 - 200 - 240 \ _ _ B | _f"‘“‘"”"""""‘“"f"‘"
Cover ) 020 020 020 030 040 - 050 , e e300 mm o
3. Floor sl;bs : o ' - Fig. 16.5 Temperature zone (500°C) in R_.C. beams exposed to ISO fire after 30 and 60 minutes.
Minimum thickness B % a0 s 130 170 TABLE 162 TEMPERATURE DISTRIBUTION IN SLABS UNDER A STANDARD FIRE
Cover (S.S. Slabs) — - 20 -20 25 35 45 55 o . -
C onti fab 20 20 20 25 35 45 : . '
over (continuous slabs) : - Distance from exposed face (mm)
(Note: For two-way slabs, the cover may be reduced by 5 mm) (77"{’2) T ’
min) -
4. Fully exposed column : 0 10 20 30 40 . 50 60 70 . 80 20 100
" Minimum width : 150 200 250 300 400 450 © 30 700 480 345 255 200 145 120 100 .9 75 65
Cover - 40 40. 40 40 40 40 60 840 665 520 400 320 255 200 les - 140 130 100
(Data is also available for 50% and one side exposure.) See IS 456 (2000) Clause 21.2. 90 - 790 655 535 45 365 310 255 210 180 155
5. Walls 120 - - 730 605 510 43¢ 380 320 300 230 200
Minimum thickness 180 - - 840 700 600 - 520 465 405 360 320 275
(a) With less than 0.4% steel 150 150 175 - - - 260 - - -~ 765 680 600 535 475 435 400 365
(b) With 0.4 — 1.0% steel: 100 120 140 160 200 240 ’ ' .
. TABLE 16.3 APPROXIMATE TEMPERATURE DISTRIBUTION IN THE BEAMS UNDER A
0,
(©), With > 1.0% steel 100100100 100150 180 STANDARD FIRE (Fire from below the beams)
Cover (recommended) 25 25 25 25 25 25 i ‘
6. Waffle slab ribs . Time Distance from exposed face (mm)
- . . (min) - -
Minimumn rib width 125 125 125 125 150 175 ) 0 10 0 30 40 50 € 80 100 120 140 150
Cover (simply supported) 20 20 35 45 55 65
] 60 860 700 550 420 350 300 250 180 100 80 60 40
Cover (cunlmuous) 20 20 20 35 45 53 o ) :
: - _ % 920 720 630 520 450 380 320 250 200 150 115 100
Notes: 1. Cover above 40 mm in beams and 35 mm in slabs or slab ribs require A attention to prevent 120 1000 840 700 580 520 470 400 320 260 220 200 180
spalling. L
2. Both cover and minimum dimensions should be satisfied for fire resistance. . 180 1100 850 750 650 600 530 480 400 340 300 200 260
3. Neminal cover + 10 mm = cover to main steel. ' 240 1140 900 800 700 650 600 550 480 400- 370 310 300
a oy [
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2. Concrete exposed to more than 500°C can be assumed as inicapable of contributing to
axial load, bending moment and their combinations. Concrete (which is betow 500°C) can be
either or assumed to maintain its full grade strength otherwise, a reduction in strength (as
shown in Fig. 16.2) can be assumed. ' o ' -

3. The strength of stecl at a given temperature can be estimated from Fig. 16.2. Even
though tests show that the strength in tension depends on the (4/(bdfy) ratio and the
strength of steel in compression corresponding to the 0.5% proof stress, these requirements
are not necessary for routine calculations. The assessment of strength of a beam in bending

can be made as follows: 5

{a) Determine the temperature profile in the beam for the specified fire exposure iinic

¢ by any available method. ‘
‘ (b) We may assume that the sirength of concrete in the new beam is contributed by
the full strength of concrete whose temperature is below 500°C, i.e. excluding the concrete
that lies outside the 500°C isotherm. Alternately, calculate the mean temperature of concrete and
assume its strength from Fig. 16.2.

(c) The strength of the individual steel bars are taken from the temperature profiles
for the various sections. The reduced strength of these steel bars in tension and compressior
can be taken from Fig. 16.2. o . - ) _

(d) Calculate the ultimate load bearing capacity of the reduced cross-section with the
above data. ' :

(¢) BS 8110 recommends for steel as 1 and for concrete 1.3 with yy values of DL
as 1.05 and LL as 1 for these caloulations.

16.8 OTHER CONSIDERATIONS

In addition to actual structural design as indicated in the above sections, non-structural
measures against fire tisk can also be considered during_ the design stage. By incorporating
these factors at the design stage itself, we can reduce the classification required for a particular
structure. Sotne of these measures arc:

1. Choice of proper materials of construction

2 Provision of fire escapes for safety of occupants

3. Instailation of smoke and heat detection systems for fire. warning

4. Provision of sprinklers and availability of fire fighting squads and equipment.

We should also envisage that in the event of a fire in a building it may not collapse but only
be damaged to some extent. In many cases the damage may be moderate so that it can be
reconstructed for original use. If the damage is too scvere, it may be demolished. One of the
methods of ensuring repairability and reusability of ‘structure in the event of a fire is to use

increased fire sesistance grading requirements during the initial design stage. Though
the effects of such a procedure cannot be quantified, it will make the repairability of the
structure more probable and easy. The assessment of the strength of the structure damaged
by fire and the methods that can be used to repair them form a specialised field of study. The
best sources of information for repair and rehabilitation are the case studies published in
literature.
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XAMPLE 16.1 (Loss of strength by fire) ) _ ‘ _ ) :
EE;stiﬁlate'the loss in(bcnding strength of a beam with the foléo;w)nr:?hdlr;mnspnséggg’; ?; g,mnii .
i i 16.3). The beam 13
sacted to a standard fire (as given 1o Tables 16.2 :.md . ‘
:?;:e:ifh ‘G?nos. of 16 mm rods placed in one row-_w1th a side and bottom clear cover to main
steel of 40 mm. Assume fi =20 and the steg:l is of grade 415. :

23
e 350 mm |
~ Fig. B16.1.
Reference I Step Caleulations
Sec. 16.6.1 1 Find distances of sieel from face of concrete
Cover 1o outer surface of steel =-clear cover = 40 mm
Assume distance from exposed surface of all steel bars = 40 mm
(If distances are different, each reinforcement should be considered
" separately.)
2 Estimate temperature and strengih of; §gfze_l with time
Distance of steel from face of concrete.= 40 mm |
Time Temperature Reduction  Strength’ (N/mm?)
Jactor
o ‘Normal .10 415 -
60 wmin 350 0.90 n
Table 16.3 90 min 450 0.70 290
Fig. 16.2 120 min 520 060 250
V 180 min 600 0.44 138
240 min 650 . - 0.35 145
3 Find temperature and strength of concrele during fire with time
7, = Temperature of face
T, = Temperature of 1/4 width = say, 80 mm from face
T, = Temperature at 1/2 width = 175 mm from face (estimated)
T =N +2INt TS = weighted msIan temperature
(Ty is estimated) ; i
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Reference S.!ep Calentations .
Time h Ty - Ty *° T Reduition  Strength
. atface (@80 (@ 175 Jactor (N/mm?)
mm) mm) for T :
Estimate ' ‘
. 0 - - - - - S 20
Table 16.3 60 860 180- 30 422 09 18
o 90 920 250 90 48 083 . 16
Fig. 16.2 120 . 1000 320 170 562 0.63 : 13
180- 1100 400 250 650 0.45
240 1140 680 280 784 0.25 -
4 Strength of beam by first method
(Steel tension) + (Stc'e]i"comprcssion + Conerete compressién) =0
Moment of resistance = moment of forces
M = M (concrete) + M (compression steel) — M (tension steel}
BS recommends y, of 1.0 for steel and* 1.2 for concrete
For concrete, max stress is given by
0.67 '
087/ [with 7, = 1.2 (instead of usual 1.5)]
A
x = depth of neuiral axis /
Assume BS rectangular stress block of depth 0.9x
’ 0.67
Maximum concrete stress == zfc k= 0.56 fx
Compression block = _(0.56_{;,() (B) (0.9x) = (0.5f4) bx
Ay = 6 nos. of 16 mm = 1206 mm’
‘Table steps For 60 min fire (f, = 373 and [ = 18),
2and 3 0.5 x 18 % 350x = 1206(373)
.= 1206x 373 ~143mm
0.5%18x350
_ 1206x373 — 450 kN
1000 _
5 Find M by taking moments about the top of beam

d = 600 — 40 - 8 = 552 mm

M= 450[552—%) for the rectangular block

= (450)(552 — 72) = 216 kNm
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Reference

Step

Caleulations

Note: This value should not be compared to its design strength, where
we assume ¥, = 1.2 for steel, 1.5 for concrete. We should only check
whether the above value is large enough to withstand the bending
moment due to-actual loads on’ the beam.

Determine the sirength of beam by the second method

Assume that all concrete whose temperature is above 500°C will not
contribute to the strength. )

With 60 minutes fire 20 mm all around reach about 500°C

(New beam is of height = 60040 = 560 mm and breadth = 350— 40
o= 310 mm. : : .

Its dimension: is 560 % 310 mm, Therefore -
©.5)20)310) = (1206)(373)

x =145mm :

d .= 560 = 20 — 8 = 532 mm

M = 450(532 — 72.5) = 207 kNm

In a similar way, the strength for 90, 100, 180 and 240 minutes of
fire can be worked out and a curve showing M/M, on y-axis and
temiperature on the x-axis can be drawn to represent the loss of
strength with time.

.
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Désign of Plain Concrete Wails .

A

171 INTRODUCTION

A vertical load bearing member, whose breadth is more than four umes its thickness, is called
a wall. The minimum thickness allowed for & concrete wall is 100 mm. A wall is called a
reinforced concrete wall if the percentage of total compression steel in it is not less than 0.4%
of the gross area of concrete so that the strength of the walt will include the strength of steel

as well. If the total compression steel is less than 0.4%, it cannot be assumed to contribute

to the strength of the wall, and such walls are designated as plain concrete walls (ordinary
concrete walls). In practice however, all walls with less than 1% compression steel are regarded
as plain walls from fire resistance consideration. 'Walls can be braced or untbraced.! . ’

In addition; walls ‘are. also _classified as short {(stocky) or slendes, depending on their
slendemess ratio.> According lo BS 8110, walls are ‘stacky® when this ratio does not exceed
15 for a braced wall and 10 for unbraced wall. In 15 456, the dividing ratio is 12. If it exceeds
the above values, the walls aro considered slender walls and .are to be designed by taking juto
consideration the additional eccentricity due to slenderness. While reinforced concrete walls
are designed by the theory of reinforced concrete columns taking unit width of the wall as a
column; plain walls are designed by the theory of masonry walls: :

Various types of loads that can actona wall are shown in Fig. 17.1. They can be in-plane
forces or out-of-plane forces. The design procedure used to design these walls is shown in

Vil L L,
/)'/‘
o/
/

(a) L) © o D
Fig. 17.1 Types of forces acting on walls.

Lt
LIl

TEor braced and unbraced walls, sée Section 17.2.
For slendemess ratio of wall, see Section 17.3.

294
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Table 17.1. Walls that carry in-plane vertical loads can be designed as feinforced concrote’
walls when the loads are heavy or eccentricity of load is large so that more thai 0.4% of

TABLE 17.1 ' DESIGN OF CONCRETE WALLS

Type of load on wall Design procedure

(a) When loads are large and eccentricity is
large, design-as R.C. walls.

(b) When loads and moments are moderate,
design as plain walls.

1. - In-plane vertical forces in wall

2., In-plane vestical and horizontal forces . {a) When section is wholly in compression;
in plain walls . 5 design separately for axial load and shear;
' neglect bending. :
(b) When section is partly in tension, design
for axial Yoad with flexure by IS 13920 [7]
and also design separtatcly for shear. :

3. In-plane vertical forces and horizental (@) If axial load does not exceed 0.04f, x 4,,
‘forces perpendicutar to the plane of the design as slab (height to thickness not to
wall ' exceed 50); othenwise, design as wall-

4, Forces acting on a wail which forms patt As R.C. walt for forces obtained by clastic
of a framed structure, . analysis.

compression steel has to be used. They arc .designed as plain walls when the loads are
moderate and stecl is necessary only for crackiug, temperature effects, etc. Walls subjected to
in-plane horizontal loads are designed for bending and shear; walls with forces that act
perpendicular to the plane of the walls (out-of-plane forces as in retaining walls) are designed
as slabs. Panel walls which are constructed as infilling in structural framework are non-load-
bearing walls, but they should be sufficiently strong to resist the wind pressure acting at right
angles to it as slabs. For this purpose, the panels should be given enough bearing by setting
them in rebates in the members of the frame or by providing suitable steel dowels connecting
them with the framework.

1S 456 {2000) Clause 32 in its fourth revision has incorporated the design of braced plain
concrete walls subjected to in-plane vertical and horizontal loads. It follows the practice in the
Australian Code AS 3600 (1988) {3]. Design of plain and reinforced concrete walls is treated in
detail also in BS 8110 [4] Clause 3.9. In this chapter, we shall deal only with the basic theory
of design of plain and reinforced concrete walls for in-plane forces. Since the study of advanced
topics, such as layout and design of shear-walls (which are also designed on sitni lar principles),
design of retaining walls, basement walls, silo walls, etc., will require discussions on many other
related topics, it is not dealt with in this chapter.

17.2 VBRACED AND UNBRACED WALLS

Braced wall is on;: in which the Jateral stability against horizontal forces of the entire structure
at right angles to the plane of the wall being considered is provided by other walls or by other
means. Walls can be assumed as braced if all the following conditions are satisfied:



s — - - — i " —— — — — — — ——

. o provide iateral stability to the structure.

forces due to-simple static reactions at the level of the internal support, t.()gether with 2.5%7 of
‘the vertical Jead that the wall is designed to carry at that level. This resistance should not be

“buildings should not be planned to depend only on unbraced walls for their overall stability.

.-
oo
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G :.{,\l{élls-'br otﬁer bracing elements are provided in two directions in t_h'e structure so as

9. The lateral foices are resisted by shear in the planes of these elements.
3. The roof and floor systems are designed to transfer lateral forces. ) ' )
‘4. The connections between walls and the lateral supports are designed to resist horizontal .

less than 2 &N per metre length of the wall.

Walls which do'riot comply with these requirements are considered as unbraced. Multistoreyed

Incorporation of various types of ties discussed in Chapter 15 and provision of shear walls” -
¥ " T
are necessary for their stability.

17:3 SLENDERNESS OF WALLS

The carrying capacity of concrete walls, as in the case of rcinforced_concre.te columns, depends
also on its slenderness ratio. Reinforced concrete walls are designed m.th.c same way as
reiiforced concrete columns and their slenderness ratip is also calculated similarly. H9wever,
plain concrete walls design is similar to the design of masonry v{alls. Its slenderness is to be
taken as in masonry walls and is lesser of the following two ratios:

(a) Ratio of cffective height along vertical direction and thickness = H/f
(b) Ratip of cffective, length along the horizontal direction and thickness = Lt

where H. is the effective height and ¢ the thickness. Effective lenpth of p.lain walls will be talken
as specified in Tables 172 and 17.3, and the maximum slenderness ratios allowed flor .vanou.';
types of walls are given in Table 17.4. According to IS 456, when the slenderness ratio is equa
to or more than 12 walls, these are considered slender.

TABLE 17.2 EFFECTIVE HEIGHT OF BRACED PLAIN
CONCRETE WALLS (IS 456)

, Resirained against Not restrained
Restrained by rotation at against rotation
: : both ends at both ends
1. Floors 0.75H, . Hy
2. Intersecting walls 0.75L, Ly

where H, is the unsupported height and L, is the horizonta} distanf:e b.etween centres 0:
lateral restraints in Table 17.2. In ACI 318, restrained against rotation, implies attachmen_t o
member having flexural stiffuess (ENL) at least as large as that of the wall.
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-TABLE 17.2 EFFECTIVE HEIGHT OF UNBRACED PLAIN CONCRETE WALLS

(BS 8110)
. . I-Va'l!uré of wall . Unbraced
1. With a roof or floor spanning at - .
right angles on top of the wall N 1.5L,
2. With no roof or floor on top of the wall 2L,

 where L, is clear hsight distance of wall between supports.

TABLE 17.4 SLENDERNESS LIMIT OF CONCRETE WALLS (BS 8110)
_ . LW

Strecl (%) v Bype of wall Braced or unbraced LM
0.4 or less o _Plain (a) Braced 30
. . (b Unbraced 30
0.4 - 1.0 : Reinforced (a) Braced 40
' (b} Unbraced 30

1-4 . Reinforced (a) Braced 45 .
’ 7 l {b) Unbraced 30

Note: The 1S requirement for minimum slenderness ratio of masonry walls [5] is as follows: For load
bearing walls with cement-mortar 1:6 or cement-lime mortar ratio 1:2, the slendemness ratio should not
exceed 18, except for dwellings of not more than two storeys where it shall not exceed 24. if only lime
mortar s used, the corresponding ratio shall not exceed 12 and 18, respectively.

17.4 ECCENTRICITIES OF VERTICAL LOADS AT RIGHT ANGLES TO WALL

Concrete walls are designed for vertical loads along with their eccentricities. The following
guidelines are used to calculate the eccentricity of loads at right angles to the wall:

1. The vertical loads on a wall due to a discontinuous concrete floor or roof acting only
on one side of the wall produce eccentricity of loading. The load is assumed fo act at one-
third the depth of the bearing area measured from the span face of the wall (Fig. 17.2).

2. When a roof or floor is continuous on both sides of the wall, the load may be assumed
to act on the centre of the wall, ’

3. For a braced wall, only the eccentricities of individual walls need to be considered. The
eccentricity of the other vertical load on the braced wall at any level between horizontal
lateral supports can be assumed to be zero. ‘

4. For an unbraced wall, however, the resultant eccentricity of the total vertical load is
calculated by taking into account the eccentricity of all the individual vertical loads and
moments acting above that level.

3. In any case, the minimum eccentricity of not less than /20 {or 20 mm according to
BS 8110) should be assumed in design of all concrete walls.
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| I

Slab - jL ‘ : Slab ;L
— g W,

(2) SN

Flg: 17.2  Eccentriclty of loads on walls: (a) Slab on both sides of the wall; and (b) slab only
on one side of the wall. ’ o .

6. As per BS 8110[4], concentrated loads on walls due to beams or column bases can be
assumed to be distributed through the wall provided the local stress does not exceed 0.6fy for
concrete of grade 25 and above, and 0.5f for lower grade concrete. This. allowable pressure,
according to IS 456 Clause 34.4, is 0.45f4. A horizontal length of the wall is considered effective
in carrying concentrated loads in walls. This should not exceed the bearing of the load plus four
times the wall thickness or the cenfre-to-centre distance. between the loads.

17.5 EMPIRICAL DESIGN METHOD FOR PLANE CONCRETE WALLS CARRYING
AXIAL LOAD ‘ _ _

Plain walls can be ‘short-braced’, ‘slender-braced’ or “unbraced®. The empirical or simplified

method of design of these plane concrete walls under axial load is derived from the theory of |

masonry walls [5]. The mode of failure of such walls is shown in Fig. 17.3. The effect of
eccentricity of vertical load as well as the additional eccentricity for slenderness can simply be

Portion under
compression

Portion
under
tension

Fig. 17.3 Failure of concrete and masonry walls under vertical compressive load.
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taken as a reduction in the effective thickniess of the wall. The formula derived is Baséd oh
the fact that the presence of small quantities of steel, such as the minimum specified for these
walls, do not increase its strength aboye that of the plain concrete wall as shown in Fig. 17.4.

Thus the strength of the wall is only due to the strength of concrete. The steel does not

Fig. 17.4 Interaction curve for walls with Tow percentage of compression steel.

contribute to the strength of the wail. Based on these assumptions, the strengthVOf_p_léin walls
for unit length of the wall is given by the following formula (BS 8110 Clause 3.9.4.15):
1. Short-braced plain walls: )

Py = (1~ 2e)ofu . (17.1)
where ;
t = Thickness of the wall

e, = The eccentricity of load at right angles to the wall, the minimum value being
120

a = Stress reduction factor for fiy, which varies with f.x and HIL ratio, but its average
value is taken as 0.3

It may be noted that when e, = 2, the wall will not carry any load.

2. Slender braced plain walls: The corresponding expression for the strength per unit
length of a slender braced wall is given by the following formula:

Py = 0.3fuf - 1.2¢, — 2e2) (17.2)

where
e, = (HJHH(2500) = the addition eccentricity due to siendemness (17.3)

H, = Effective height of the wall and e, and « are the same as in Eq. (17.1)
{Note: In Eq. (17.3) for reinforced concrete column, we use 2000 instead of 2500.)
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3. Unbraced plain walls: For unbraced plain-walls, the effeciive length, as shown in Table

" 17.3, is larger than the actual length. The ultimate load of short- and léng-unbraced walls can

be taken as the lesser of the following expressions {BS 81 10-Clause 3 9.4. 17) (Here the. factors
" of ¢ and e, are different.).

Py = afylt - 2e,) . T (174)
Py = afylt - 2en - ¢) T 7

where e, and.e,; are the resultant eccentricities of the load at the top . and the. bottom of the.
.+ wall. It being not less than #20 (BS 8110 Clause 3.9.4. 17) e,, is the addltlonal eccentricity, -
-and @ = 0.3. .

(L e

A7, 5 1 Limitation of EmpIricaI Method ' o PR

S The expressmn for the strength in sIender braced walfs in- Eq (17 2) 1s the one recommendcd

_in the fourth revision of 1S 456 and AS 3600 [3). ACI 318 Clause 14.5 [6] also recommends
an expression similar to the above for the design of pliin walls by the empirical method
which is recommended to be used only when the actual eccentricity of the vertical load is not
greater than #6, i.e. the resultant load acts within the middle third of the thickness of the
wall. The empirical method is allowed to be used for rectangular cross-sections only. Load
bearing walls of non-rectangular section, such as ribbed wall panels, must be designed as
reinforced concrete compresston members .

17.6 DES!GN OF WALLS FOR IN-PLANE HORIZONTAL FORCES

“In this section we examine the method of design for shear and ﬂexure due to in-plane lateral
forces on plane concrete walls.

17.6.1 Design for Shear due to In-plane Forces

IS 456 (2000) Clause 32.4 gives design procedures for checking conciete walls for shear due
to in-plane lateral forces, As shown in Figs. 17.5-17.7, the deformations of walls under lateral
forces depend on the ratio of height to width (H/L) of the wall, Accordingly, walls are divided
into the following two classes:

¢ High walls H/L > 1.0
- Low walls H/L < 1.0

where H and L are overall height and length of the wall. In ACI, the classification is based |

on HiL ratio = 2. For a gable wall the overall height is the average height. This division is
made due to the fact that cracking due to shear in the above two cases is different as shown
in Fig. 17.7. For resisting shear forces, vertical steel is more effective in low walls and the
horizontal steel is more effective in high walls. The following rules are used for design of
. concrete walls for shear:

1. The effective depth d of the wall is taken as equal to 0.8L for shear considerations.

2. The critical section for shear js taken at a distance from the base equal to 0.5L or
.0.5H, whichever is less.
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HiL = Ratio

Ll

@ @ @ @

. Fig. 17.5 Deflection of walls under horizonial luads (@) Wall (b) total deﬂectlon, ©) déflection
: ‘by- ﬂexure, (d) denection due to shear, and (e) deﬂection due to. fuundatiou rotation.

1.0
0.5
Low walls High walls
0.1 | i
1.0 10
S(F lcxure%‘lﬁ(Shear)

Fig. 17.6 Deflection characteristics of low and high walls.

- -+ —
> l — 1
Crack
Crack
;%!A
TIITTTTT PTTT7I777

Fig. 17.7 Cracking due to shear in walls: (a) Low walls; and (b} high walls.’
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3. The _néminai shear should not exceed the maximum allowable value (%) as given below
(IS 456 (2000) Clause 324.2.1. : ot e
“The nominal value of shear with nominal steel is v. Therefote,

1 4

v=—

. : ) td

where v must be less than %y given by _ N
T = 017 B (17.6)

1S 456 (2000) Table 20 for ., values are slightly lower than the values obtained from the above
formula, But Table 20 may also be used for routine design.

(17.5)

4. In designing for shear; we first check whether the minimum steel spe_cified in these walls

is enough to resist the given shear. For this purpose, we first calculate the nominal shear v from
Eq. (17.5) and check whether the nominal shear value is less or greater than the allowable value
as given in Eqs. (17.7) and (17.8). If it is less, we need to provide only the nominal vertical and
horizontal steel as given in Section 17.1.1 for the wall. If it is more than the allowable value,
the wall should be checked for safety in shear. The allowable value of shear strength recommended
by Australian code AS 3600 Clause 11.5.4 for walls without reinforcement steel is given by the
following formula [3): .

" (a) For low walls, H/L < 1

7, =0.66Vf, ~ 0.21% if,
where £, = cylinder strength. Taking f, = 0.8f;, we get (as in IS 456 Clause 32.4.3)

T, =06Vf; - 0.2—‘;'- iy 77
for HiL =1,
7, =0.40Vf, (17.72)

(b) For high walls H/L > 1. The lesser values obtained by the following equations is the
allowable shear:

7, =040Vfy : (17.8)
B (H/L)+1
7, _o.ogsdf*—m—( HiD -1 (17.8a)
But in any case, ) )
7, 20154/, : (17.8b)

5. If v is greater than 1, we have to calculate the steel areas required-in the wall, For this
purpose, IS 13920 (1993) Clause 9.2.2 [7] recommends the conventional design procedure for
shear steel in walls. The shear stress that the concrete can resist is taken as that given by the

~whete
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values in Table 19 of IS 456 (2000). We use the following procedure for design of this shear
reinforcements. - ' ' '

‘As the effective depth is taken as 0.8[;, we have
V=087l ' (17.9)
V,=V-V, (17.92)

¥, = Shear taken by concrete
= ‘Shear taken by steel
¥, = Factored design shear
Since ¥V, is greate; than ¥, we design the steel for the balanccl of the shear to be carried by

steel by the conventional formula:

¥, =0.87};d—A—‘1 (17.10)
_ i S, _ ‘
where Ag, is the area of .steel being considered within a distance S, (the spacing).
-(i) -For design of vertical steel; we take a cross-section-of th'e'wali, and the ;_hec_essary
steel is calculated as :
- ASV
S

v

it (17.11)

where. p, is the vertical steel ratio (not percentage of steel).

(ii) For design of horizontal steel, we consider the cross-sectional area of the wall for
unit vertical height, and the steel required is calculated as

ASV
—tr 4
s, P

where p is the horizontal steel ratio.

6. For low walls H/L < 1, where vertical steel is more effective, design is first made
for vertical steel. The final area recommended should not be less than that of the rainimuim
specified for walls. If the required steel is- more than the specified minimum horizontal
steel, the same steel as in the vertical direction is to be provided also in the horizontal
ditection. The minimum horizontal steel specified in walls is usually more or at least equal
to the minimum vertical steel. The minimum amount of stecls to be provided is given in
Section 17.7.2. i

7. For high walls H/L > 1, as horizontal stecl is more effective than vertical steel, design

" is made for horizontal steel, which should not be less than the specified minimum. We also

provide the minimum specified vertical steel. We must ensure that in all walls, shezr strength
of the wall should be made thuch greater than its bending strength so as to avoid any sudden
and brittle failure. '
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47.6.2  Design of Concrete Walls for Flexure (In-plane Bending)

 When walls are subjected to in-plane flexure due to horizontal forces in addition to vertical
loads, the design is carried out as follows (No. 2 of Table 17.1):

(i) When the whole section is in compression only, the walls are designed for axial load
and then checked for shear separately as explained in Section 17.6.1; the in-plane bending can
be neglected, o ' - )

‘ (ii) When part of the wall section is in tension, the wall is designed for flexure by the
_ theory of bending of R.C. members under combined bending and axial load and then
. checked for.the shear résistance as desmiked in Section 17.6.1. The theory of bending of

--conerete walls: for-axial load and flexure and construction of interaction diagram is usually -
treated under design of shear walls. Details of design procedures are given in Appendix A ’

of 1S 13920 (1993).!

17.7 RULES FOR DETAILING OF STEEL IN CONCRETE WALLS
17.7.1 Deslign of Transverse Steel In Concrete Wails

In plain walls, transverse reinforcement need not be designed to support vertical bars against
buckling as in columns since the vertical bars are not called upon to carry the load: However,
in R.C. walls where the vertical steel bears the loads, the transverse horizontal steel should be
properly designed as in columns to restrain the vertical steel against buckling. ‘

CAT72 Rules for Detailing of Longitudinal Steel in Plain Concrete Walls

‘Fhe minimum vertical and horizontal steel provided in walls is expressed in terms of the gross
area of concrete. The provisions are as follows (Table 17.5 can be used for easy reference):

1. Indian Standards [IS 456 (2000) Clause 32.4}

() Vertical steel: The minimum vertical steel for plain walls should be 0.12% for high
yield bars and welded fabric and 0.15% for mild steel bars. Also, the maximum spacing should
be 450 mm or three times the wall thickness, whichever is less.

(b) Horizontal steel: The minimum horizontal stee] for all types of walls (plain or
reinforced) should be 0.20% for high yicld bars with diameter not larger than 16 mm and 0.25%
for mild steel bars. The maximum spacing of bars should be 450 mm or three times the wall
thickness, whichever is less. -

(¢) For walls, more than 200 mm thick, the vertical and horizontal reinforcements should
be provided in two grids, one near each face of the wall with proper cover.

(Note: According to IS 456 Clause 31.4, the minimum horizontal steel is more than the minimum
vertical steel. According to BS (1985) Clause 3.9.4.18, the minimum percentage of steel in each
direction should be 0.25 for Fe 460 steel.) : .

" 1See further details in- Chapter 19.
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. TABLE 17.5 MINIMUM REINFORCEMENT IN WALLS -

Wall thickness

Steel spacings for given percemtage of steel in two layers
{mm) ’

0.20 0.25 0.4
100 6 mm at 280 mm " 6 mm at 200 mm 8 mm at 250 mm
125 6 mmat 220 mm. . 6 mm at 175 mm 8 mm at 200 mm
150 6 mm at 175 mm 6 mm at 150 mm I0 mm at 250 mm
175 6 mm at 150- mm 8 mm at-225 mm- [0 mm dt 200 mm
200 " é6mmat 140 mm - § mm at 200 mm 12 mm at 275 mm
225 . © 6 mm at 125 mm 0 mm-at 275 mm 12 mm at 250 mm
250 . . 8 mm at 200 mm 10 mm at 250 mm 12 mm at 325, mim -
275 10 mm af 275 mm 10.mm at 225 mm_ 12 mm at 200 mm
300 10 mm at 250 mm y

IQ mm at 200 mm 12 mm at 175 mm

Note: Steel of Table 17.5 should be provided on both faces at the given spacing. If a single layer is used,
~edopt half the spacing. . . . e AT

EXAMPLE 17.1 (Design of a plain concrete wall)

A plain braced concrete wall of dimensions 8 m high, 5 m long and 200 mm thick is
restrained against rotation at its base and unrestrained at the ends. If it has to carry a factored
total gravity load of 180 kN and a factored horizontal load of 8.45 kN at the top, check the
safety of the wall. Assume f; = 20 and £, = 415.

Reference Step Caleulations

1 Check whether the wall will be wkolly in compression under loading.
ACI code Maximum B.M. in wall M = 8.45 < 8 = 67.6 kNm (factored)
Maximum load P = 180 kN
M 616
=== ()37
T R
L .
w83
. m
ACI 318 As e < L/6, all the portions of the wall are under compression.
Cl. 14.5 mplnncal design is applicable.
2 Determine the slenderness of the wall
Table 17.2 H, = 0.75 x 8000 = 6000
H, 6000
M : - = _!.=____=30
| aximum slenderness ratio P 300
Table 17.4 If slenderness ratio > 12, the wall is slender. Here the maximum

allowed ratio = 30. Hence it is slender within limits,

3 Find mintmum eccentricity
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Reference

Step.

Calculations

Bq (17.3).

Eq. (17.2)

Sec. 17.7.2

Sec. 17.6.1

Find additional eccentricily

) .

HY t. 5 200 ‘
g, =—=|" =(30)"——==T2mm
? [ t ) 2500 30 2500, -

-

Caleulate reduction in tlrick:g;ss of braced wall
1.2¢min + 2€, = (1.2 % 10) + 2(72) = 156 mm
Balance thickness = 200 — 156 =44 mm
Determine ultimate load carrying capacity per unit length of wall
P, = 0.3/t — 1.2eqp — 2¢)) '
= 0.3 .20 {200 — 156) = 264 N/mm
Total capacity of wall for 5 m length - |
P = 264 x 5000/1000 '
='1320 kN > l 80 kN (required)
Determine minimum steel to be placed in the wall
1, = Horizontal steel percenkage (= 0.20)
py= Vertical steel percentage = 0.15
A, = 0.002 x 200 x 1000 (per metre) = 400 mm?

1 As the thickness is more than 150 mm, the steel has to be placed in

two layers of 200 mm%*m.
Provide T8 at 250 (201 mmifm).

A, should not be less than 0.15%. Provide the same steel in both the
directi_ons.

Checl(:}or{ shear

H 80 .
A 22 177 (high wall
"% 1.77 Chig wa).‘

d = 0.8L = 0.8 x 4500 = 3600 mm
¢ = 200 mm
Critical section 0.5L or 0.5H from base

¥ _ 8.45x10°
Shear st 222F . = 0.012 N/mm?
ear siress v= 752003600 012 N/mm

Allowable g
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Reference Step ' . Caleulations

Bq.(176) | £oi = 0.1 = 34 Nimm® > 0.12 (or use IS 456 Table 20) -

Shear taken by concrete wall without steel for a high wall (H/L> 1)
is lesser of the two value of 7: o

B (178) | . | 040\’fck ~ 040v20=1.79 N/mm?
H/L) ¥ 277
= 0.045f = 004570 —— =072 N
= 0.045 ch (H/L)—l - mm?2

but not less than

T g, =015V fy =0.15¥20:=0.67 Nimm?
v is much less than 7. Hence the wall is safe in shear with lhe
minimum steel provided.

9 Assunring the shear is high, we proceed as follows:

As an example, let ¥ = 864 kKN

g64x10° 2 2
=2 = 2 N/mm? <3.4 Nimm
Step 8 200%3600
210 Design of steel for shear
As the wall is high and horizontal steel is more effective, we will
check the shear that can be taken by minimum horizontal steel.
¥, = 0.8Lt7, = 3600 x 200 X 0.72 = 518.4 kN
Eq. (17.9a) Shear to be taken by steel = 864 — 518 = 346 kN
Minimum horizontal steel per metres height at 0.2% (with
5, = 1000 mm)
b
Eq. (17.10) V, = 0.87[;% = 0.87 x 415 % 0.4 x 3600 N
L4

520 kN > 346 kN (required),

f.

Hence safe with minimum steel.
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18.1 INTRODUCTION

Earthquakes can occur on land or sea, at any place on the surface of the earth where there is
a major fault. When earthquake occurs on land, it affects man-made structures around the place .
of its origin. When a major earthquake occurs under the ocean/sea, it not only affects the man-
made structures near it, but depending on the depth of disturbance also produce large tidal waves
known as Tsunami, a Japanese word meaning “harbour waves”, which can travel very large
distances, as far as 5000 km or more. It affects places far away from its place of origin. Jn this
chapter, we will, however, mainly examine the effect of earthquakes on reinforced concrete
framed buildings and study the design of these framed structures with reference to IS 1893-2002.
Reference 10 should be consulted for design of ordinary brick buildings.

The resultant loads on struchures due to earthquake are called earthquake loads, denoted
by E or EL. When planning a building against natural hazaxds like earthquakes or cyclones, we
can design it to behave in one of the following three limit states depending on the importance
of .the structure: .

1. Serviceability limit state. In this case, the structure will undergo little or no structural
damage. Imiportant buildings such as hospitals, places of assembly, atomic power stations,
which are structures affecting a community, should be designed for clastic behaviour
under expected earthquake forces, These structures should be serviceable even after the
earthquake has taken place. ' .

2. Damage controlled (damageability) limit state (Damage threshold level). In this case, if
an earthquake or cyclone occurs, there can be some damage to the structure but it can
be repaired after the event and the structure can again be put to use. Most of the
permanent buildings should come under this category. For this purpose, the structure
should be designed for limited ductite response only.

3. Survival {collapse threshold level) limit state. In this case, the structure may be allowed
to be damaged in the event of an earthquake or cyclone, but the supports should stand
and be able to carry the permanent loads fully so that in all cases there should be no
caving in of the structure and no loss of life. Earthquakes occur without warning, and the
above behaviour is achieved by positively avoiding brittle failure of bending members and
also ensuring that supporting elements like columns do not fail. Earthquake efiergy should
also be designed to be dissipated by ‘full ductile’ response of the structures.
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We can design framed structures for the first two limit states mentioned above, by elastic
or restricted ductile response of the structure using conventional methods of design and
incorporating ductile detailing. Designing for full elastic response is costly. Limited ductile
response is cheaper and full ductile response is the cheapest. However, full ductile design is
carried out by the theory of plastic hinge formation and careful detailing for ductility. Even though
such structures are cheaper, they undergo large-scale damage under severe earthquakes and,
therefore, reconstruction may not be possible. The current practice is to design structures for one

“ of the first two limit states as the subject of therfull plastig design-is still in the development

stages only. In all earthquake desigas, we also assume that earthquake and cyclones do not occur
together, - ' ) : :

1811 Design Approach in IS 1893 (2002)

IS 1893-2002 is titled “Criteria for Earthquake Resistant Design of Structures™ and part 1 of this
Code deals with general provisions and buildings [1]. According to IS 1893 part T 2002, we
consider the following magnitudes of earthquakes: :

() Design Basis Earthgquake (DBE). I is the earthquake which can be reasonably expected
to occur at least once during the designed life of the structure.

© il Masimum Considered Earthquake (MCE). This is the most severe earthquake that can -

--oceur in that region as considered by the code. (MCE is divided by a factor 2 to get DBE)

~~+(The valoes of Z (the seismic zone factor) given in IS 1893-2002 reflect the realistic values
of effective peak ground-acceleration considering MCE and service life of the structure in each
seismic zone. 1t is- divided by factor 2 to get the Design Basis Earthquake.)

" The design approach recommended by IS 1893--2002 is based on the following principles
(Clause 6.1).

1. The structure should have the sirength 16 withstand minor earthquakes less than DBE
without any damage. ‘ '

2. The structure should be able to resist earthquakes equal fo DBE without significant
structural damage though some non-structural damage may oceur.

3. The structure should withstand an earthquike equal to MCE without collapse so that
there is no loss of life. As the actual forces will be much larger than the design forces specified
by the code, the ductility arising from the inelastic material behaviour and detailing along with
the reserve strength of the structure are relied upon to account for the difference in the aciual
and the design lateral loads.

- 18.1.2 - Differerice between Earthquake .For__c__:__;,_s and Gravity Loads Taken

in Designs

" “The difference betsveen design earthquake loads and design gravity t6ads should be clearly

understood. In gravity loads and in temperature effects, we always design struciures for the
maximum loads. The actual loads that may come on the structure will rever exceed the design

* loads. But not:s& in our assuraption of earthquake loads. In accordance wiih the ptesent concept

of design for earthquake forces, the structure is designed for far less base shear than the base
that would be requited if it were to remain elastic during the assigued earthquake.
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The design base shear is obtained by reducing the elastic base shéar by a response reduction

- Factor R, discussed in Section 18.6.3, itera 5. This reduction depends on the following two

factorsy _ _
""" The ductility of the structure’ .
« The ovrstrength present in routine structural design by using partial safety factors in the
" design. : ) _

. 18.1.3. Factors Affecting Earthquake Design of Buildings

* There are many characteristics: of the building that affect its behaviour when subjf:ct‘e_d-.to an
- carthquake. The following five factors are considered of major importance: -

1. Natural frequency of the structure (as discussed in Section 18.6.3).
" 2. Damping factor of the building (as discussed in Section 18.6.3).
"3." Type of foundation of the structure (as discussed in Section 18.5).

‘4. Ymportance of building, We must ensure in our design that service and community
buildings like police stations, powerhouses, hospitals do not become out of service but continue
to be of service to the community even after the earthquake. This s ensured by introducing a
factor called importance factor, denoted by in earthquake design (Table 18.3).

5. Duetility of the structure. It has been observed that structures designed for ductility

(see Chapter 21) need to be designed for less lateral load as it has belter moment redistribution
qualities. This aspect is taken care of by response reduction factor R for different types of
structures (see Table 18.6). .
" Frames that are specially designed for ductility (refer Chapter 21} are called Special Moment
Resisting Frames (SMRF), whereas those detailed with no special consideration are called
Ordinary Moment Resisting Frames {OMREF). For satisfactory performance, if a building is
designed as an SMRF frame, it needs to be designed only for lesser forces than if it is designed
as an OMRY frame.

Seismic design of structures is a vast specialized subject. This chapter attempts to explain
only some of the basic concepts of such design and also the provision of the present Indian code
to calculate the earthquake loads on symmetrically laid-out buildings. Specialised publications
should be consulted when dealing with irregular buildings as well as other structures like bridges,
dams, ete. (see Section 18.19).

18.2 PUBLICATIONS OF BUREAU OF INDIAN STANDARDS FOR EARTHQUAKE
DESIGN : .

The Bureau of Indian Standards has published the following documents about carthquake design
of structures.

1. IS 4326 (1993): Code of Practice for Earthquake Resistant Design and Construction of
Buildings (second revision). (This code is applicable to ordinary low rise buildings).

2 IS 1893-2002: Criteria for Earthquake Design of Structures (fifth revision). This code is
currently in use in India for design of framed buildings against earthquake forces. The code was
first published in 1962 and was revised in 1966, 1970, 1975, 1984, and 2002. Part 1 of this revised
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code gives the principal standards to be followed in India at present for calgulation of earthquake

forces in framed buildings. Parts 2 to 5, as explamed in Section 18.19, deal*with other structures

like bridges, watertanks etc.
3. IS 13827-1993: Improving earthquake resistance of earthen burldmgs
4. IS 13828 {1993} Gulde]mes for improvlng Earthquake Resistance of Low-strength

" Masonry Buildings.: .
5. 18 13920 (1993): Code of Practice for Duchle Detailing of Remforced Concrete’ Smrcmres R

Suo_]ect to Seismic Forces. This code is mainly applicable to framed R.C.C, building.
' -13935 (1993): Guidelines for Repair and Strengthening of Bm!dlngs ' ‘
7 - 8P 22: Explana[ory Handbook on Codes for Earthquake Engineering. This handbook
was published in 1983 to give explanation and examples for IS 1893 (1975) and IS 4326 (1976).
It needs revision to comnply with IS 1893 (2002). :
In addition, a useful publication for detailing of non-engmeered buildings (see Section 18.22)
entitled Guidelines for Improving Earthquake Resistance of Housing (Ref. 10} is also available.

18:3  EARTHQUAKE MAGNITUDE AND INTENSITY

The terminologies used in earthquake are given in IS 1893 (2002) Part 1, Sections 3 and 4. The
magnitude of earthquake, M is a measure of the energy released by an earthquake and is
popularly measured by Richter scale (named after the American geologist Charles F. Richter) M1-
M10. The scale defines to the base 10, the maximum trace amplitude expressed in microns which

“would be registered by the standard short period torsion seismometer (with a period of 0.8 second

" and magnification 2800 with nearly critical damping) due to the earthquake at an epicentral
- distance of 100 km (IS 1893, part 1 {2002): Clause 3.18). The scale used for intensiry of an
3 earthquake is the modified Mercalli scale. Intensity indicates the intensity of shaking or the extent

of potential damage at a particular location of an earthquake.
The magnitude M of an earthquake is related to its energy released at the focus of the
carthquake and can be calculated by the following approximate formula,

log £ (ergs) = 11.8+ 1.5 M

Accordingly, the energy released by an earthquake of magnitude M8.5 is 100 miltion times stronger
than a small earthquake of magnitude M3. A magnitude M6+ releases energy equivalent to 20 million
tons of TNT and magnitude M8+ more or less equal to 50 Mega tons of Hydrogen bomb,

18.3.1 Magnitude of Some of the Past Earthquakw in India as Expressed in Richter Scale

The foildwing are some of the major earthquakes that took place in India during the last 100 years
(focal depth wherever known is expressed as FD):

1. The Assam earthquake in 1897 (M8.7)

The Bihar-Nepal earthquake in 1934 (M8.4)

The Quetta earthquake in 1935 (M7.6)

The Assam-Tibet carthquake in 1950 (M8.5) (FD = 15 km)

o

of 0.05 withstood the earthquake well.) (FD = 8 km)
6. The Bihar-Nepal earthquake in 1988 (M6.6) (FD =71 km) .

*The Koyna earthquake in 1967 (M6.5) (The Koyna dam designeri with seismic coéfficient
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7. The Uttarkashi. (Uttarrsradesh) carthquake in' 1991 (M6.6) (FD 12 km)
8 **The Latur earthquaks in 1993 (M6.4) (FD = 12 kmy - e
9. "The Jabalpur earthquake in 1997 (M6.0) (FD = 35 km)
10. The Chamoli (Uttarpradesh) earthquake in 1999 (M6.8). (FD = 21 Lm)
11. Earth tremot-at Iduldi Kottayam (Keerala) in 2001 (M4.8+)

_12.."'The Bhuj (Gu;arat) earthquake in 2001 (M6.8) (FD = =23 km)

Earthquakes of Rlchter sﬂale less than M3.5 rarely cause any damage, 'I'hosn of MS—M6

" cause dimage’ to:the stmcmreq Tocated close to the epicentre. M6 and abave release’ large amount

of engrgy and can be dangr.mus to structires. The 1950 Assam earthquake was. of magnitude

* 8.7 and is considered as the sirongest carthquake that can ever-happen in India. The approximate

lengths of fault slips associated with M4, M5, M6, M7, M8 and M8.5 carthquakes are,

' approxlmately, 1,3, 8,40, 300 and 850 kny, respectively. Thus, carthquakes. of largs magnitudes

are always associated with the presence of long faults in that zone.

For example, the eanhquake that occurred in the Indian Qcean near Indon\,sxa on-26th
December 2004 took place on a known fault more than 1000 km long along a line from Indonesia
to Burma earthquake was of magnitude M9, the ocean flow rising more than 10 metres along the
fault. The résultant tidal waves (Tsunami) was higher than a two-storey building at places. 1t
caused hovoce in the countrics of the Indian Ocean, viz. Indonesia, Thailand, Sri Lanka, and India
(mainly Andaman and Nicobar Islands, and Tamil Nadu and Kerala States), and some damage to
a couple of African countries:.

Undersea earthquakes are called seaquakes. They can produce large tidal waves if they are
of magnitude more than M7 and shallow focal depth. A lot of energy is transferred te the water.
It travels-in waves and, as water has no shear resistance, it travels in small waves in the deep
Oceans (only 45 to 60 cm in height) but at preat speeds as high as 900 km/hr to the coast, It
has very large kinetie energy. When it meets resistance near the coast, it has to be converted
to' potential energy. Hence the water level rises up to considerable heights. The energy is finally
destroyed only on the land by destroying all objects on its path. Tsunami waves of 30 m height
were produced by a seaquake of magnitude M7.8 near Alaska Aleutin islands in April 1946. The
usual heights of these waves can be 13-to 16 metres. They occur more frequently in the Pacific
Gceean; hence, an early warning system has been built for those regions. It is necessary for us
to know about these, but in this chapter we will restrict our study to effects of carthquake on
framed structures.

18.3.2 Vertical Seismic Forces

Even ‘though earthquake motion involves vertical, horizontal and torsional oscxllatlons, only

horizontal motion is considered to be of importance in structural design. Vertical seismic forces
are only a fraction of the gravity loads and these are assumed to be taken care of by the factors

Notgs: *Reservoir induced earthquake,
** Latur was placed in Zone T of IS 1893 (1984) but still had a major earthquake.
* Jabalpur and Kerala were bo.h in zone 111 of 1S 1893 (1984). Yet Jabalpur had a major eartfiquake
in 1997—Farih tremors occur frequently in many .places in India. (An carthquake with toss of
human lives teok place in Coimbatore, Tamil Nadu in 1900. The Himalaya and the Western Ghats
of India are reported ‘as the two most vulnerable.zones in India for earthquakes.)
** Ahmedabad was placed in Zone Il but it suffered severe damages.

a
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of safety provided for dead and live loads. However, in cestain cases, as in cantilever balconies,
vertical acceleration may also have to be taken into consideration when dealing with stability
analysis. For this purpose, the vertical effect (as specified) is taken as 2/3 of the horizontal effect
(IS 1893 (2002), Clause 6.4.5.) .

18.4 HISTORICAL DEVELOPMENT

-« That-the major effect of earthquake'is the horizontal rocking force was realized by engineers from

long time ago. So the first development ifi"design of stryctures for earihquake was the use of
a very conservative value of 0.1 time gravity for acceleration acting on all parts of the struciure.
This simple static method was used in early days in USA as a method of design for buildings

“in active earthquake zones. The coefficient assigned to a given zone was known as the seismic

coefficient, In 1950 with the Assam earthquake (Richter’s scale 8.7), it was found that structures
designed with a basic seismic coefficient of 0.08 were able to withstand the earthquake effects
well. This coefficient was, therefore, accepted in India long ago as the maximum basic horizontat
seismic coefficient to be used for zone V, the highest zone in India. The lower zones then were
assigned lower seismic coefficients.

TABLE 18.1 CLASSIFICATION OF SOME TOWNS IN THE SEISMIC MAP OF INDIA
[1S 1893 (Part I) 2002, APPENDIX E] :

Place . Fone Place ' Zone
*Agra 3 Jabalpur 3
Ahmedabad 3 Jamshedpur 2
Allahabad 2 Jorhat 5
Amritsar 4 Kanpur 3
Asansol 3 Kathmandu 5
Bangalore 2 Kochi 3.
- Bhilai 2, Kolkata 3
Bikaner 3 Lucknow 3
Calicut 3 Mumbai 3
Chandigarh 4 Nagpur 2
‘Chennai 3 Nellore 3
Coimbatore 3 Patna 4
Cuttack 3 Pondicherry 2
Dehra Dun 4 Sirmta 4
elhi 4 Srinagar 5
Guwahati 5 Thiruvananthapuram 3
Hyderabad 2 Vijayawada 3
Trophal 5 Visekhapatnam 2

‘I'ne concept of earthquake as a force due to acceleration aéting of the mass the structure
was used first in the following formula published in 1959 by the Seismological Committee of the
Structural Association of California. :
' o ¥, = (Mss)(Acceleration) = Ma (18.1)
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where )
¥, = Horizontal shear force .
M = Mass of all the permanent loads at that point
a = Acceleration due to earthquake

(When the acceleration is cxprcssed as a function of gravity, we use the weighrtl W of the
building instead’ of its mass in the above formula.) :

-

185 BASIC BEISMIC COEFFICIENTS AND SEISMIC ZONE FACTORS USED IN
151893 o -

The approach to earthquake design in a large country like India is to divide the country into
different zones, depending on the intensity of forces that can be expected to occur in that zone
which, to some extent, depends on its geology and length of fauit zones. This division will not
give_any idea of the likely frequency of its occurrence, which is very difﬁ_cult to predict.
Prc(riously, &1l 2002, India was divided into five zones, zones [-V. Zone V gives the highest
intensity. The earthquake forces are then to be calculated by coefficients called design horizontal
seismic coefficient which is a measure of the horizontal ground acceleration that can occur in the
given zone. Ju the present fifth revision of the code, zones I and I have been combined into a
single zone called zone II, thus reducing the number of zones 1o four (see Fig. 18.1).

Mumbai |

Chennal

Fig. 18.1 Selsmic zones in IS 1893 (2002} (Fifth revision).
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18,6  METHODS OF ESTIMATION OF EARTHQUAKE FORCES

.-Thcre are two distinct methods for estimation of the lateral forces due to. earthquake 'I‘hey are .

,tna simple static methoi! and the modern dynamic methods.

18.6.1 Simple Staﬂc Method—SeIsmic Coefﬂcient Method

By, he stmple stanc method uses Eq (18 1) for calculation of earthquake t‘orces It isno longer uscd
: m its snnplc_form in practrce asit does not take into account all the factors (discuissed in. Sectron_:_
" 18.6.3) thit affect the scismic loads However, it will be useful to examine it more. fully for

f,uuderstandmg the basxcs of the sub_;ect We use the fonowmg formula [2]

".w'nere -
= Total base: shear.
W Total seismic weight of the structure - :
0 = Seismic coefficient given in Table 18.2 in terms of gravity.

‘TABLE 182 VALUE OF BASIC SEISMIC COEFFICIENT o, AND
SEISMIC ZONE FACTORS Z FOR DIFFERENT ZONES IN INDIA . -~
(IS 1893 (1984) Table 2)

Zone _ .. Seismic coefficient . Seismic zone factor V
v 008 - - .. T . 036

I 005 . ) : 024

I 004 - 0.16

I

0 010

In order to take irito account the two important factors, namely, the importance of the building

and the foundation conditions, the above formula was subsequently modified for use as follows.
Vp=Way, o = flog
= Wpia, : - (182)

where = coefficient representing the foundation, namely, the amplification dug to foundation
soil. For piles and rafts and footings in all types of hard soils, it was taken as 1.0, whereas for
individual and wall footings it varied from 1.0 (for medium soil when provided with ties) to 1.5
(in soft soils without ties). Thus buildings on isolated footings on soft soils without ties were
to be designed for 50 per cent higher seismi¢ loads than the buildings on raft or piles:

I'= important factor of 1.5 for community buildings and 1 for ordinary buildings as shown
in Table 18.3. :

18.6.2 Dynamlc Analysls —_ Response Spectrum Method

The second method is the more recently developed dynamic analysis. IS 18932002 allows two
dynamic methods: the response spectrum method and the time history method. In this chapter,
we will deal only with the response spectrum method.

= Way, S T '(18.1%}: B
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TABLL 18.3 -VALUE OF IMPORTANCE FACTOR "

. Siruc;ure, . . Value of I
Dams & _ 30
Containers of poisonous gases 20
- Important community structures 15
..L'}thers SHRIRETE . 10

"'I represents the seriousness of the failure of the structure.

The basms of the dynamrc mcthods is as follows: When an earthquake strikes the foundanon

“of a stricture, the striicture’ will move with the ground motion. It has beén observed that this

structural moverment is geierally greater than the ground motion. This increased movement of
the stracture as compared to the ground is referred as the dynamic amplification. It depends
on the engineering properties of the structure such as the natural period of vibration, damping,
type of foundation and the method of detailing of the structure. This dynamic response can

* be analysed by mathematical modelling using the time history method. Another simpler method

involves a ready-made response spectrum developed by Housner and as used in 18§ 1893-2002.
‘We will examine this method now.

_ The response spectrum is the “design acceleration spectrum”, which refers to the average .
smoothened plot of maximum acceleration called spectral acceleration coefficient SJjg, as a
function of the frequency of the structure for a specified damping ratio for carthquake excitation
at the base for a single degree freedom system. When using this method, we take into account
all the important factors that affect the response of the structure as ‘explained in Section 18.6.3.
The structure is treated as a discrete system having lumped masses at each floor level. The loads

" covered in each floor are the permanent loads consisting of all the dead loads on each floor and

one-half of the columns above and below the floor, as well as an approximate portion of the live
Joad that always acts on the structure as shown in Fig. 18.2. This live load is usually specified
as one-fourth of live load for classes of loading up to 3 kN/m?, and one-half of the live load for
those carrying 3 kM/m? as given in IS 1893 (2002) Table 8. Any load between the floors is divided
in inverse proportion to its distance from the floors. This lumped mass system is then analyzed
by simple metheds or more complex methods for determining the period.

H i ) i Root
i H N ]
4 ] ] 1
¥ 1 I 1
! ] t ]
Femmm-—- R R e 1Floor 3
; i : i
W Part L/L
Floor2
hi2
: i : |
E- -------- Hrmmmm————— i- --------- 1: Floorl
i i i
| : i

becca 7 77 bl 7
Fig. 182 Seismic load on second floor.
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In order to apply this spectral acceleration coefficient to different zones, we use the zone
factor Z. It is a factor by which we obtain the design spectrum, depending on the perceived
maximum seismic risk characterized by the Maximum Considered Earthquake (MCE) for
that zone.. The basic zone factors are considered as reasonable estimate of effective peak
ground accelerations. It is interesting to note in Table 18.2 that the value of Z is about 4 to
5 times the value of ¢, and also the factor 2 is to be applied in our calculations to Z to get the
DBE (see Eq. (18.3}).

18.6.3 Revised IS 1893-2002: Simpie Response Spectrum Method (Method 2)

The revised IS 1893-2002 uses the dynamic analysis by using a’response spectrum method, which
- takes into account all the following five important engineering properties of the structure:

1. The fundamental natural period of vibration of the building (T in seconds}
2. The damping properties of the structure : :

3. Type of foundation provided for the building

4, Imporance factor of the building

5. The ductility of the structure represented by response reduction factor.

Tliese properties are now discussed.

1, The fundamental natural period of vibration of the building. Tt has been observed
during some earthquakes that in the-same locality; buildings of a ceriain height underwent more
damages than those which were more than that height or less than that height. This was found
to be-due to differences in the natural frequency between the’buildings as compared to that of
the earthquake.- 1t should be clearly undexstood that this is not due to resonance. As earthquake
causes- impulsive ground motion and:resonance, as- visualized under steady-state simusoidal
excitation, will not occur: Resonance requires build-up of: awplitude, which generally does not
happen during earthquakes. (However, as noted in IS 1893-2002, stray cases of resonance have been
observed between long distance waves and tall buildings founded on decp soft deposits.) The'
effect of the natural period of ocillation is taken care of by the concept of elastic response spectrum.

.The elastic response spectrum, as already explained, is a plot of the peak response (velocity,
accelefation, displacement, etc.) of an elastically behaving structure with a single degree freedom
of oscillation of period T and a specified damping ratio when subjected to a ground acceleration.
(We can also have inelastic response diagram when we use plastic design of these structures as
indicated in Section 18.21. These are not fully discussed in this chapter.)

The elastic response spectra are computed for a range of periods and for different values
of damping for standard conditions as shown in Fig. 18.3. The diagram that is generally used in
practice is the one derived from the average acceleration spectrum obtained by Prof. GW. Housner
from four of the very strong eatthquakes that occurred in California, USA. To use it for other
zones of different degree of seismicity, the ordinates of the average spectrum are to be multiplied
by a factor Z given in Table 18.2. The response spectrum which was recommended in previous
IS code 1893 (1984) is shown in Fig. 18.3. This spectrum was based on the Housner spectrum
for Californian earthquakes. However, the code makers in India felt that the attenuation rates in
the Himalayas are different from those in the southern California area, for which the Housner

spectrum was developed. Accordingly, in the fifth revision of the code, the design spectrum '

Fig. 18.3 was changed, and Fig. 18.4 has been recommended for design for Indian conditions. (The
specific values for different periods for different soils are given in Table 18.5.)
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Fig. 18.3 Average acceleration spectra prescribed by IS 1893, 1984 (Fourth revision)

(diagram based on spectrum suggested by Housner).
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Fig. 18.4 Response spectra for rock and soil sites for 5% damping 1S 1893-(2002), Fifth revision).
(Note: The diagram has threc rauges as given in Table 18.5).

The response spectrum for acceleration is expressed in terms of gravity and is_calleld the
average response acceleration coefficient (Sq/g)- It can be seen from Fig. 18.3 that the aximum
value of S,/g occurs for period 7' less than 0.4-0.67 second, depending on the foundation. I‘ he
design acceleration spectrun specified in IS 1893 (2002), as shown in Fig. 18.4, are for 5% damping
factor. The values for any other damping factor can be found by using Table 18.4.

N
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TABLE 184 . MODIFICAT10N OF S, Ig FOR DAMPING (TABLE 318 1893)

[Damping (@] 0 [ 2 [ 5[ 7 [10]15]20 172 30
[ Fasor_[320]140[100[050 080 [0.70[0.60] 0.5 [ 050

2. Damping properiy of the structure.  Damping is the effect of mtemal friction; sltppmg,
sliding, etc. in reducing the amplitude of vibration and is expressed as a-function of critical
damping. The latter is deﬁned as the dampmg beyond which free vnbratlon motlon wull not be

oscillatory.
The- dampmg recommended for dlfferent types of bulldmgs are as- follows

(a) Steel and timber structures: 2 to 5% eritical (2% is usua!ly adopted)
{b)  Concrete and brick structures: 5 to 10% critical (5% 1s usually adopted)
. '{c) - Earth structures; 10--30% critical- , _

The modification of S,/g with damping is shown in Table 18 5

TABLE 18.5 MODIFICATION O¥ §,/g FOR FOUN'DATION SOILS

Type of soil. -~ Range and value Range and value R(mge- and value
"I Hard soil (rock) ~ T(<0.10) T(0.1-04) 7(04 - 4)
o 1+ 157 25 T
il Medium.soils ~ T(<0.10) T(0.1-0.55) T(0.55-4)
e . 1#15T 25 1367
Lo HESoftsoils T(<0.10) T(0.1-0.67) T(0.67-4)
s ' " 1+15T 2.5 o 1.67/T

3. Types of foundation strata. The value of §,/g in the response diagram depends on the
foundation condition also, i.e., whether it is on soft soil, medium soil or hard soil tike rock. The
variation S/g of with T for the three types of soils is given by the equatlons in Table 18.5 and

shown in Fig. 18.4.

4. Importance of building. " This factor has been already discussed in section 18.1.2-

© Table 18 3 gives the importance factor used for various types of structures.

5 - Ductility and response reduction factor R. This factor represents the nature of thc o

a structure such as ductility and how it is detailed. The values of recommended in IS code are given
in Table 18.6.

18.6.4 Cafculation of Design Horizontal Selsmic Coefficient

Having determined the values of Z, 7, S,/g and R and assuming a damping ratio of 5% for concrete
structures, the horizontal seismic coefficient is given by the equations,

Ay =.(%](Sa/3), Vo= AW (183

) (Also, for any structure with T < 0, 1s, the value of 4, shall not be less than Z/2, whatever
be the value of //R.)
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where . : -
Ay = The demgn honzontal seismic coeff' cient
Z = Zone factor for MCE (The factor 2, provided in the denomination of Zis fo reducc
the MCE to DEB.
I= Importance factor of 1.5 for comummity buﬂdmg and 1 for others
R = Response reduction factor depending on the type of detailing and bnttieness of the:
structure.
§Jg = Value of spectral acceleranon coefﬁcnent obtained from the standard responsc spectra- -
(Fig. 18.4) oy

_ The vertical seismic coefficient is taken as two-third the: horizontal val'ué'(Cléuse 6.4.5).
(Note: All the five factors, namely, the frequency of building, damping factor, type of
foundation, importance factor and type of detailing are taken care of in the above formula.)

TABLE 18.6 RESPONSE REDUCTION FACTOR R
(IS 1983 (Part I), 2002 Table 7)

S.No. Lateral load resisting system " R

© () Building with frames :

1. Ordinary moment resisting frame (OMRF) 30
2. - Special moment resisting frame (SMRF) 50
- (b) Load bearing masonry wall buildings with shear walls . ‘
-3, Unreinforced . 15
4. . Reinforced with horizontal R.C, bands 25
5. - Reinforced with horizontal bands and vertical bars at corners

" - of rooms and jambs of openings 30
-6, - Ordinary R.C. shear walls - ' 30
7.  Ductile shear walls 40
" (¢} Building with dual system _

8 Ductile shear wall with OMRF 45
9. - Ductile shear wall with SMRF 50
10. . Ordinary shear wall with OMRF 30

11.  Ordinary shear wall with SMRF , 40

. 18.7 CALCULATION OF NATURAL PERIOD OF VIBRATION OF A BUILDING

As can be seen from Fig. 18.4, when the maximum acceleration coefficient of 2.5 is obtained when
a value of the natural frequencies is less than 0.4-0.67 s, depending on type of foundation. It
decreases considerably with increase in the period of natural frequency beyvond these values.
Thus, the fandamental frequency of the building is a very important component in estimation of
seismic forces.

For accurate analys1s, the value of the natural frequency should be calculated from structural

- dynamics. However, the following empirical formulae are used to calcufate 7 in seconds for

buildings of simple shapes. (For special buildings with flexible storeys and for irregular blocks
or for tall towers and water tanks, the values of T are to be calculated by dynamic analysis.) There
are many theoretical methods of calculating 7. We will restrict our apalysis to empirical methods.
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L For a reinforced concrete moment-resisting frame building without brick infilt ﬁancls, the ’

following two formulae [Egs. (18.4) and (18.5)] are used to give the period in seconds (1S
Clause 7, 6) .

where # is the height of the building in metres.
T=(0.1)n ' (18.5)

where n is the number of storeys including basement storeys.

¥

3 Tor all other buildings including moment-resisting frames with brick infill panels and shear
walls, we may use the following formula: '

0.00% -
r= 18.52
vd (1832)
or
T=0.05(i)"" {18.5b)

where d is the bage dimension in metres along the direction of lateral force and / is the
height of the building in metres.

1. Steel-framed buildings have been observed to have a larger T than concrete buildings of
‘the -same height.

1t should be noted that the dynamic analysis of frames ignoring infills, shear walls, etc., can
lead to larger T and lower design forces. Usually, the empirical relations give the lower bound
gafe value,-and it is mandatory that the values obtained by the theoretical analysis should be
always checked with the empirical values. . .

1t is also interesting to note that the natural period of oscillation of a single-story building
will be around 0.05 second, and of low rise buildings about 0.4 second.

18.8 DETERMINATION OF DESIGN BASE SHEAR.

Having obtained the seismic coefficient by the static or dynamic method, we use the following
fornulae to calculate the base shear: ‘
Vo=  {(Static method), see Eq. (18.2) (13.6)
Vp=AW  (Dynamic method), see Eq. (18.3) (18.6a)

18.8 COMPARISON OF STATIC AND RESPONSE SPECTRUM METHODS

Eveu though static analysis was allowed in carlier IS codes, IS 1893 (2002) specifies the dynamic
method using response spectrum and taking all the five factors that affect the forces into account -

for datermination of V.

In spite of the fact that the static and dynamic methods are based on different concepts and
should not be compared, it is interesting to examine the results that will be obtained by the two
methods. We note the following:

T=0.075(h°"" (184}

T+ 0.085(h)°™ ' (185¢) °
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1. The maximum value of S/g=2.51is obtained for <04 -0.6758 (depending on foundation
conditions). It decreases with increasing value of T. .

2, For an o;dinéry moment resisting frame {OMRF), R=3, and for a special moment resistant
frame (SMRF), R=5. -

The following cases can be worked out for maximum values in zone IIL

| LS, (2)_@5)da)
Case () OMRF A =7 (21{]“ 2%3

=1.66¢, (maximum value)

Case (2) SMRF 4, = E;i‘%“ﬁl - @, (maximum valuc)
Hence we get the following results for zonie IIT and for T'< 0.4-0.67 (depending -on ground
conditions), which give the maxirum: value of 5/g.
) Ay =1.66 @, for an OMRF
The value of 4, decreases with increasing value of T.
) Ay = @ for an SMRF
The value of 4, also decreases with increasing value of 7 when using the response spectrum
so that in multistoreyed tall buildings, the dynamic method gives lesser values, than static’ values
for higher vaiues of 7. (Similar comparison can be worked out for other zones also).
“The following values are obtained for zone 111 buildings with 7' < 0.4-0.67 (depending on the
type of toundation): ‘ S
. The static and dynamic methods give the same results for SMRF buildiqgs.
2. The dynamic method gives 1.66 times the value obtained by the static method for OMRF
. buildings. Similar values are true for other zones also. )
3. For hi'gher frequencies ‘the values obtained by dynamic method decrease.
. However, for low rise buildings, we should remember that detailing of the bracing system-is
more important than the refinement of calculations. The ABC of Iateral resistance are the
following: ‘ :

(@) Anchorage: The building should be anchored well from top to the foundation to act as
a unit.
(b6} Bracing: The bracing system should be reliable and well designed.
(c) Continuity: The path of resistance should be continuous from top to the foundation level
and predictable. 7
1t is very clear from the above comparison that the simple static method gives the maximl
value of the design acceleration on the structure. It does not take into account many other factors
that affect the magnitude of these earthquake forces. On the other hand, in the response spectrum
method, all the major five factors that affect earthquake effect are also taken into account. There
will be considerable reduction of.the acceleration if the natusal period of oscillation is large, as
in multistoreyed buildings when using this method.
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18.10 DISTRIBUTION OF BASE SHEAR

Aﬁer hndmg the base shear ¥y, for the whole building, its dastrlbut:on Qf along each of the storey

height of the building can be assumed in many ways. One type of distribution is used in the
_ inverted friangle. However, 1S 1893 assumes the parabolic distribution as indicated by the-
: l‘ollowmg equation and Fig. 18. 5. :

ROOf 25 ’ __Qn
L 4F O4
- 3F
2F
1F |
7 /J ' Base shear
7 AV b/
(@) (c)

Fig. 185 Calculation of base shear: (a) bmldmg storeys (b) drstrlbution of forces -

(c) distribution of ishears,

AN SR
Q"ZV"'[EW?] : -

where :
O; = Lateral force at the required level

W; = Load (DL + LL) of roof or floor at the requxrcd level

h; = Height measured from base of the building (note that for top storeys h; will be large)
# = Number of storeys

For computation of W), the live load is to be 25% of live load if it ig =3 kN’/m2 and 50%
if > 3 KN/, \

The force distribution in any storey is worked out from top as shown in Fig. 18.5(c). It is
gwen by the equanons . :
¥V, =0, at roof level o {188)

Vi=Veny+ O ' T (18.8b)

At each ﬂoor level the correspondmg force is added to get its shear force so fhat at the base
the total shear is the base-shear calculated by Eq. (18.5),

Equations (18.8) forin the basis of the simple equivalent lateral force method which is still
the most popularly used method.for elastic design. In such elastid: ‘design, it has been found that
the-need for ductility oceurs only in carefully chosen points. With good detailing of such points,
this method has been found to be very sausfactory for design of structures of moderate height.
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These designs are nat very sensitive 'to earthquiake forces. For maintaining the sxmphc:ty of the

method, the natural frequency is determined from f:mpmcal fonnulae

1311 OTHER MET’HoDs-OF DYNAMiC'ANALYSIS

More refined methods of dynamic ana]ysm have been developed for earthquake forces Some of
them are briefly gwen in thls section [4], [5], {6].

. 18.11.1 Model‘Superposltlon Techhiques with Response Spectrum (Method 3)

. This’ method was’ ‘given in1S 1893 (1984), C]ause 4.2.2, Tt is an elastic dynamic approach which
- assumes that the dynamic fesponse of a structure can be found by considering the response of

the building to different modes of vibratios independently and then recombining them suitably ¥

-to study their combined effects. For this' method, we use the response specteum method We know

that a structure can vibrate in-many modes, e.g. a tall building,
For dynamic analysis, the mass of a given floor in the building is assumed as lumped at each

floor level. For symmetric layout of structures, only one degree of freedom per floor exists, For

unsymmetric layouts and eccentric loadings when torsion is also present, three degrees of
freedom per floor are possible. (For details and worked-out example, see SP 22. In this example
thete are a few minor errors which may be expected to be corrected in the next revision.)
18.11.2 Detalled Elastic Dynamic Analysis (Method 4)

This is carried out by more exact dynamic analysis available in books on structural dynarmics.

18.11.3 Dynamic Inelastic Time-History Anaiysis {Method 5)

This is the most sophisticated method for an economical seismic design, However, at present, the

-method remains only as a research tool in investigating real earthquakes.

. 18,12 CHOICE OF METHOD FOR MULTISTQREYED éUILDINGS

Types of building Method

1. Taller than 90 m in zones IIL, IV and V  Detailed dynamic analysis with modal analysis
for preliminary design

2. Tatler than 90 m in zones I and II Modal analysis with response spectrum

3. Between 40 and 90 m in all zones Better to use modal analysis with response
spectrum. However, the use of simple
response spectrum method is allowcd in zones

I1-HL

4. Less than 40 m in all zones Meodal or simple response spectrum method
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It should be remembered that complex elastic analysis need not give the right answer for an

economic seismic design. It can be obtained only by a judicious layout of bracings and use of
inclastic action using induced ductile behaviour at specific points. Ductile detailing by carefully
placing right quantities of extra steel at the right places will give a better framed structure, than
routine design by complex calculations. Besides it will not increase the cost of the structures
substantially. The proper use of shear walls will considerably simplify the solution,

18,13 DIFFERENCES IN ACTION BETWEEN WIND AND EARTHQUAKE FORCES
Even though both wind and earthquake produce lateral forces, basic differences exist in the
manner in which they act on the structure. While wind forces are external forces proportional to
the exposed area, earthquake forces are inértja forces resulting from distortion of the foundation
(along with the surrounding earth) with respect to the superstructure. The inettia force is a
function of the mass of the building rather than the area of the exposed surface.

" Yet ariother difference is in the distribution of the forces along the height of the building,
Whereas the wind forces are constant for each floor, the earthquake forces vary parabolically
{some assume these linearly) with the height as shown in Fig. 18.5. There are considerably larger
forces (Q forces) acting on the top storeys rather than on the bottom storeys.

18,14 “TORSION IN BUIL’DI-NGS (IS 1893, PART 1 2002, CLAUSE 7.9)

Horizontal twisting takes place in buildings whose centre of mass and centre of rigidity do not
coincide, the distance between thie two centres being called the eccentricity (e). The IS code
recommends an increased design eccentricity of (1.5e) since the compuiations are only

- approximate.- It also recommends that the positive shears be taken into account; the negatlve-

shears are fo be neglected. The procedure is two-fold:
() Calculate centre of mass at the coordinates x and y.
(if} Calculate the centre of rigidities.
x, = ZKy(x) - EKx(y)
" LK, 77 LK,

(189)

where K and K, are the stiffnesses with x and y as the principal coordinates. The procedure that
can be used for designs is illustrated in SP 22.

18.15 PARTIAL SAFETY FACTORS FOR DESIGN

The following partial safety factors and loadings are used for limit state design of collapse of
symmetrical reinforced -concrete structures for earthquake loads.{Table 18 of IS 456) (2000).
ref. [7]: '
@) 1.5 (D + L} loading 1
(iiy 1.2 (D + L + E) loading 2
(iii) 1.5 (D + E) loading 3
- (iv) 0.9 D+ 1.5E loading 4
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where )
D = Dead load
L = Live load

E = Earthquake load (which may act from left to right or right to left) -

The structure should be analyzcd for cach of the above loadings and members demgned for
the worst effects. For this purpose, each member has to be analyzed and the beam moments
tabulated-as in-Table 18.7 with earthquake forces in either of the lateral directions.

TABLE 18.7 ' DESIGN MOMENTS OF BEAMS
(Example of presentation of data)

Design momenis

Loading ] Beam

End (4) Centre (C} End (B).
Loading 1, no sway Beam AB —-61 +46 -72
Loading 2, sway to right Beam AB +23 +36 ~88
Loading 2, sway to left BeamAB - -55 +35 -12
Loading 3, sway to right = BeamAB +8 +30 —84
Loading 3, sway to left Beam AB ~69 432 —15
Loading 4, sway to right Beam AB +8 +8 —65
Loading 4, sway to left Beam AB ~55 +18 +3
Design moments - [ —69 and +46 [ --88 and

+23 K :

43

where
Loading condition 1: 1,5 (D + L)
Loading condition 2; 1.2 (D+ L+ E)and 1.2 (D + L - E}
Loading condition 3;: 1.5 (I + E) and 1.5 (D — E)
Loading eondition 4: 0.90+ 1.5 Eand 09D - 1.5 F

When the lateral load resisting elements are not oriented along the principal directions of the

structure, it should be designed for full lead in one direction plus 40% of the foad in the other
direction, both acting together and also both the directions being considered independently.

18.16 DISTRIBUTION OF SEISMIC FORCES TO LATERAL RESISTING SYSTEMS

In case of buildings with floors that can provide rigid horizontal diaphragm action, the building

-is analyzed as a whole for seismic forces. The total shear distributed to each floor (as shown in

Section 18.10) is again distributed to various elements of lateral force resisting system assuming

‘the floors to be infinitely rigid in the horizontal plane. In buildings having frames and shear walls, .’

the frames are designed for at least 25% of the seismic shear and the balance is taken by the
shear wall (see Table 21.1). If there are no shear walls, the frames have to take the full Iateral forces

.under r¢peated loading condition. Observation of buildings damaged by earthquakes has shown

the excellent performance of shear walls. Therefore, shear walls should always be incorporated
in buildings in regions prone io severe earthquakes.
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1817 DUCTILE DETAILING

. We have already seen that ductile behaviour is one of the important requirements of seismic

resistant - design. Indian standard IS 13920 (1993) (Code of Practice for Ductile Detailing of
Reinforced Concrete Structures Subject to'Seismic Forces) specifies that all structures in zones
IV and V as well as some specific structures in zone 111 (structures of importance factor more than
unity, industrial structures and bulldmgs above five storeys- in helght) have to be detailed. for
ducnle failure’ [8] This aspcct is fully discissed in Chapter 21. v :

7 18.18" VALUES OF SEISMIC EFFECT FOR VERTICAL" AND HORIZONTAL

PROJECTIONS

151893 (2001), Clause 7 12.2 states that towers, tanks, parapets, chmmcys and verncal cantilever

" projections attached to bulldmgs (except ordinary walls) should be-designed. for five times the

rormal hor:zontal seismic coefficient. Similarly, horizontal pl'OjCCl]OnS such as cornices and
baleonics should tesist vertical forces equal to five times the vertical seismic coefficient (which
may be taken as two-third the horizontal seismic effect) multiplied by the weight of the projection.
Thus, it is preferable to avoid.these projections when planning bnlldmgs in seismic areas.

13.16 VALUES OF SEISMIC EFFECT FOR UNDERGROUND STRUCTURES.

IS 1893 (2002); Part I Clause 6.4.4 states that for foundations at depth of 30 m and bélow the

"™ value of the design, horizontal acceleration spectrum value 4, can be taken as only 50% the
) norrnal valie, For depths in between the ground level and 30 m, it-can be linearly m;erpo]ated 7

18.20 1S 1893 (FIFTH REVISION)

18 1893 (2002) Part 1 has been published in June 2002 and at present all framed structures in India
are to be desxgned according to this code. The code itself is divided into five parts, each dealing

with speu..t aspects of the problem as follows:

Part 1:-General provisions and buildings
Part 2: Liguid retaining structures
Part 3: Bridges and retaining walls
. Part 4: Industrial structores including stack like structures
. Part 5: Dams and embankments
(Part 1 was published in 2002.)

18.21- INELASTIC RESPONSE SPECTRUM

Structures can also be designed for inelastic behaviour. For this purpose, we use an inelastic
spectrum as shown in Fig. 18.6. The inelastic spectram proposed is related to ductility factor g,
which is defined as the ratio of total imposed displacement Ai at any instant to that at the onset
of the yield displacement Ay. Therefore, inelastic tesponse should be used only with ductile
detallmg The forces involved are shown in Fig. 18.6. The strength requirement decreases with
increasing ductility.
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7 18.22. DESIGN.OF NONENG'INEEFIED BUILDINGS

1S 1893 deals only with frame& buildings. As their design and construction are always supervised
by engineers, they are called “Engineered Buildings”. Those buildings which are built using

traditional practice by masons and carpenters without input of qualified enginecers are called

“Non- engineered Buildings”. In fact, the majority of residential and other buildings built in India -
are of this type. It is estimated that in India about 35% of all buildings are buildings with brick
walls and about 38% of buildings sre buildings with mud walls [10]. When these non-engineered
buildings are built to comply with IS 4326, IS 13827, IS 13828, and 1S 13935, ref. (10) and ref. (11).
in their construction, they can be made safe from collapse by earthquakes. Such bmldmgs are
cal]ed “Preengineered Buildings”, ref. [10].

- The requirements for ‘pregngineering of buildings can be obtained from the above
publications Generally, in brick buildings, the requirement is to provide prescribed continous
reinfored concrete bands, Horizontal bands are provided at the following levels as shown
in Figs. 27 and 28 of Ref. 10 (given at the end of this chapter).

1. At plinth level

2. Atlintel level -

3. At floor level

4. At roof level

Sirilarly, in certain cases, vertical bands near door and window frams as well as junctions

of walls should be provided. All the various details of constryction specified for preengineering
thése buildings can be obtained from the publications referred above especially Ref, 10.

18.23 SUMMARY

According to the present IS code, IS 1893 (2002) Part 1, the Indian subcontinent has been divided
into four seismic zones! Zones II-V. Zone II is of “low seismic risk”. In this zone, when designing
Jframed structures, no special design or detailing other than the following genera! principles of



. 330  ADVANCED REINFORCED CONCRETE DESIGN

limit state design and detailing given in IS 456 are generally required for adequate safety against
these low intensity carthquakes. )

Zone 111 has region of moderate seismic risk. In this zone, the following structures have to
be detailed for ductility according to IS 13920 (1993): '

1. Structures of importance factor greater than 1.
2. All industrial structures.
3. All structures more than S-storey high. ki

However, all framed structures located in zones IV and V should be designed for earthquake
forces and detailed for ductility [4]. The earthquake forces are to be calculated by Dynamic
analysis (which uses all the five important factors) using the response spectrum method.

We should bear in mind the fact that the zoning, as given in IS 1893-2002, does not give the
frequencies with which earthquake can occur. It gives only the likely magnitude of the earthquake
that can occur in a place. Experience has shown that with the present state of our knowledge,
it is difficult to predict even the approximate magnitude of earthquakes that can occur in the
northern regions of India. The Latur earthquake of 1993 of magnitude 6.4 took place in a region
which was placed in zone I of IS 1893 (1984}. Similarly, Jabalpur placed in zone III experienced
an earthquake of magnitude 6.0 in 1997. An examination of the seismic map of India shows that

the. majority of areas of India-are in zones Il and 1IL Only portions below the Himalayas, North

Eastern-India; Kiitch, Kathiwar and a few other-tegions come under zones IV and V. Thus,.for
- structures situated in most:parts-of India, where we -are not sure whether a lafge earthquake will
.-take place, -ductile detailing should be the most important' factor. to.be complied with for
. carthquake resistance in framed buildings. This will.ensureithat there will bs ininimal loss of lives
¢ven if a large earthquake hits the place (Ductile dealing described in Chapter 21) .

© 18.23.1 Earthqqake Resistance of Ordinary Buildings

The successful construction of an earthquake resistant of an ordinary building does not depend
on the exaciness of calculation of seismic forces but in the layout of a lateral resisting system
that can come into action during an earthguake. Provision of shearwalls and ductile detailing
considerably help overcoming earthquake forces.

The effects of earthquake on masonry buildings have not been discussed in detail in this
chapter or by IS 1893. For ordinary low rise buildings such as ordinary brick houses which are
not framed, the aim should be not be to find the exact magnitude of the lateral forces to be resisted
but rather to consider how the carthquake forces that -will be produced in the event of an
earthquake can be resisted by suitable construction details. Ref. 10 should be consulted for their
designs. : :

EXAMPLE 18.1 (Calculation of horizontal seismic coefficients o and A,)
A three-storeyed school building is in seismic zone IV. Its foundation is on isolated footings on
medium soil and the period of oscillation of the building 7= 0.2 second. Calculate the horizontal
seismic coefficients ay by ’

(i} Static metl_md (by ap)

(ii)' Dynamic method assuming a damping factor 5% and SMRF and OMRF frames {(4,)
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- Reference

Step

i

Caleulations

Eq. (182)

Table 18.2
Eq. (18.2)

Table 18.2

Table 18.5
Table 18.6

Eq. (18.3)

Table 18.6

Sec. 18.9

1,

A==

Method 1: Statlc method

 Formulae for calculation of 0

@, = Plog (seismic coefficient method)

where Y

ﬁ = Foundation coefficient = 1.2

(for isolated footings on good soil)

I = Importance factor of the school building = 1.5

" Calculate 0y by seismic cogfficlent method

For zone 1V, op = 0.05

. o, by seismic coefficient method = 0.05 x 1.5 % 1.2 = 0.09

Methiod 2: Dynamie method

Calculate Ay by response spectrum Jor SMRF

For zone IV, Z =024

S,,Ig depends on the damping and the natural pericd of oscillation
Damping = 5% of critical as in the IS diagram

Period T'='0.2 s; value off 5/g = 2.5

'R for SMRF = 5.0

0.24%1.5% 25 ~0.02
2x5

Calculate Ay, for OMRF
R for OMRF = 3.0

- 0.24%x1.5%25 -

= 0.15
4 2%3 :

Find ratio of dynamlic/static methods for T < 0.5 s

) ., dynamic _ 0.02
e =]
For SMRF, ratio static .00
dynamic _ Q.15 =1.66

MRF, ratio =
For O » Tene static 0.09

{Note: According to the present code for T < 0.5 — 0.7, for ordinary
moment resisting frames, the seismic coefficient by dynamic method
is 1.66 times that given by the static method.)
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EXAMPLE 18 2 (Calculation of earthquake loads by 15 1893-2002)

A foursstorey {ground + 3) reinforced concrete office building built in medium soil sne has a
ground plan 20 % 15 m and its elevation is as shown in Fig. £18.2. The imposed load on the roof
is 1.5 KN/, and that on the floors, 3 kN/m?. Determine the seismic load on the frame by IS 1893
(2002). Assumg that there is a.shear wall in the Y-direction. The roof and floor stabs are 150 mm

thick, The size of the beam is 250 X 400 mm and columns 400 X 500 mm. The height of floors is

3 m. There is a.12-cm thick brick wall around each floor of the bmldmg Assume location in zone
III Assume SMRF constructlon is used.

N Reference

Step

Calculations

1.

Caleulate the dead load on roof and floors

1. Wt. of slab in each floor and roof
(20 % 15}0.15(25) = 1125 kN

@

2, Beams in the X-direction = 4(20)(0.25 x 0.4)(25)
{4 beams of 20 m) = 200 kN
Beams in the Y-direction = 5(15)(0.25 x 0.4)(25)
(5 beams of 15 mj = 187.5 kKN (190 kN)
Wt. of total beams = 390 kN
3. Wt of twenty 3 m length columns

= 20(3)(0.4 x 0.5)(25) = 300 kN

®

‘, Taking 1/2 column with each floor = 150 kN ) (c)
4, Wall at periphery = 70(3 % 0.12)(20) = 504 kN {d)
5. Parapet on roof = 170 kN (approx.) . (e)

Determine live load on floors

Up to class 3 kN/m?, we take only 25% of the load
Live load on fleor = (20 x 15)(3 x 0.25) = 225 kN

Calculate total gravity loads on roof and floors
Ldad on roof = {1125 + 390 + 150) + 170 = 1835 kN

Load per floor

= (1125 + 390 + 300 + 504) + 225 = 2544 kN (with LL)
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4. Tabulate the results ._'f'or each Sloor 7:

Tteis Helgh!, h -Weigl.rr, w. oWt . Lateral force ‘Lateral force
(m) {kN) (x 10% Fy (kN) f, (N)
Roof 1% 1,835 26,712 . Step 10 ~ Step 10
-' 169.5 169.5
3 floor 9 2,544 - 20,606 | 130.8 130.8 .
™ floor - 6 - 2544 9,158 58.2 58.2
1% flocr S 3 - 2,544, 12,289 14.5 145
Ground - 0 ST )
Total 9,317 58,765 3730 3.73'0
(Base. shear obtained from Step’ 10)
Reference Step Caleulations
5. Calculate the base shear
: zI
Vg = 4, W, where 4y = EE(Salg)
Eq. (18.3) . Z for zone NI = 0.16
Table 18.2 I=10
R = 5.0 (SMRF)
6, Estimate period
Lateral resistance in the X-direction by frame only
T=01n
Eq. (18.5) T=01x4=045s
7. For lateral resistance in the Y-direction by the shear walls only
0094
Eq. (18.53) =W
d = base dimension along force = 15 m
h with parapet = 13.8 m
0.09x13.8
= =0.3s
="
8. Find the value of S/g in the X- and Y-divections for 5% damping
Type of seil—Medium soil
Table 18.4 In both directions, S/g = 2.5
- 9. . Calculate Ay
zZr 0.16x1x2.5
Eq. (18.3) ———(S,,Ig) =5 04
10. Calculate the base shear
Vg = AW = 0.04 x 9317 kpl 373 kN (See Table step 4)

.z
i
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Reference

Step

Caleufations - -

Eq, (18.2)

Eq. (18.7)

11,

12.

(It is the same in both the directions.)

Distribute Vg in each floor in the Y-direction o

{As shown in the table in step 4 above it will be same as in the X-direction also)
Wk

W

O="

373%.2.29
58.76
373x9.16

58.76
Draw distribution of shear

On the first floor = 14.5 kKN

On the second floor = . =582 kN

Draw cumulative distribution as in Fig. 18.5(c)

Roof: 169.5 kN in the X- and Y-directions

Level 3: 169.5 + 130.8 = 300.3 kN

Level 2: 300.3 + 58.2 = 358.8 kN

Level 1: 358.5 + 14.5 = 373 kN’

Base shear

(It can be seen that the largest horizontal ‘shear is. felt by the roof))

- . 'EXAMPLE 18.3 (Calculation of base shear by the Ameyican Uniform Building Code)
- Determine by UBC [12], the basc shear is the longitudinal direciion for a 12-storeyed moment
resisting framed building of total weight 13,000 tons and-for the following data. The UBC formula
for base shear is as follows (with 5 factors).

(e

Z = Seismic zone factor = 0.4 d
I = Importance factor = 1.0

8 = Soil profile factor = 1.0 :

R = Structura] flexibility factor = 12

The value of C in the- formula is as follows (similar to 5/g in IS 4326):

: 1.255 -
C=Far
Reference Step Caleulations
Eq. (18.14) 1. Base shear formula in UBC :

where

C = 1.25 S/7¥*
T = 0,054%"
§=1

" Step

Reference Calculations
2, Calculate C
T =005 (44.4)" = 086 s
1.258 '
C= —7-:273—' =1.40 5
3. Calculate the base shear

ZIC .. 0.4x1x1.40
Y= ¥=""1

[Note: This-base shear is to be distributed to each storey.]

13,000 = 606.7 kN

EXAMPLE 13:.4 (Seismic force on cantilevers)
A cantilever portico slab 1 m X 1 m and 100 mm

thick projects front 4225 mm thick wall to the

outside of a building. The slab is located at 1 mm below the roof of the building. Assuming that
the weight of the roof on stab is 8 kKN per metre length of the wall, examine the stability of the
cantilever if it is situated in seismic zone 1], see Fig. E18.4. (Assume that the wall above the
cantilever supports the roof) :

K ROOf _—\l : . ":",
1m é
)
?
— /
“ Elevation
Section
Fig. E184
Reference Step Calculations ]
i. Calculate weight of slab
Weight of slab = (1)(1){0.1)(25) = 2.5 kN
2. Determine force due to earthquake i o
Sec. 18.3.2 Acceleration in vertical direction = 2/3 (Horizontal acceleration)
Sec. 18.18 Factor for cantilever projection = 5.0
Assume T = 0.2 s (max §/g)
Table 18.2 For zone 1, Z = 0.16
Assume damping 5%
Fig. 18.4 S/g for 0.2 s = 2.5 (max value)
Table 18.4 I=10;, R=23.0 (Table 18.6)
z 0.16%1%2.5 _
Eq.(184) Ay =="2?(Squ)=——-—--——2 3 =0.067
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- Calcudations.

" Referepcn | ' Step ' :
T 4, = 273 (4,) and Cantiléver factor S E
o s A= ey006m(s) = 0.223
o-Step2 |, | ¥=4,W=0223x25=056kN
' ’ 3. - |. Obtain the overturning moment - =
. Distance of forces from wall = 0.5 m {C.G. -of cantileverj -
Overturning moment about face of masonry A o

“Total force = 2.5 + 0.56 = 3.06 kN

My = 3.06 % 0.5 = 1,53 kNm '

"4 © Stabilizing moment — :
M, = (Load ‘on masonry) (1/2 x Thickness of the wall) -

- Assume dispersion of 45 degrees is acting on slab.
Load from roof = 3 x 8 kN . o

0.225

M, =[(3%8)+ (2 X | X 4.5)] =37 kNm

- As M, is greater than M, it is stable.

10.

11,
12,
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Weight of brick-work per metre = 0.225 3’1 x 20 = 4.5 kN :

' Design of Shear Walls

18,1 INTRODUCTION

Walls can be designed as plain concrete walls when there is only compression with né tension
in the section (see Chapter 17). Otherwise, they should be designed as reinforced concrete walls
[11. Shear walls are specially designed structural wails incorporated in buildings to resist lateral
forces that are produced in the plane of the wall due to wind, earthquake and other forces. The
term ‘shear wall’ is rather misleading ‘as such walls behave more like flexural members. They are
usually provided in tall buildings and have been-found to be of immense use to avoid total
collapse of buildings under seismic forces. It is always advisable to incorporate them in
buildings built in regions likély to expericnce earthquake of large intensity or high winds. Shear
walls for wind are designed as simple concrete walls. The design of these walls for seismic
forces Tequires special considerations as they should be safe under repeated loads. Shear walls
are generally made of concrete or masonty. They arc usually provided between columns, in
stairwells, lift wells, toilets, utility shafts, etc. Tail buildings with flat slabs should invariably
have shear walls. Such systems as compared to slabs with beams have very little resistance
even to moderate lateral loads. Fnitially shear walls were used in reinforced concrete buildings
to resist wind forces. These came into general practice only as late as 1940. With the introduction
of shear walls, concrete construction can be used for tall buildings also. Earlier, tall buildings
were made only of steel, as bracings to take lateral wind loads could be easily provided in steel
construction. However, since recent observations have consistently shown the excellent
performance of buildings with shear walls even under seismic Sorces, such walls are now
extensively used for all earthquake resistant designs. Surveys of buildings after earthquakes
have consistently shown that the loss of life due to complete collapse was minimal in buildings
_with some sort of reinforced concrete shear wall, However, the most important property of sheat
walls for seismic design, as different from design for wind, is that it should kave good ductility
under reversible and repeated overloads. In planning shear walls, we should try to reduce the
bending tensile stresses due to lateral loads as much as possible by loading them with as much
gravity forces as it can safely take. They should be also laid symmetrically to avoid torsional
stresses? This chapter deals very briefly with the design of veinforced shear walls. Determination
of the forces in these walls is not dealt with have as it is part of structural analysis.
It is very important to note that shear walls meant to resist earthquakes should be designed
for ductility. Where a concrete frame is designed to resist lateral forces and then a stiff but

1See Section 19.3.
a7
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brittle masonry filler wall is placed within this frame, there is a very great possibility that
because of its, greater stiffness, it will attract more of the earthquake forces and fail in shear
when the brittle masonry fails. Unreinforced brick masonry filler-walls have been the first to fail
in many buildings subjected to major earthquakes. Hence, unreinforced brick walls should not
be used as shear walls for resisting earthquake forces.

19.2 CLASSIFICATION OF SHEAR WALLS
There are many typés vl redafoiced concrete shear walls (Fig: 19.1); Somie of ihen arc ac follows:

_ 1. Simple rectangular types and the flanged walls (called the bar bell type walls with
boundary elements). These are formed by columns and wall in between). )
2. Coupled shear walls
3. Rigid frame shear walls
4, Framed walls with infilled frames
- 5. Column supported shear walls
. 6. Core type shear walls,

A brief description of the behaviour of each type is given below:

— ]

.._.__‘,.‘—"1 j

._ — : . Plan
. (A } .
(a) (b) © (d) (e) )

Fig 19.1 ‘Types of shear walls: (a) Plane (simple rectangular); (b) plane with flanges; (¢) coupled;
(d) framed with or without infill; (e) column supported; and (f) core type.

i9.2.1 ‘Simple Rectangle and Bar Bell Type Free Standing Walls [Figs. 19.1(a) and
198.1(b)) _ : ;

Barbel types of shear walls are formed when a wall is provided monolithically between two
columns. The columns at the two ends are then called the boundary elements.
* These simple types were the first to be used in construction. Such shear walls, under the

action of inplane vertical loads and horizontal shear along its length, are subjected to bending

and shear. Uniform distribution of stecl along its length as is used in the simple shear walls
is ot as efficient as putting the minimitm stee! over the inner 0.7-0.8 length L of the wall and
placing the remaining stee! at the ends for a length 0.15-0.12L on cither side. These latter types
are called bar-bell type walls which are somewhat stronger and more ductile than the simple
rectangular type of uniform section) These walls should be designed in such a way that they
never fail in shear but only by yielding of steel in bending. Shear failure is brittle and sudden.
One of the disadvantages of this type of shear walls is that as these walls are rigid during an
earthquake they attract and dissipate a lot of energy by cracking, which is difficult to repair.
This defect can be overcome by coupled shear walls described below.

'Rules of design of these type of walls are dealt with in Section 19.5.
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1922 Coupled Shear Walls [Fig. 19.1(c}]. | o
If two structural walls are joined together. by relatively short spandrel beams, the stiffness of

“the resultant wall increases; in addition, the structure. can dissigate most ot: the energy by
. yféid{ﬁg'the 6oupling beams with no structural damages to the main wall.s. It is easy 'to repair
" these coupling beams than the walls. These walls should satisfy the following two requirements:

" s The system should develop hinges only in the coupling beam' 'bf:fm:e shear failu.xe..
"o The coupling beam should be designed to have good enel_'gy-dlsmpanon characteristics.

" The action of coupling beam is shown in Fig. '19.2A. " ‘As the beams are displaced

* vertically, they fend to bend in double curvature. The consequent shear can reduce the axial

force in the up-wind wall by a large amount. Taking M, as the magnitude of plastic moment
in all the beam section, the magnitude of N (total reaction) is given by

length of beam _ _
The reduced pressure can lower the shear capacity of the wall. Tests show that under r_epeated
cyclic loads that occur in earthquakes, provision of large amount of transverse steel in these
beams for ductility is not very effective. Incorporating diagonal steel, rather than lateral steel,
(see Fig. 19.2B) is more effective. . T

x No. of hinges Vfonncd N (L2 )

T
Q/—'

1
i
i
i
i
i
i
i
i
;
i
i
i

: @ ' . ®)
Fig. 19.2A  Action of coupled shear -walls as energy dissipation . devices (coupling beam AB):
{a) External forces and reactions of structure; and (b) action of coupling beams.

A C.B. g - C.R
wall 7] / owall /
A L
L-C | - 4
B 1o !
* A ll- y i L
: ”
é Diagonal 2 ]Steel t
2 ~ forces z ~ placemen
AL
. (@

Fig. 10.2B Detailing of coupling beams AB.
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19.2.3 ngld' Frame’srwlth Shear Walls

The interaction of simple shear walls and rigid frames of a tall building is shown in Fig: 19.3.
The deflection of the frame is in the shear shode, but the deflection of the wall is in-the bending
mode. This interattion tends to reduce maximum moments but increases the maximum shears

‘ ri’n' the shear walls. This increases the tendency of shear failure in the shear walls and this factor
- -should be allowed for in the design. o PR L

¢ Moments ™ ¢

Without
- frame

With frame With frame

® ' ©

Fig. 19.3  Interaction between structural frame and shear wali: (a) Action between frame and
wall; (b)'shears in wall; and (c} moments in wall.

19.2.4 Framed Wall, Shear Walls and Infilled Shear_Wails [Fig. 19.1(d)}

- Framed walls are cast monolithically, whereas infilled frames ar¢ constructed by casting frames

first and infilling it with masonry or concrete blocks later. A lot of literature is available on the

~mode of action of these walls.

. -

19.2.5° Column Supponed Shear Walls [Fig. 19.1(e)]

Wheti It is riecessary for architectural reasons to discontinue shear walls at floor level, it -

becomes necessary to carry the wall to the ground on widely spaced columns as shown in
Fig. 19.1(3). In such column supported shear walls, the discontinuity in geometry at the
lowest leével should be specially taken care of in the design [2). '

19..'2:6 Core Ty;.":é_ Shear Wails {Fig. 19.1())

In some buildings, the elevators and other service areas can be grouped in a veriical core .
which may serve as devices {o withstand lateral loads. Unsymmetry produces twisting-and, if
twisting is not present, these walls act as simple shear walls. Cores with designed lintels at
regular intervals as in elevator shafis have also good resistance against torsion.

19.3 CLASSIFICATION ACCORDING TO BEHAVIOUR

Shear walls can also be classified according to their behaviour as follows:

(a) Shear-shear walls in which deflection and strength are controlled by shear. These are
usually low-rise shear walls. -

DESIGN OF SHEAR WALLS I

~ rectangle and bar bell type, shown in Fig..19.5)..

99.4 LOADS IN SHEAR WALLS

- avatlable.

“(b) Ordinary-moment shear walls in which deflection and strength are controlted by
flexure. These are usually high 1ise shear walls used to resist high winds and cyclones,

() Ductile-momeit shear walls. ate special walls meant -for seismic regions. and Which
have good energy dissipation choracteristics under reversed cyclic loads.

Because of the vasiness of the subject, we confine ourselves to t‘nerstu(-iy_-o'f the general
aspects of shear walls and details of design of only the simple free-standing sheat walls (simple

Detailed analysis to determine the forces in these various.types of shear walls of a structural
system is a special subject in structural analysis and publications that.deal with this topic are
tisted at the end of this chapter [3.4, 5, 6]. Computer programs for shear-wall analysis are also

. 19.4.1. ‘Centre of Rigidity and Centre of Mass

Lateral stiffness (K) of a shear wall is defined as the force required to be applied at its top .

in order to displace it by one unit. Cenire of rigidity stiffness is defined as the point on the
horizontal plane through which the lateral load should pass in order that thers will be no
rigid body rotation. In other words, it is the point through which the resultant of the restoring
forces of a system acts. Its location is given by the following cquation. Taking K as stiffness -
of individual member and x, y as the disiance of the member from a reference point {refer Section

18.9), we obtain .
YKx Y K:y; '
= . =il 192
* =3k, » =3k, (19.2)
As earthquake-induced lateral forces are proportional to the mass, ‘the resuitant force due

to earthquake passes through the centre of mass of the floor. This corresponds to the
centre of gravity and is given by the equations

o nmx _xmy; '
=5 S (193)

In a building where the centre of stiffness and centre of mass coincide, there is no torsion, and
the earthquake loads are taken by the shear walls in proportion to their stiffness. In buildings
where they do not coincide, a twisting moment is produced and thus torsion is also analyzed.
For wind load, the resultant load acts on the centre of area and it should coincide with the
centre of rigidity to avoid torsion.

19.4.2 - Principle of Shear Wall Analysis
Analysis of shéar walls becomes simple if we assume that all the horizontal loads are taken

by the various shear walls without any participation from the frames. In a system without any
torsion, there are a number of shear walls, and the load is taken by each wall in propottion to
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its stiffness as shown below. Representing E£ as earthquake load if F, F,, F,, . .. are the forces
on the various shear walls, then ' ' '

- 7 EL=F +F,+F,,
If d'is the displacement at the top in the system, then

) Fl = KlA
where K, is the lateral stiffness. Hence,

K,A+K2A+K3A+ sz EL

A EL ¢ |
Ky + Ky + Ky - (194
K
R=KA=_—LFL
1 ‘ 1 Z K| -
However, if the shear walls are acting along with moment resisting frames, we have to consider
the deformations of the frames of the wall, both acting together (Fig, 19.3). As already stated,
exact solution with computer softwares or approximate solution by use of charts and tables are

available for the analysis of various cases of shear walls, and they should be used for such
analysis.

1%.4.3 Stiffnesses of Walls

Let A represent deflection of the wall at ifs top. Theré_ are three types of deflection to be
considered: ’ L

Stiffness = Force required at top for unit deflection = %,—

3
A, bending = ':;

{as a cantilever)

A, shear = LA
CAG
where o
€ = Shape factor (0.8 for i‘cclangle)
W = Load applied
G =0.22 :
= 207 | (assume g2 =0.22) it

Let A; be the p'art= due to foundation rocking which can be calculated as shown below by
assuming the Wrinkler model for foundation (Fig. 19.4). Let the modulus of sub-grade reaction
be y (kN/m®). M due to rotation & of foundation is given by the following equation:

Lz L3 ] -
M= J-yBxﬁxdx = Byo J x2 d_t"-—-EBL:’yH
=Ly ‘LIIZ
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L

IR ol : ‘W’ ., i}\ )

@ W © .
Fig. 19.4 Winkler model for foundation rocking: (2) Foundation ‘in plan; (b) section along XX
showing springs; and (c) rotation due to horizontal forces.

x

-

l>

>

Let R = yBL3/12 be the moment to produce unit rotation of foundation. Then,

WH
- Rotation due to moment WH =
" Hence, : ) ‘
Deflection produced = (Rotation} x (H)
WwH? .-
Ay rocking =
R
‘Therefore,
- Total A=A|+A2+A3
Thus,

Lateral stiffness K =~*2'. (19.5)

In calculating the stiffuess of the wall (i.e. load for unit deflection), all these factors (bending,
shear and foundation—totation) should be taken into account.

19.5 DESIGN OF RECTANGULAR AND FLANGED SHEAR WALLS

: ause 9 [7] deals with requirements and design of simple free standing shear
ifalllz.g %)tll(;algl'g)rgin consgd]e'rations are given below and the cade itsellf and other referenf:es
should be consulted for fuller details [8, 9]. We should remember the importance of lo_catmg
shear walls at such locations and also directions which are most effective. In the design of
these walls we examine the following.

. General dimensions

Vertical and horizontal reinforcements

. Shear strength requirements

. Adequacy of boundary elements

. Flexural strength

. Required development fength and anchorage
. Openings in shear walls

. Discontinuity in shear walls .

. Shear strength of construction joints.

These topics are dealt with in the following sections:

N R T G VO
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T

2 _19 5. 1 General Dlmens:ons of Rectangular Shear Walls

x “Ihe ‘following: factors detcrmme the general dimension [8] of the wails

Sl

1. The thickness of the wall (¢) should not be less than 150 mm.

to be considered :in demgn is to be lesser of the following (Flg. 19.5%

(a) 1/2 distance to an adjacent shear wall web
" (b) 1/10th .of the total wall: helght N
(c) Actual width

3. Where the extreme fibre compressive stresses in the wall due to all Joads (the gravity

= loads and. the lateral f'orces) exceed 0.2f,, the boundary’ ‘dlements dte to be’ prowded anng the
vertical boundanes of the walls. Boundary elements are “portions’ dlong the Wall cdges spcmally

enlarged and sttengthened by longltudmal and transverse steel as in colunmns. These ‘¢lements
can be discontinued when the compressive stresses are less than 0.15f,. Boundary elements

are also not required if the entire wall section is provided with special confining steel reinforcements.

|

- B S B .
- §%L A S|

Fy

=

Fig. 19.5 Plain shear walls with boundary elements.
19.5.2 Vertical and Horizontal Reinforcements

The following rules are to be obiserved for detailing of steel:

1. Walls are to be provided with reinforcement in two orthogonal directions in the plane
of the wall. The minimum steel ratios for each of the vcrtlcal and horizontal directions should
be 0.0025.

A, 19
— = p20.0025 (19.6)
A (gross) - Pz
This reinforcement is distributed uniformly in the wall.

2. If the factored shear stress (v) exceeds 0.25Vf, or if the thickness of wall exceeds
200 mm, the bars should be provided as two mats in the plane of the wall, one on each face.
(This adds to ductility of wall by reducing the fragmentatmn and premature deterioration on
reversal of Ioadmg)
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-2, Ifitis a flaniged - wall, the effective extension of the flange width beyond the face-of web :

. 3. The diameter: of the ba.rs slmuld not'exceed 1/10th of the thickness of the part-of the wall,
4. The maximum spacing should viot exceed 145, 3t or 450 mm, where L is ; the length of the wall,

5 The vertlcal stecl prowdcd in the wall for shear should not be less than the horizontal steel. '

-19.5.3 Strength Hequlrements ..shear

. The nominal shear is calculated. by the formula )

P
. td
where
d = Effective width (= 0.8 for rectangular scctmns)

V = Factored shear

'I‘he norninal shear should not excecd the maximum allowable beam shear given in IS 456 -

(2000) Table 20 or lhe following value
= 0.63\!]’,* - e

The shear taken by concrete is given by the same value as in beam shear. (Table 9 of 1S 456
assames 0.25% steel) and, if necessary, increase its value by the following multiplying factor
due to axial load as per IS 456 Clause 40.2.2:

3R,

S=1+ ' (hut not mote than 1.5, see Fig. 26.4) (19.8)

e ck
where P, is the total axial load and &is the multiplymg factor. Let this stress be 7,,then the shear
capacity of concrete is given by
- V.= rtd
with
e=Va- Ve e ' (19.9)
The steel necessary to resist the shear is determined from the formula

, L 081f,4d

[ e
SV

_0875 4 (19.10)
5

Table 62 of SP 16 can be used for determining the diameter of shear steel and its spacing.

1A
d

19.5. 4 Adequacy of Boundary Elements

The boundary elements should be able.to carry a]l the vertlcal loads. The boundary elements,
when provided (as indicated in Section 19.5.1), will have greater thickness than the web. The
maximum axial load on the boundary elements, due to the effects of vertical load and

moments, is
M, - M,
P = Sum of factored gravity -loads + ——“—CJ (19.11)
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where
M, = Factored moment on the whole wall

M,, = Moment of resistance provided by the rectangular part with the distributed
vertical steel across this wall section only, i.e. excluding the boundary elements

¢ = Centre-to-centre distance between boundary elements

If the gravify loads tend to add to the sirength of the wall, the load factor for this loan is taken
as 0.8 only. The boundary elements are designed as a"column with vertica! cteel not less than
0.8%, and preferably not greater than 4%. These .elements should be provided with special

confining steel throughout their height. Detailing of bar bells of these walls is shown in
Fig. 19.6. '

Fig. 19.6 - Detailing of harbe.lls in shear walls.

19.5.5 Flexural Strength

“The wall section should be safe under the action of combined bending -and axial load. This
can be determined by interaction diagram. The formula developed in Section 19.6 for rectangular
sections may also be used to find the interaction diagram of a wall of uniform section.
The flexural strength assuming a cracked section should be greater than its strength as
an uncracked section to prevent brittle failure. This applies specially to wall sections which,

for architectural reasons, are made much latger than that required for strength consideration
only. '

19.5.6 Required Development Splice and Anchorage

Horizontal steel which acts as web steel for shear should be well anchored near edges of wail
or confined to the core of the boundary elements. L

Splicing of vertical flexural steel should be avoided as far as possible in regions of flexural
yielding which can be taken to extend for a distance of the length of the wall (1) above the
base of the wall or one-sixth the height of the wall. If splicing is needed, not more than one-

third of the steel should be spliced at such a section and the splicing of adjacent bars should
be staggered a minimum of 600 mum. ) '

L o e i i e e T
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All cﬁnﬁnt;oug steel in shear walls are anéﬁored or spliced as pe'r.prov?sio'n of t&hsga‘n ba:s_._
Lateral ties are provided in lapped splices of, diameter larger than 16 mm (_ilam.etqr,h e1 (;am: ;:;
of these ties being not less than 1/4 diameter of the bar or 6 mun. Their spacing should 1o ,

more than 150 mm.

19.5.7  Openings In Shear Walls _

' ' critical planes that pass through the
hear strength of the wall should be check?d alfmg critical .
gh:hfn;: rm addgition, as in the case of other openings in concrete Structures exira ret:;f;gc?ments'i
slr:ould b.e provided along the edges of the openings. The area of the vertical and horizonta
bars should be equal to the area of the interrupted bars.

19.5.8 . Discontinuity in Shear Walls

“The colunms supporting discontinuous walls shall be provided with special confining rginforcement :

for its fall height.

19.5.9 Shear Strength of Construction Joints

The design shear force at the construction joint must be less than the shear force that can bef
resisted by the vertical reinforcement and the friction of thg concrete. The shear capacity ©

_ the joint can be taken as follows:

;= u(0.8P,) + 0.87fpd;

when ,
= goefficient of friction = 1 ) -
;J; =c?aétored axial load reduced by a factor 0.8 duse to vertical acceleration
¥ "~ ;

A, = Area of vertical steel

19.6 DERIVATION OF FORMULA FOR MOMENT OF RESISTANCE OF
RECTANGULAR SHEAR WALLS 1
' i i i f resistances of slender rectanguiar
1993) Appendix A gives the expressions for morment o
Ea:ég\i?tl(l nnifz)mxl) I:;{i,stribution of steel and subjected to a;ual load and moments. :I‘wo f:m;:::::
depending on whether the section fails in flexural tension or flexural compression eg. 819 7.
Thl?:se can be derived as follows: Let the strain and stress diagrams be as shown in Fig. 19.7,

beth = Mial compression on wall assumed to act at centre of wall.
A, = Area of vertical steel

p = Vertical steel ratio = AJ{L)

A = Plfail

¢ = 0.87f,lfex = Aelfox

M, = moment of resistance of the wall which can be obtained from the strain diagram.
For balan:ed failure, we get the following condition:

0.0035 T (19.12)
0.0035+ 0.87f,/E,

x.
L
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tal

I}} (__‘, ' @ 4—-&" ' A.

AN (6P

. (©)
Fig. 19.7 Ultimate flexural strength of rectangular plane shear walls: (a) Strain diagram;

(b} compression in coucrete, and (c) stresces in steel uniformly distributed In the
section.

‘This ratio gives the value of ¥ or balanced failure and works out to 0.66 for Fe 415 stecl. The

forces acting on the section at failure of the section are shown in Fig. 19.7. The magnitude of

“ these forces and thclr distances from the extreme tension fibre can be obtained as int Table 19.1.

TABLE 19.1 MAGNITUDE OF THE FORCES ACTING ON THE SECTION AND
DISTANCE FROM TENSION FIBRE

Force Distance from tension flbre Pa}t in Fig. 19.7
A, Compression in concrete 0.36fx¢ ’ L—0416x 1
B. Conipression in steel (taking steel stress as f})
. ’ i
0 pxi( - B) : L-3x(1-5) 2
1 . 2 :
(i) 5 fpxfit : L-x+3fx 3
C. Tension in steel
o1
0] Ef.‘:pxﬂ‘ L-x- px 4
. ' ! :
(i) fipl - x - px)t : E[L—x—ﬁx] 5
D. _Extemal load on wall P, A %L

we get
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The conditions to be satlsﬁed are: P, = C - 7 and moment of forces about mid-point = M,.
Taking the first condition, dcnotmg areas by numbers, x/L can be determined. as followsr_: _

P,=1+2+3- 4 5(as3and4areequal)
=14Q2-5
=1- ACDF + 24BEF [from Fig. 19.7]
= 0 36];,;:: - filtp+ 2pf;rx

Pw x f, fo x
=036—— p—~—-+2p="+
Jatl L fck Ja L
Taking' . 7 .
p . i 0.87f,
Beg plopep—2
N £/ A Jox S

Avg =%(D.36+ 24)
X A+ ' ge13)
L 036+

Comparing the values obtained for x/L from Eq. (19.12)- and x/L from Eq. {19.13), we get thef

following two cases: .
Case 1. IfxIL < XL, then tension failure occurs and the value of the moment M,, (the

ﬂexural strength) is obtained by taking moment of forces about the mid-point. The equation as

given in IS code is _
2
M, A
2=~ 0.168+5— (19.14)
Tatl? "’[ ¢)(2 0ary)- [LM 3)

0.877,
0.0035E,

where

8= =0.516  for Fe 4i5 steel

Taking the particular case of x/L < 0.5 and neglecting small quantities, we obtain

f"; . é [1 + ;)(%—0.42%) (19.15)

Case 2. If x/L > ¥ /L, we have compression failure assuming N.A, within section, i.e.
%/L < 1.0, The value of M, is given by the following equation:

M, x X A

oz -[-‘-—a;, "3 (19.16)

Tl - O
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where -
o =o.36+¢(1_£'__'_1_]
2 28

a, =0.'I_5+%[1_—ﬁ_.%2__%)

For a gi : i
given value of L, t, ¢, fix., f}» by varying /L, the values of £, and M, can be obtained and’

used for plotting the interaction curve for the wall

19.7 SUMMAﬁY

As described i i 7
As desc cae:h;zai?t:izzi 19.2'} ht?ere are many types and shapes of shear walls that can be
¢ gn. s chapter explains only the basic principles. Specialised

Publicﬂtioﬂs n the Sllbject IV erences at the
A 0 9 gl €n as l'ef i
‘ : s at h end Of ﬂlls Chaptcr, can be Consuited

gi{s?gl\:iz:ls,li: 9.1 11(]')831311 of simple shear wall with énlarged ends)
r wall of length 4.16 m and thickness 250, mm subject to the following forces (see

. Fig. E19.1). = i
2 ). Assume Fyy = 25 and f, = 415 N/mny* and the wall is a high wall with the following

loadings:
Loadi 7
ading ~ Azxial force (kN) Moment (kNm) Shear (kN)
1. DL + LL 1950 600 20
2. Seismic foad 250 4800
T00

) ]
. 4160 J “ -JI---%-T—IQ---:—-
e 3780 o N !
B 2t 16 i
. 1
‘ f
jj —" e : i
L 250 ) : |
. i -~ I— -
==+ 380 j— —] 380 [¢— E K
@) ' (b) Step 14

Fig. Eio.1.
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R

.-’Référence

Step

Cal_t':u_l_-btions ‘-' R

IS 456

Table 18

Sec. 19.5.1

Sec. 19.5.1

Sec. 19.52

Deterntine design loads

(A load factor of 0.8, instead of IS value of 0.9, and 1.2 is applied
to gravity loads depending on whether it assists or opposes

stability) _ )
P, (case 1) = (0.8 x 1950) + (1.2 x 250) = 1,860 KN
P, (case 2) = 1:2(1950 + 250) = 2640 kN

Moment = 1.2(4800 + 600) = 6430 kNm

Shear = 1.2(700 + 20) = 864 KN

Cfaéck ﬁhgtﬁer ba:;:r::dary elements are required )
(Extfeme stresses aie_ more than 4 N/mm?, boundary elements are to
be provided) : :
Assuming u_r_:\ifonn' lhickﬁess L = 4160; £ = 250

3 3
-P—d—--—=—-——---——-250>“"l60 =1.5x101 m?

T2 12
4= bd = 4160%250=1.04x 105

> : poM, (069 10° _ (6.48) 10° 4160
= ZETY T aon 108 T 1510 2

=11.52 and -645 N/mm?

0.2y, =03 25 =5 Nimm’”

As exiteme stresses are high, boundary elernents are needed. Also,
. there is tension in one end due to bending moment.

Adopt the dimensions of boundary elements

Adopt a bar belt type wall with a central 3400 mm portion and two
ends 380 % 760 mm giving a total length of (3400 + 380} = 4160 mm.
Check whether two layers of steel are required

Two layers are required if

(a) Shear stress is more than 0.25 e,

(b) The thickness of section is more than 200 mm

() Depth of section = centre-to-centre boundary elements =
1400 + 380 = 3780 mm

3
.-.:!—:—-———-—“‘864)(]0 =092 Nlmm2
bd  250% 3780

0254 £y = 0.25¥20=1.11 N/om?

v

(b) Thicknese of 250 is more than 200 mm

Use two layers of steel with suitable cover.
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. Reference . |

Step.

Calculations -

See. 19.5.2

Step 4

1S 415
Tabie 9

S

7(a)

Delernine sicel required . .
Let us the minimum required. steel and check the safety of wall
(p = 0.0025). :

| 4, 4miny = 0,0925 x 250 3¢ 1000 per metre length

=625 mm? = two layers

Provide T18 @ 250 {313 mm? per metre length}

8pacing of 250 is Jess than 450 (max.) allowed.

Provide the safne vertical and horizontal steel.

" Caleulate ¥, llo'c':'e. taken By steel
v =092 Nimm*- "~ -

4 (for 0.25% steel and fyy = 20) = 0.36 N/mm? _
Maximum shear allowed = 3.1 N/mm?
Designed steel is necessary for ¥,
¥ =(0.92 - 0.36)bd
=0.56 x 250 % 3780 = 529, 200 N
=5292 kN
Calculate steel necessary to take V,
As the wall is high, horizontal steel is more effective. Therefore,

£

A
1.0, L
~+=087/, Py

d=3780

Required i&:ﬂ&=0388
s,  (0.87){415){3780)
Consider 1 m height = s,

Horizontal steel area = 628 mm? = A,

1 Avaitable 2= 628 _ o g

s, 1000 .
The nominal steel provicied will satisfy shear requirements.
Find flexural strength of web part of wall
\(enii:al load on wall (with factor 0.8 on DL)
P = 0.8(1950) + 1.2(250) = 1860 kN

Assuming it 25 a UDL over the area, the axial load for the central part
beams is

Rej'erence o Step ;:': . . .Cglcufan'on;;_,
Beams = Py - e
Do 7L 3a00X 280 T
B= 1880 607 950) + 2(386% 760
e = 1860%0.595=1107KN T
Sec. 19.6 8 | Calculdate the paramsiers #, ¢ and 371
B 1107><_1073 0065
Jadl 20%250%3400
" Eq. {19.3) 4= 9.87[; _ (0.37). (415) (0._0025) _ooas
Y BT IR
e o} B=mOSI6 :
x_A+¢. 006540045 .,
L 036+24 036+009
Z s less then 0.5.
L
Mu _4 [1+f‘-) [0.5—0.423-]
Sl $ L
-' 0.065 -
=0, f+—=-1[0.5-(0.42)0.24)
0.045 ( 0'045) [0.5-( }
=0.041
Eq. (19.15) M, = (0.041(20)(250)(3400)* = 2370 kNm
This is less than 6480 required. ' _
9. Calculate moment fo be carried by the boundary elements
M, = 6480 — 2370 = 4110 kKNm
10 Calculate compression and tension in the boundary elements due to M,
Distance between boundary elements = 3480 + 380
Eq. (19.11) = 3.86 m (=c)
M, 4110
i =—ilem——=1065 kN
Axial load ~ 7386
This load acts as tension at one end and compression at the other end.
11 Caleulate compression due to the axial loads at these ends
1-0.595
Step 7{(a) Fraction of area at each end = =0.2025

Factored compressiori at compression end. Taking the worst case
scenario

Py = (0.2025)(2640) = 535 kN

iy o
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Reference Step Calculations
- Step 1 Factored compression at tension end (taking Py)
‘ = (0;2025) (1860) = 377-kN. -
o Compression at compression end = 1065 + 535 = 1600 kN
Tension at the tension end = —1065 + 377 = —688 kN
12 Design the boundary elgments compression ;
(a) Design one end as column with details as in Fig. 19.6
(b) Check laterals for confinement
] -(c} Cheek for anchoraée and splice length
_77: 13. Design tension side of shear wall
: Provide the same steel also on the tension end as in compression end.
- Check also for the tension (carthquake forces can act in both directions).
14 Design the reinforcemen{ around openings, if any. of the wall
! Openings are provided in\he main body of the wall. Assume opening
. size as 1200 x.1200. :
Area of reinforcement cut off by the epening 7
= 1200 (thickness) L“:x)fﬁee—t = 1200 x 250 x 0.0025 = 750 mm’
4 nes. 16 mm bar area = 804
Fig. 19.8(b) Provide 2 nos 16 mm, one on each face of the wall, on all the sides

of the hole to compensate for the steel cut off by the hole,

wall as 14 m.

EXAMPLE 19.2 (Lateral stiffness of shear walls)

A bar bell type shear wall with central part 3600 x 150 mm and two 400 x 400 mm strong bands
at each end is supported on a footing 8 mx 4 m, which rests on soil whose modulus is 30,000
KN/m® (Fig. E19.2). Determine the lateral stiffness of the wall. Assume fiy, = 20 and height of the

400 x 400

4m

3600 = 150

¢ »l

t 8m !

Fig. Ei%.2.
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Reference Step

Caleulations

Sec. 19.4.3

Sec. 19.4.3

Sec. 19.4.3

e

A=

Calcutate deflection of wall due to unit load at loﬁ (bending deflection)

wH?
3El
E, =57004fy =255 KNfmm®

: 3 3
[ = 1500600) 5 400400, 460y2 (2000
12 o
=1.87x10'% mm*

Deﬂecﬁon due to unit load _W = 1 kN

Apy == (140007 - =192x107 mm/N
117 Gx25.5x10°)(187%10™)

Calculaté deflection due to shear i

 WH
A2 =CaG
where € = constant (=0.8 for rectangle).

A= (150 x 3600) + (2 x 400 x 400) = 8.6 % 10° mm?

PO - BTV
= +022) 20+022)

Deflection for unit joad A;ﬂ2==-(—)-—8-ja-

14000
T O BE6X10°)(10.5x10%)

=0.194 3 1075 mm/MN

Calculate ro-rl‘iing of foundation due fo unit load at top

Let
& = Foundation modulus = 30,000 kN/m*

Foundation size = 8 m X 4 m

.
o GOO0BE _ 512 10¢ KNmradian
12

W=1

Deflection due to
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.,..Réfﬁ‘,rmce,: ool Srep o] S o Calewlations . .o R

2= O 1075 e
TR sipaehy
4 Caltrlate lateral stiffness of the wall :
Stff'fness;——————'.‘Loa[{ - I - s '
* . Deflection ) :
Total deflection dug to unit load
Bt = AL Bk Ay
L2 {192 + 019 + 3.83) x 10° = 5.94 x 10 mm

) ' -
Stiffness I=:-§~SE=16.8 kN/mm = (Load per unit deflection)

———

REFERENCES

. Varghese, P.C., Limit State Design of Reinforced Concrete,'an ed., Prentice-Hall of Iﬁdia;

New Dethi, 2002, .

- Ladislav Cerny and Roberto Lean, Column supported shear walls, in Concrete Framed

Structures—Stability and Strength, R. Narayanan (Ed.), Elsevier Applied Science,
London, 1986,

. Kazimi, S.M.A. and Chandra, R., Analysis of Shear Walls Buildings, Torsteel Research

Foundation in India, Calcutta, 1980,

" Bryan Stafford and Alex Coull, Tull Building Structures—Analysis and design, John

Wiley & Sons, New York, 1991,

‘Parme, L., Design of Combined Frames and Shear Walls, Portland Cement Association, .

INinois, 1967.

Tain, A, Macleod, Shear Wall Frame Interaction—d design aid, Portland Cement Asso-
ciation, Illinois, 1970, . . :

1S 13920 (1993), Ducriie Detailing of Reinforced Concrete Structures Subjected to Seis-
mic Forces, New Delhi,

Il;(;tgs on ACI 318 (1989) with Design Applications, Portland Cement Association, 1llinois,
L

Medhekar, M.S. and Jain, 8.K., Seismic Behaviour, Design and Detailing of R.C, Shear
Walls—Parts 1 and 2. Indian Concrete Journal, Bombay, July and September, 1993,

‘cuarter 20

Design of Cast in ;;s’itu' Beams —-

Column Joints

20.1 INTRODUCTION

Performance of beam--column joints becbmes‘ critical in framed buildings which are subjecte
to horizontal forces iike wind and earthquake. The awareness for proper design of joints

_started with the publication of the ACI-ASCE Commitice 352 Report in 1976 titled

“Recommendations for design of beam colurmn joints”. Among the Indian codes of practice, IS
code 13920 on ductile detailing of reinforced concrete structures subjected to seismic forces
[1] deals briefly with ihe subject, This chapter briefly describes the fundamental concepts in
design of beam-column joints,

20.2 TYPES OF CAST IN SITU JOINTS

ACH-ASCE Committee 352 Report divides beam-column joints into two types: Type 1 joints
are those subjected to gravity and horizontal loads without any significant inelastic joint
deterioration, whereas type 2 joints are subjected to repgated load reversals (as those due to
carthquakes) which cause inelastic deformations. In this chapter, we shall deal with the
strength aspects common to both these types of joints but will not deal in detail with type 2
Joints subjected to large cyclic loads with inclastic action and dissipation of energy. Information
regarding the latter can be found in literature dealing with earthquake engineering,

20.3 JOINTS IN MULTISTOREYED BUILDINGS

The four differqgt combinations of beam and column joints that can occur in buildings as shown
in Fig. 20.1 are the following;

1. Top corner joint where two members meet

2. Exterior joint where three members meet

3. Top interior column joints where three members meet
4. Internal joints where four members meet,

357
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| 3
P &
2 4
L L
-
i .. T

Fig. 20.1 Joints in-a building frame: (1}, corner joint; (2), exterior joint; (3), top Interior joints;
and (4), interfor joints.

204 FORCES ACTING ON JOINTS

Moments, shears and direct loads can act on joints discussed in Section 20.3. Reversal of
loads can reverse the sign of moments in the beams as shown in Fig. 20.2. Thus, in an internal
joint, the two beams that frame into the column can have moments acting in the same direction
or opposite directions: one. due to the gravity loads and the other due to wind or carthquake
loads. ‘ : ) ’ T

Gravity load _ Lateral loads (right to left)

N“mfw
~1 -.A . {"" r"‘ﬁA Y "o T
IN AN .l DTl S W ol A
‘-—-"l —\‘---?J : A \--v'e v\---v_" \--.v'l \-“Jr
mx mmr mr g mromhr mr
(@) )
BN . . Q
Tension Tension
~ R NN )
777 . N /7 I ) l
\J Lz
N : }\\ .
Gravity > Lateral
\,,a-; load \./' load

Fig. 20.2 Momenats at jolnts due to gravity loads and lateral loads acting from right to left.
(Moments due to lateral loads change in direction when lateral loads are from left to right.}
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205 STRENGTH REQUIREMENT OF COLUMNS

One of the most ifﬁportant requirements of column design is that under no circumstances failure
(either in bending or shear) should take place in columns (Fig. 20.3). This is sometimes referred

to as the ‘strong column—weak beam design’,

f_\

3
1 hf
GME | T_J‘) M}
hi2
Ul -

Fig. 20.3 Shears and moments in columa.

The following requirements are necessary for this purpose:
1. The column should be able to carry the bending moments that are induced in them by
the beams framing into the columns.
M, oy = My, + Mig (20.1)
where
My, = Moment capacity of beam on the lcft of the colutm

Mg = Moment capacity of beam on the right of the column

[Note: The. beam moment capacities are calculdted using steel stress equal o f, (vield stress:.)
for type 1 joints and 1.25/, (the strain hardening stress) for type 2 joints. Sincg M, is
calculated by using 0.87f, as stecl stress, the above moments will c:‘orrespond to 1.2M, for type
1 joints [ £,/(0.87/) = 1.2]. It will amount to 1.4M, for type 2 joints [(1._25_:;)/(0;871;) = 14}
Type 2 joints are designed such that the stee] will attain strain hardening.

2. The column should be safe for the maximum shear induced in the column by these

moments.
My + Mg (20.2)

Max column shear = Storey height

\
ount the enhancement of shear strength in the column due to the

We may take into acc ;
the formula given in IS 456 Clause

presence of compressive force in the colamn by using
40.2.2 [sec Fig. 20.4}.
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i=Td, d=i+ 35, 5.]5 A
glek - T e

where
P, = Axial compressive force in neutons
A = Gross area of concrete "cctlon in mm? @

= "The AC‘I fermula forTinicreased shear due to compression is given in ACI 3f8 Eq (11.4) and

thh a reduction factor of 0.85. It approxlmatca to

7 'j—fO.ls So (&0_.07-%] BT —

£
(Mote: These values are much {larger than IS 456 values.)

20.6 FORCES DIRECTLY ACTING ON JOINTS

Figure 20.4 gives the forces that can be assumed to act on a _]omt Therze shouId be sufﬁcnent
anchm)age of steel to meet these forces, The moments from the beams on both sides of the

% columg can be equal or opposite in sign under gravity and wind loads. We have already seen

that the moments considered at the failure condition should be due to the.jield stress f, for

My
n
] - \
M G 1 i M,
i\ r ) mh ¢
L = 11} i

Fig. 20.4 . Forces acting on a jeint.

class 1 joints and that due to strain hardening stress (1.25£,) for class 2 joints. The resultant
shear on the joint as seen in Fig. 20.4 will be the following:
‘ Vu=Ti + G = Ve (20.4)

Also,
nh=C, h=G
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In type 1 joints, there may be no Jomt degradatmns but in type 2 joints, after a large number e
of reversals, the joint resistance has been found more by the formation of a mechanism, as
shown in Fig, 20.5, inside the joint. After the elastic action, we can get the dlagonal compression .

mechanism, i.e, the strut mechanism to carry the loads. Further deterioration of the joint can
lead to 2 truss mechanism for equilibrium of-forces [2]:

—l

Tt

Fig. 20.5 Strut and truss mechanlsm resisting forces in Joints: (a) Strut mechanism' and
(b) truss mechanism.

In the strut or diagonal compression mechanism, the shear in the joint will be a component
of the strut compressmn {P). Thus,

V=Pcos (20.5)

The cross-sectional area of.ihe effective strut will depend on factors such as joint confinement,
compression that acts on the core of the joint, the amount of vertical steel, and the column size.
In the truss mechanism, there will be intensive cracking and the absolute necessity of horizontal
and vertical steel can be easily seen for its proper action. Even though initially the horizontal
confinement may be assumed to be provided by the side beams framing into the column,
reversal of the load can reduce this action. Hence; in type 2 joints for the safety of the joints,
it is more sensible to depend on confinement of concrete by steel specially provided for this
purpose. In type 1 joints, these stecls have to be provided only if there are no beams to confine
the joint. Thus confinement of the joint is an important factor for good performance of joints.

20.7 DESIGN OF JOINTS FOR STRENGTH

As seen from the above discussion, there are three main factors considered in design of joints,
in addition to the strength requirement of column already discussed in Section 20.4. These are
the following:

1. Anchorage of main reinforcement of beams
2. Confinement of the core of the joint
3. Shear strength of the joint
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To tl:lis we may add ease of counstruction as another necessary requiremerit [2]. Let us now
consider each of the three requiréments in more detail. '

208 ANCHORAGE

First,_ we shall consider the anchorage requirements given in ACI and IS codes. These are based
on different concepts in the two codes.

20.8.1 Anchorage Requirements in ACl 318

The requiremen_‘ts'spcciﬁcd for_anchorage in ACI 318 and IS 456 are not the same. The
method of providing the development length, as shown in Fig. 20.6 in Indian practice, and

|""’ e R
W 1 [
" 12¢ _ ks
AB and LM =L, .L
B .

Fig. 20.6 Development lengths according to (a) IS 456; (b} ACI standard bend; and (¢} ACI
standard hook.

described in IS 13920 Clause 6.25, is not accepted by the ACI code. The ACI requirements
for the development length can be summarised as follows:

‘ -1..The basic development length in tension of a straight HYD bar upto 32 mm (#11 bar)
given in ACI 318 (83) Clause 12.2 is as follows:

0.024,f,
L _—.__.\'_L!.
S

where A, is the area of steel. . . - :

. ‘Modification factors’ of 0.7 for good cover and 0.8 for the presence of confirming
stirrups can also be applied to this formula. Larger diameter of bar will have larger bond and
the factor corresponding to 0:02 zbove increases correspondingly.

- 2. The development length of HYD bars in tension ending in an ACI standard bend or hook
is given by ACI 318 Clause 12.5.1. Using the relation £ = 0.8 fy, it can be expressed as

02784,

(in Slunits) o (20.6)

Lo = . {20.7).

R

where ¢ is the diameter of the reinforcement rod.
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For joints with load reversals where the bend should end in confined concrete ACI 318 (1983)
Clause 21.6.4.1 gives the following formula. The end shiould have the ACI standard hook and

bend
¢f,

La = o u‘f; in psi
converting it into SI units. Hence,
o 0.20¢fy .
dh = —\;"f;‘ 7 {20.8)

where L, should also not be not less than 8¢ or 150 mm. Therefore,
L, = Straight length to tangent point + bend tadius 4¢ + diameter of bar ¢ .

For anchorage to be effective, the diameter of the bar chosen should satisfy the Lg, value
available at the joint. ' . :

.

20.8.2 Anchorage Requirements in IS 456

The anchorage in IS 456 and BS 8110 still continue to be the same as-used from the early
days of reinforced concrete. The length required depends on the bond strength between
steel and concrete. For every 45 degree of the bend or hook, the increase in the development
length from the tangest point is assumed as 44, With such bending no stress is assumed
to be transmitted to the end of the bend. Alternately, the rod can be bent in an easy curve,
and the development length provided can be as shown in Fig. 20.6(a). The bearing strength
at the bend should also be checked by the following equation derived from IS 456 Clause

262.2.5:

r 0.456%”—[1 +2 ﬂ] #  (see page 179 of Reference([3)) (20.9)
ck a

where
¢ = Diameter of the rod
r = Radius of the bend for developing 0.87f, in the bar
a = Centre-to-centre distance between bars or the cover plus bar size for a bar
adjacent to the face of the member.

" With this easy curve we assume that the ber is stressed beyond the bend.

 20.8.3 Anchorage Fle)q'ulrements for Joints

The anchorage provided for the tension bats in external joints should satisfy the above code
requirements. The anchorage of bars in the internal joint is not a problem if the beam bars
are made continuous through the column and adequately spliced outside the column coré as
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us{i_a_l._l'y._xdone. The b':on(_l _étreS_s developed in the bar has to compensate only for the stress in-

* the bar which-can be tén$i6n ‘on ‘one ‘side and compression on the other, thus making the forces . . )

cumulative.

~“The following émpiﬁcal rule is also usually recommended to satisfy the bond quuirerﬁents .

[17:n column bars:

_Total depth of a beamn
‘Diameter of column bar

-~ Total depth of column > 20
Diameter of beambar

© 200 CONFINEMENT OF CORE OF JOINT

* The second item to be-_coﬁfsider‘ed is the confinement of joints. Laboratory tests have shown’
conclusively the mecessity of confining the concrete inside -a joint”subjected to horizontal . .

forces. The confinement can be by ‘side beams’ or by spirals (laterals) placed inside the

" joints, In type 1 joints, the presence of beams of dimensions extending to at least 3/4th the

size of the column (on both sides of the column) in the direction of the shear forces can be
taken os providing the necessary confinement.” According 1o the ACI-ASCE Joint Committee
Report, type 1 joints which are not confined as above, should be provided with the specified
confining steel in the form of hoops or Jaterals in the direction of shear, whereas joints which
are propesly confined by beams need to be provided only with one-haif the specified steel. In
type 2 joints, confining steel in the concrete is to be provided, whether or not side-confinement
is provided by beams. ' ' .

. The principle of providing spirals or circular hooks for confining joints is based on the
assumption that the load taken by spirals should fully compensate the loss of strength due to
the spalling of the cover, The per unit volume of the spirals is also assumed to be twice as
effective as the equivalent longitudinal steel [2]. Let ’

Ay = Area of spirals used

B = Pitch of the spirals (not more than 1/4 dimension of column or 100 mm but not
less than 75 mm) :

A, = Gross area of column A
A, = Area of the concrete core from outside to outside of the spirals
D = Diameter of the core

Equating forces according to the above agsumptions, we get

244,7D(0.851,)
_:_f—?——!’—=o.63ﬂ,k(Ag-Ak)
This reduces to the expression given in 1S 13920 Clause 7.4.7 for the area of spirals. ~
_ 4
Ay = 0.0951),,[—1 -l]fi (20.11)
' . A 5

Since recta_ngﬁ!ap hoops are considered only half effective, as spirals we require double the
steel. The formula for rectangular hoops as given in IS 13920 Clause 7.4.3 is the following:

220 - (20.10) -

DESIGN OF CAST. IN STy BEAMS—COLUMN JOINTS 365

-Ash?;f)'.léSH(%‘:—-l]—%

L (2042)
whre _ o o
5 =';'Sparcing,0f hoobs- A ) . _ _
H'='The larger dimension of the. confining hoop measured to its outer fages. In
addition, if it exceeds 300 mm, it should be subdivided by additional ties as
' shown in Fig. 20.7: :

|«— <300 mm —|
|4._#—— K.> 300 mm ———¥

Fig. 20.7 Confining hdop (distances between longitudinal bars should not exceed 300 rhm).

These ties should be closed hoops which end in standard 145° hooks and 104 extension (but
not less than 75 mm) with ends embedded inside confined concrete, These confiiing steel in
type } and in type 2 joints should be continued in the column beyond the joint for a length
not léss than the following:'

1. The iargest lateral dimension of the member, or
2. 1/6th of the clear span, or .
3. 450 mm.

20,10 SHEAR STFIENGTH OF THE JOINT

Thirdly, we shall examine the requirements for shear strength of the joint, The shear force acting
on a joint depends on the probable forces that will be transmitted from the beams to the columns.
The shear acting on the joint is given by the following equation with reference to Fig. 204
Considering the maximum forces that can be developed in the beams at failure conditions, We have

V=C+ T~ Ve (20.13)

where N -
- T = A, (steel stress)

W = A,; (steel stress)
Ay, A;; = Areas of tension and compression steels

Sum of moments in the beams
Storey height
(The steel stress is f, for type 1 joints and 1.25f, for type 2 joints.)

Veat =

'See also Sections 21.6.3 and 21.6.4. ]
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Having estimated the value of ¥ at the joints, the design can be made by any one of the
methods given in Table 20.1. ' )

TABLE 20.1 METHODS OF JOINT DESIGN -

No. ‘Requirement  Park and Paulay Joint Committee ACI 318 Is 3920
- : {Ductility
2 design)
1. Anchorage Diameter of beam Diameter of beam Development Development

“2."Confinement

3. Strength in
shear

bars not to exceed
1/25 column depth
in HYD. bar

- Transverse steel ito

‘be governed. by
joint shear

Shear in type 2
joints is caleulated
using a strain
liardening factor
}.2 times moment
at yield. All shear
1o be taken by
steel (V, = 0).
Vertical shear is
not considered but
column must have
at [east 8 bars

bars and column
bars to be- limited

Column depth

Dijameter of
_beam bar

Beam depth >

Diameter of
colummn bar

20

Transverse steel
controlled by
minimum steel |
volumetric ratio |
requirement =
Eqs.:(20.11) and
(20.12)

Shear is
calcutated by
using strain
hardening factor
for beam
moments. Shear
to be taken
mostly by
concrete. Total
capacity is limited
but not broken
down to ¥, and :
V,. Specified
laterals are
provided. Vertical
shear not
specially
considered but
column should
have at least 8
bars

length to be
satisfied as per
ACl code

Transverse steel

. governed by
" column

confinement and
shear

Shear is calculated
using moments of
beam at yield type
1 joints.
Horizontal shear
is taken by
concrete and steel
(V. + V) as in
beams-shear.
Shear strength of
concrete depends
also on -
compression in
concrete

length should
satisfy IS 456
practice

Transverse stecl
controlled by
minimum
volumetric ratio

‘requirements as.in

the Joint
Committee

Shear in colemn
is calculated by
using a factor 1.4
times caused by
beam to aveid

~ shear failure.

Beam moments
obtained by using
0.87f,. Minimum
transverse steel to
be provided as in
continement (see
IS 3920)
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20.10.1 ACI-ASCE Committee Method

The ACI-ASCE Cormniﬁec’s’obséfvations* on design of joints for shear nced special miention.

The Committee 318 made the recommendation based on tests on joints that the shear strength
of the joint is to be considered as a.function of the cross-sectional area of concrete 4; only,
provided the required minimum amount of transverse steel is already provided (sce Fig. 20.3).

~
|
1
|

45°“;~ : s

Shear
L am—

bnql b(bcam)

Column . | —T—
1

: I“-:_'.hool'r_'_"l

. 1

Beam

| B

Fig, 20.8 Plan view of beam—column joint in shear. .

The shear strength of the joint is given by the following equation:
¥y = e hb; (in psi units)

where
¥ = 20 for internal joints, 15 for external, and 12 for corner joints

h = Depth of column as shown in Fig. 20.8
1
7 = Effective joint width = —;—(bwm+ boy), but & bygn+ (or 2) (-Ehm)

Converting the above equ
we get ’

ation into SI units, and with reduction factor 0.85 and f7 = 0.8fy,

V, = 0.063yhby Yfy (in SI units) (20.14)
When the factored shear in the joint exceeds the shear strength of the joint as given by
Eq. (20.14), we can either increase the column size or increase the depth of the beam. The former
increases the shear capacity and the latter wilt reduce the amount of steel and hence the shear

to be transmitted to the joint.

20.11 CORNER (KNEE) JOINT

These joints occur commonly in construction and require special consideration. As shown 1n

Fig. 20.9, it can be a closing or an opening corner joint.
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RS A Tension
. WA, Compression

~_

@ ' ' )

_ Fig. 209 Distributibn of stresses along the corﬁer'diagonal in opening and cloéiﬁg Jjoints; and

(a) opening joint; and ‘(b) closing joint.

The neutral axis and the strégs distribution in both the arms at sections away from the
junction in these joints are as in the case of ordinary beams. However, at the comer, the stress
distribution is different and is as shown in Fig. 20.9, with zero stress at A and neutral axis at

- nearly a third point atong AC from the inside joint C. There is also a siress concentration at

C. In an opening joint at C (Fig. 20.9A), we have tension stress conceniration and since the

b

et wm y — —= s ur

- (@ - (b}
Fig. 20.9A An opening joint: {a) Distributlon of stress along a diagonal normal to the corner
diagonal; and (b) creacking of the corner and truss idealisation.

concrete is weak in tensiorn, and there will be a tendency of premature cracking unless special
steel is provided at this place. If the stress concentration is compressive, it does not pose any
problem as the concrete is strong in compression. In general, two types of cracking can occur
in these joints as discussed below:: :

1. If the shear in the core is high, it can cause cracking due to diagonal tension, If T is
the tension in steel transmitted to the joint, then

Diagonal tension = Shear = ¥
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- with fy, = 25 and f, = 415, we get p = 00096,

or-

LT Asfy
7 _ - bd bd
Assuming a maximum 'shqar'énength-'= 08V we have

s B
bd-f_ A =p .(20.15)
‘Thus, if the tension stee} is more than 1%, then the Jiagonal stecl has to be provided to
limit the growth of tension cracks due to shear. . o o
2. Cracking can occur due to stress concentration at the joint if it is an opening joint.
The total tension in diagonal AC = V2 T as shown in Fig. 20.9. 1f this tension acts on a'small

area, then cracking will occur.
IS publication SP 34 {1987) [4] p. 110 gives the method of detailing of 90 opening cormers
as shown in Fig. 20.10. Splay-bars of an arca equal to one-half the main steel in the beams at

—

—r

@:_
¢

© - @

Fig. 20.10 Detailing of knee joints: {a) 90° opening corners of members with perceptage'bf
steel < 1: splay steel to be 50% of main steel; (b) Joints under alternating Toads;
(c) alternative to (a); and {d) members with more than 1% steel (SP 34 page 110).

N

L

the joint is recommended. Additional diagonal steel is provided in the opening corners for stress
concentration when the percentage of tension steel is more than 1%. The area of the steel is
AT

A= 0.
* 7087, (20.16)
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However, for joints under alternating loads (type 2 jdints), provision of the secondary steel as
vertical and horizontal bars is better than the diagonal bars, see Fig. 20.10(b). o

20.12 DETAILING FOR ANCHORAGE IN EXTERIOR BEAM-COLUMN JOINT

In this three-member joint (item 2 in Fig. 20.1), the tension from a beéain'is transferred.fo the
joint core by anchorage of ‘bars. Since these anchorages are under cyclic loads in type 2
structures, they have a tendency to straighten up, their hooked ends should be placed always
along the column bars and restrained by stirrups. IS 13920 (93) Clause 6.2.5 requires that in
external joints, both the top and bottom bars of the beam shall be provided with anchorage
length:beyond the face of the column cqual to the development length in tension plus 10¢
minus the allowance for 90° bend. o S

20.13 PBOCEDURE FOR DESIGN OF JOINTS

The various steps in design of joints can be summarised as follows:

Step 1. Check the capacity of column to take the vertical load as well as the maximum
probable moments from the beams joining the column, Eq. (20.1).

Step 2: Check the capacity of column in shear produced by the maximur probable moments
from the beams joining the column, Eq. (20.2). (The beam capacities assumed should be 1.2M,,
for type 1 joints and 1.4M, for type 2 joints.} :

Step 3: Check the anchorage requirement of tension. bars in the beam inside the core of
the columms. ’

Step 4: Check the confinement of the joint and provide steel for the confinement if found
necessary.

Step 5: Check for shear. Calculate the ultimate shear acting on the joint and check the
capacity of the joint to withstand the shear. :

Step 6: Check the detailiﬂg of the steel at the joint, Table 20.1 gives the procedure for
checking anchorage, confinement and shear in joints by various methods.

CONCLUSION

Reécent research has shown that the three important factors that inflnence strength of joints
are anchorage, confinement and shear strength. The topic of joint design specially under
conditions of cyclic loadings-is still in the development stage and more explicit recommendations
for design of joints are expected from research in the near future.

EXAMPLE 20.1 (Design of confining steel at joints)
(a) A circular column is 300 mm in diameter. Find the diameter and spacing of hoops
to be used for confinement assuming that the concrete used is M20 and the steel is 415.
(b) What will be the lateral reinforcements if the column is rectangular, 650 x 500 mm

in size.

o e B AL G e T [
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Reference

Step

Calculations

Sec. 20.9

Eq. (20.11) -

Eq. (20.12)

(&)

®

Circular column with circular hoops

’ _Cf:oo.s;e. the spacing of circular hoops e

300

: S>—4—=75'mm; 100 mmand £ 75 mm

Adopt 75 mm.

Find the dimensions of core .

Diameter of the core = 300 (2 X cover) + (2 x diameter of the hoop)
=300 - 80 + 16 = 236 mm

Cafcufate the area of hoop required

Ag VK
=0.005D, | =& -1 |k
& _ k[*"k }f}

2
300 20 )
= 23 Zo | —-1}—=47.28 mm
009X 75% 6[[236] I}‘HS

Adopt 8 mm (50.27 mm’) at 75 mm pitch.

Rectangular column with rectangular ties
Choose the spacing-of ties

S>-§;ﬂ=125 or 100 and £75

Adopt 100 mm.
Find the dimension of core (use 10 mm ties)
"= 650 — 80 + 20 = 590 > 300 mm
and 500 — 80 + 20 = 440 > 300 mm
Put cross ties to reduce to 590/2 and 440/2, i.c. 295 and 220.
Larget dimension = 295 mm = H

Determine diameter of ties

A £
= 0.18SH| L& -1 |4
oo - onasi{

650x 500 -1

20 2
= 9 2 = 6447

415

Provide 10 mm (78.54 mm?) at 100 mm spacing with cross ties in
both directions.

EXAMPLE 20,2 (Design of an exterior type 1 joint)
An exterior joint has the following members framing into it: °

1. Column. 550 * 550 mm with 2% steel with a maximum load on the column 50

diameter 30 mm.

00 kN, bar
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3. Spandrel beam 450 x 750 mi.

_ Assume f; =30 and 5= 4]5 Storey height = 3 m. 1f the _]omt may experlence slow reversal _
7 of 1aoments dhE to wind loads, desngn lhe joint.

'Reﬁ_»rence ' _Slep o Caleulations

1 Check colmn moment capacity Jroni mleractwn dragmm
Column 550 x 550 mm; p = 2%, S = 30 ' '

P 5000x10° .
JxbD 30 x 550 x 550

2o Zooer; e
. j:!k 30 f;.ka -
SP 16 , M,=0065 x .30 x 550(550)>=324 % 10°Nmm

Chart 31

=0.067

Column, above and below joint have twice this capacity, i.e.
2 x 324 = 648 kNm.
2 Che_ck the stability condition of the column with capacity bf beam
| Moy 648
3 Mpean 430

=115 = 1.2

Desitable capacity for class 1 joint =—>%
pactly Y73

(C]assZ joints should have a ratio %:I.rl)

Text 3 Check anchorage of 25 mm bars (beam to column)
Eq. (20.7) - 3.1 ACT reguirement with a 90° bend.

.27 ’
Ly = 7y (anchored in the core)
VS

_027x25%415
430

Length available = 600 - (Cover) — (Dlameter of the column bar)
= 600 - 40 - 30 = 530 mm

Anchorage can be made within the core and will give enough development

length.

32 Find IS requirement for developing 0.87f; in the bar

SP 16 . When ¢ =25; fi, = 30

Table 6.5 Development length = 940 mm

The bar will go straight downward and then bend around a circle and
continued down.

=511 mm
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. ‘Main t-eam. 500 ¢ 600 ulnmate capacity. 430 kNm (say) and tension steel S5nos25mm
' (2434 mmz) T

-

. Caleulations _

Referen__cé “Step” |
Text Eg, (20.9) . Mlmmum radms of bcnd r= 0456f 1+ 7 (]
ck
Let a =1 mm, ¢ = 25 mm, then
r=M[ SB]25 2361‘1“1
30 10
4 Provide for conﬂnemenl by minirum transverse steel
) Spandrel beam is only on ‘one s'd\., confinecment by transverse 5tee]
is- needed.
Procedure as in Examp]e 20.1
IS 13920 5= 100 mm, ¢ = 12 mm (assume), Ay = 494 x 494 mm
494 +12
Clause 7.4.8 H=——-2—~— =253 mm
550 30 2
- = 253 =1 [~—=78.9mm
Eq. (20.12) Aa 2 0.18x100%23 [[494) ]415
Provide 12 mm (l 13.1 mm?) at 100 mm spacing.
Text 5 " Check for shear in column (fype 1 joint)
" . My 1.2%430x10°
—qp—bem - T =172 kN
Sec, 20.5 Desngn-sht:ar in colu@n 1.2 b 3000
L7210 sy i
550x550
(For type-2 joint, we will use a factor 1.4.)
1S 456 Assume half as tension steel (2/2) = 1%
Table 19 Allowed 7. = 0.66 N/mm?®
Column safe in shear
{Alternatively, we may use the ACI formula. See step 5 of Example
20.3.)
6

Check for shear capacity of joint as fype 1 joint
V, = T Ve (external joint) '

T = A, /, (For type 2 joint, we use 1.25£, )

T = 2454 x 415 = 1018.4 kN

3
V., (without factor 1.2) =M=]43 kN
g0
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Reference

Step

Step

Calculations

Caleulations
¥, = 1018 ~ 143 = 857 kN |
Calculate the shear capacity of the joint according to the Joint Committce.
It is independent of shear steel.
 Text ¥, e 00637 Vg Bylicoy
F
$ec. 20.10.4 b = 599-32“-529= 525'mm
) . heyy = 550 and y = 15
Eq. (20.14) ¥, = 0.063 x 15 x V30 x 525 x 550 = 1495.5 kN

This is larger than 857 kN. Therefore, the joint is safe in shear.

EXAMPLE 203 (Design of an internal type 1 joint)
The following are the details of an internal beam column of type 1 joint, subjected to
reversals which are not due to earthquakes.

1. Column 600 x 600 with 8 nos 25 mrn bars, Column factored load is 1400 kN. Storey height

is3 m.

2. Beams on either side are 400 x 500 with 3 ‘bars of 28 mm (1846 mm®) on the top and 3
bars of 25 mm (1473 . mm*) at the botiom. :

Assuming jiy =25 and f, =

415, design the jbim.

Reference

Step

Caleulations

SP 16, Table 4

SP 16, Table 4

Check the strength of column

. 3927
Percenta; f stee]l = 100= 1.09%
ge of stee P ————X 1.09%

This is more than 0.8% and less than 6%.

Beﬁding capacity (as in Example 20.2) of each column.

M, = 648 kNm, 2M, = 1296 kNm.

Check the stability condition of the column with capacity of beams
M, of beam with 1546 mm? in tension

Percentage of steel =-—l§i6—-x100=1%

400x 450
M,y = 3.15bd* = 255 kNm (approx.)
1473
400 % 450

M,y = 2.60bd? = 210 kNm (approx.)

Slmllally, M, with x 100 = (.82% stezl

Reference

Eq. (20.12)

Eq. (20.2}

Table 13
Text

Eq. (20.3)

sz 2%648 5 7o

 TMyen 2554210

Hence the column failure will not take place.

Check the anchorage of bars

Extend the longitudinal beatn bars through the column. The empirical

-requlrement is depth of column/beam bar dianeter = 20.

§00 =24>20

Confinement by transverse steel

Assume 10 mm stirrups.
Dimension of core = 600 — 80 + 20 = 540 > 300
which introduces cross ties. )

= 6902_80 +15 = 275 mm ’

- ﬁe_gg or 100 but % 75

Adopt § = 100.

600 25
. -1 = 70.5
Ay =0 18x100x275[[s40] ]415 .

Adopt 10 mm (78.5 mm?) bars with cross ties.
Check shear in columns (type 1 joint}

_ |.2[le~ +M§!

col h

6
L 1202554 210x10_ 406,108 N
3000

186x 10°
= G00x 600

Find IS 456 values.
Assume A = 0.5%, 7. = 0.49.

3 x1400x 10
500 600x 25

o= 0:49 (1.47) = 0.72 N/mm?

Factor =1 =147<15

Hence it is safe. . .
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Reference . Step Caleularions

| Act vatues -

Eg.  (20.3) | =0asfr, [H-o.e'/A—”] .
. . A . : 8

; 0.07x1400x 16° L g
=0.13x5{ 1420 A001T |y ey
o ( €00 600 ] o

V=14 C= Vo

Vi = 1846 ram; ¥, = 1473 mm?

T = 1846 x 415 = 766 % 10° N.= 766 kN

C=1473 x 415 = 611 x [0* N = 611 kN~

Note: For type 2 joints st.eel,"-thé__stress will be 1.25];,

b ME+ME _ (25542100108
h 3000

v, =766 + 611 — 155 « 1222 kN

7 Chéck by Joint Cominittee recommendation

Strength of joint = 0.637bhy Vs

=155x10°N
Eq. (20.13)

Eq. (20.14)

by +b
C 3 < (assume)

¥ for internal joint = 20; b; =

Sec. 20.10 | % =0063%20x5x

400;600 % 600

= 1890 kN > 1222 kN (required). Hence the joint is safe in shear.
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6 ‘-_Find the shear in joint (both beam moments are clockwise) L

cmarter 21

~ Ductile Déiai‘lihg of R'e?i'ri'forc;ed
- Concrete Frames: for Seismic
Forces . -

211 INTRODUCTION

Moment resisting frames with or without shear walls or bracil'}gs for resisting eartl}quatl‘c: fc:;:c:
can be designed according to the Indian Codes of Practices in one of the following two way
indicated in Table 21.1. : L : :

i i i dinary Moment Resisting Frame

1. Designed and detailed according to IS 456 as an'O; . . e
{OMRF) also called ordinary concrete’ Frame (OCF). This \’_Vll] _}?e a nonductile system vt
tesponse reduction factor R = 3 as.given in Table 18.5. - ) N

P2. Designed and detailed according to IS 13920-1993, COP for _Ducnle Detlr;rhr_:fﬁ :f
Reinforced Concrete Structures Subjected to Seismic Forces_ as & Special Moment fis:c:ioﬁ
Frame (SMRF) also called Ductile Concrete Frame (DCF), This will allow a response re
factor R = 3 as in Table 18.5. ' S . ' '

The increased load in OMRF will lead to an increase in tht;1 main steel. Or: th]e other hdl’ld,f

i ility i i i i transverse stecl.
the design for ductility in SMRF will lead to an increase in t.e Ve ! )

A stgudy of the cost and performance characteristics of ty}?lcal ‘buildings in van_o}l:sdzz?it;:
in India showed that cost of construction will slightly go up in zones 1I and l.llI \;_m esuthan
detailing, but in zones III to V, it is more economical to design frfames.as ducti e_ Tam s
in ordinary frames [2]. This leads to the following recommendations in the Indian co
13920-1993, Clause 1.1).

() Inzones YV and V of the seismic map of India, all reinforced concrete buildinlgs muis;
be designed as ductile concrete frames {i.e. ductile detailing has been made compulsory
zones 1V and V). ) - . .

(i) In zon)c IH, the code alows a relaxation in ductile detailing. Ductile fletalllggf;:
compulsory only in the case of structures of importance factor- more than unity an

i industry.
structures more than five storeys high or structures used for in _
(ili) In zones I and II, for all structures, désign can be made as ordinary concrete Jframes
OMRF as the seismic risk involved in these regions is very small.

18 code 13920 (1993) gii'es the necessary guidance for the ductile detailing of ﬁames.d'le'h:;
chapter explains the general principles of this code and reference 's..hauld alwavs be ma
the original code when carrying out the actual design and detailing of a structure.
' ‘ 317
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TABLE 21.1 LATERAL LOAD RESISTING SYSTEMS

Load reisting

- Load resisted (%}

e system -
Vertical Horizontal
Ductile
system .
"¢ Frame’ Frame
100%7 100%
77 77 77
~Moment resisting frame. only
Frame and Wall
/ wall 100% 100%
ras 7 Tr7
Vertical load carrying— frame writh
shear wall )
e / / / ; Frame- and
: / : wall in
Frame 100% proportion to
: stiffness
77 Py B o v i v ¢ Framo 2 25%

Moment resisting frame and
shear wall

i

Shear wall only

wall 100%

Wall = 80%

Wall 100% .

Noﬁ‘ductile
system

Any coinbination

Combined 100%

Combined 100%
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31.2 _GENERAL PRINCIPLES

"ﬁ‘:.xcti.ié detailing is advisable since earthquake forces sometimes can be much more than the
- foices for which we design the structure and reversal of these forces can also occur many times
 Juring an earthquake. The members and the connections are designed by ductile detailing to
" resist the large forces and. reversals by inclastic deformation beyond yield without serious
" fhilure. Details for ductile detailing given in IS 13920 (1993) are very similar to the provisions
* §FACI 318 (1993) Appendix A and other international codes of practice. As already pointed out,
'IS 13920 lfays down that special ductile detailing is necessary in framed structures for the
following situations: '

" 1. All framed structures in zones IV and V

" 9. The following three types of framed structures in zone HI:
it

() Structures with importance factor greater than 1.0 (i.e. important structures like

hospitals, schools, water tanks, bridges. :

) (i) Industrial structures

. (iii} Structures more than five storeys high. All multi-storeyed buildings in Cochin,

' Mumbai, Kolkata and Chennai (by revised code} come in this category. For the remaining

- structures in zone III and all structures in zones I and I, we are allowed the ordinary concrete
frame detailing based on 15:456. The risk involved on such designs is very small.

21.3 FACTORS THAT INCREASE DUCTILITY

e main devices used to improve ductility perfonnance with seismic loading arc the following:

1. Using a simple and regular structural configuration of the structure

2. Using more redundancy on the lateral load resisting system

3. Avoiding column failure (or hinge formation in columns) by adopting ‘weak beam-
strong column’ principle in design

- 4, Avoiding foundation failures

5. Avoiding brittle failures due to shear, bond, anchorage or compression failure in bending
w- 6. Providing special confinement of concrete at critical points by provision of laterals so
that the concrete can undergo large compressive sirain before failure

7. Using under-reinforced beam sections so that they can undergo large rotation before
f‘ailure '

" The methods used for achieving these objectives, as laid down in IS 13920 (1993), are dealt
with in the following sections.

"y
i

=

1. Specifications of materials for ductility

2. Ductile detailing of beams _
3. Ductile detailing of columns and frame members with axial load (P) and moment (M)

4. Detailing of joints in reinforced concrete frames

S

i SR

We will deal with each of thesc in the following sections
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3

21.4° SPECIFICATIONS OF MATERIALS FOR DUSTILITY

Cet

‘Inall _'du‘cti_l'e’ detailed reinforced frames, we should use.concrete of minimum grade, M26, and
- the reinforcements should not be more than the grade Fe 415 so that the steel is ductile. Welded _
-splices should be designed according to Clause 26.2.5.2 of IS 456 (2000). According to IS 13920

: 5

Clavse 5.3, 500 gradé steel is also not recomrﬁénd@d:in qéfquh_ake regions. ‘ Y
. -, Splices and mechanical. connectors -shall not: b& provided (a) within_a-joint, (b): within

2d from.the face of a joint, and (c) within the mid-quarter. length of a bending, member where
yielding may occur, ) : : . | _

. 215 DUCTILE DETAILING OF BEAMS—REQUIREMENTS . .o. . .

A member is considered as a beam when it is in bending and the axial force is less than
Ao/ 10, where A, is the gross area of the section. .

If the axial force is more, it is considered as a column, The three requirements of dimensions,
longitudingl steel, and web stee! for ductile detailing of beams are separately considered in
the following sections. ‘ : N

21.5.1 Dimensions of Beg_r_né ,

The miles for dimensioning the beams are as follows:

1. The width of beams sho_ul.d be greater than 0.3 times its df-:pth. and at least 200 mm m

- size, as most of the test data now available are for such beams only.

2. The total depth D should not be larger than 6ne-fo'urth the clear span to avoid deep
beam action.

21.5.2 Longitudinal Steel in Beams [iS 13920 (1993) Clause 6.2]

We must note that earthquake can produce reversible forces and moments as shown in Fig. 21.1.
The following provisions given in IS 13920.(1993) Clause 6.2 are incorporated in ductile
detailing: : : .

1. There should be at least two sets of two bars throughout the length of the beam: onc
set at the top and another set at the bottom to take care of reversal of moments due to
earthquakes. - . : :

2. The tension steel ratio in beams shall not be less than Fovin = 0.24\’j;k/fy to avoid a sudden
collapse by tension failure (i.e. minimwm steel should be about 0.3% for £, = 25 and Fe 415).

3. To aveid congestions, the maximum percentage of steel on any face at any section
should not be more than 2.5%. : '

4. Redistribution of moments due to lateral loads is not allowed. As actual moments of
earthquake forces can be more than the estimated values, the steel both at the top and at the
bottom face of the member at any section along its length shall be at least equal to one-fourth
the maximum negative steel provided on the face of either joint (Clause 6.2.4),

5. As the seismic moments are reversible, the positive steel af a joint face must be at least
equal to one-half the negative steel at the face (Clause 6.2.3). ’

6. In the joints between beams and columns, detailing should be as follows:
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. the column to the opposite beam. It may also be fiecessary

 In internal ioir iI-thie bars of'thc beam at the joints should:be continued through
o e o It ' ¢ to check the size of the column for
the transfer of forces (see Chapter 18). - R R
o (i) In external joints, the full anchotage length should be p;ov:dﬁz{ fo,r' all rhe_z_ bqr;
in the beams, both at the top and the bottom. (The present IS code provision is considere

“to be inadequate by ACI-Standards and it is considered good pm_étice'ilo“pr?yide’c;xtqrnall'bc_am'
"or stub beams for anchorihg these bars.) It may also: be necessary to aFIopt a wldg_r' lco uma to
- satisfy side anchorage length requirement of ACL (Refer also Chapter-18 for details.)

7. As lap splices are not very reliable under cyclic loading, they should be provided with

.-special care as already dealt with in Section 21.4. All lap splices should also have full-

development lengths with stirrups for their-fall length at spacings not imore then 150 mrm.

N /| . /4-_“ .

.Flg‘. 21.F  Reversible earthquake effécts. Caleulation of design moments for beams.

Lt
I\M'

21.5.3 Web Reinforcement in Beams .
Clause 6.3 of IS 13920 clause 7.3.1 gives the following rules for deiailing web reinforcement:
ini i i f span 5 m, but for spans
1. The minimum size of stirrups should be 6 mm for beams of sp : n
exceeding 5 m, it must be 8 mm, and the 135° bend should extend 10d (instead of 8d as in

ordinary stirrups) but not less than 75 mm, )
2.'?IJ‘he magnitude .of the shear forces resisted by these reinforcements should be the

maximum of the following she_ar (clause 6.3.3):

a) The value of shear force calculated as per analysis. o
#b; The shear force in beam due to the formation of plastic hinges at both ends of the

beam plus the factored gravity load on the span (as shown in Fig. 21.2), This is given by the
following formulae: . . o
| MAeME QL)
Vy=Vpyy 14700

. Sway .
I-4MA - l-4MB

fromemeny ()
, '|.2(Dl,+i.[.) ' /_4\__SWay v>
foommememy 4 (=

Fig. 21.2 Caléulatlon of design shear for beams.

o :
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It should be noted that for calculating the shear Vp,, due to dead and live load, IS 13920
Clause 6.3.2 prescribes a partial safety factor of 1.2 only. Sway to both sides should be
considered for design. (See Chapter 20, £/(0.87f,) = 1.2 approximately and (1.25//(0.871) = 1.4.)

3. The contribution of inclined bars for shear resistance should be neglected as they are
ineffective when the direction of shear changes in seismic loading.

4. The spaéing of 'stirrups over a length twice the effective depth at the either ¢nd should
not exceed one-fourth the effective depth or 8 times thie diameter of the smallest longitudinal
bar. But this spacing should not be less ian 100 mm (¥ig. 21.3). The first hoop should start

within 50 mm from joint face. The same spacing is to be used for a distance twice the effective
depth where flexural yielding is likely to occur.

.\ other-lobations, the spacing. should not exceed one-half the effective depth.

Y

A, > pmin and *+ 2.5%
Minimum 2 bars for full length 50 mm 50 mm
along top and bottoin face —~»] —»

50 mm

—| |

I 4
T (T

L . | ¥

2d l Spacing s = d/2

df4
. 84 (Long. bar)

5 £ | 244 (Hoop)
300 mm

L"""""\
;
f— ] |

L

Fig. 21.3 Detailing of reinforcement in beams for ductility.

21.6 DUCTILE DETAILING OF COLUMNS AND FRAME MEMBERS WITH
AXIAL LOAD (P) AND MOMENT (M )—REQUIREMENTS

The four major requircments for columns are given in IS 13920 Clause 7 are the following.

1. General considerations of columns
2. Longitudinal steel in columns

3.  Transverse steel in columns

4. Special confining steel in columns.

21.6.1 General Considerations of Columns

The first rule for ductility in columns pertaining to the following general considerations.
1. Even though it is not specifically stated in IS 13920, the ‘strong column-weak beam’
concept should be used in a scismic design of columns. As shown in Fig. 21.4,

T Moy 212X Myeary

e

i s b o 30

T
BB

e G i S 5L ST
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inci  the joi ic hi t formed in colurnns. The colurnn

i h principal plane of the joint so that plastic hmges are no ‘ :
:E;igerpshoul?i hzl:vc this moment capacity together with the axial force in the member. Following

are some of the other requirements: .

2. The minimum dimensjon of columns should be 200 mm. In beams c?f frames.of span over
5 m'(ccntre-to;éentre) and in ‘columns of uqsupported height over 4 m, it should be =300 mm.
diensions ensure confinement of steel. . ¥
TheS; The ratio of the shortest to longest side of the column should not be less than 0.4. (For
a '700-nim width, the depth cannot be more than 500 mm, i.c. the depth should not be more.th.an

2.5 of its breadth.)

Mcl Mcl

/N

e (D

Fig. 21.4 Calculation of design moments in columns.

21.6.2 Longitudinal Steel in Columns

irement, for ductility in columns is the rules regarding.longltudm'al steel.
the 1Se ?l:‘eduiﬂsz?;zpliciug rute of not more than 50% is kept anfi lap Sphce—lcngthlm coiuml‘;z
should be detailed in the same way as_tension splicing. As spallu.a;g usual}y takes Ip ace a[ er:I !
of colunms during carthquake, splicing should be provided only in the middle Za if o{ scg um: .
The entire splice length is to be provided with hoops at spacing not excee;‘ mg ar.n;:rt.he
2. Any area of column that extends more than 100 mm b_eyond t{m confine c:;t;e 0 o
column should be detailed as shown in Fig. 21.5 to prevent 1fs spalling during carthquakes.

E J+>100 mm 1

Fig. 21.5 Detailing of paris of columns projecting more than 109 mm

@

!
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2163 __Tlfg'lr‘llrsjggrse Steel In Columns

s Thc*third-:requfreme’nt for ductility in columns is the following p}GViS‘ion' of the re’qii_iredl'ai_ndunt ’

of transverse steel.

“ L 'Circular coliimns should be provided with spiral or _circ:ﬁlar'hoobs; ,.éﬁd-reétériﬁular

: columns w:th réctg_rj;;_i:lar hoops. The details of hoops should be as per clause 7.3 of IS 13920,
* “In rectangnlar hoops, the paraliel sides should not space more than 350 mm, If it exceeds 350
. mm, a cfo$s should be provided to satisfy this requitemient. = . - . . i

" 2. The spicing’ of hoops in the middle portion of the 'colun_nlf shé_uld not exceed one-half

“the least f}éteral dimension of the column as shown in Fig. 21.6. o

c.s.
at splice ' T
s+ 150m

" “Bxtension [ 10¢
/ 275 mm

1)

s < B2 ' d— |
o , 14 Svecial x % 300 mm

5. pecia ; o

inside joints LOT S- nel6 confining (Details of ties in columns)
4 1450 mm |steel (cs)

1

B4
$ 51100 mm | (c.s.)
{ £75 mmJ

= 300 mm

(c.8.)

Fig. 21.6 Detailing of columns for ductility (c.s, = confining steel)—also refer Fig. 20.7.

3. The magnitude of the maximmm shear that can be developed in the column should be
taken as 1.4 times the sum of the maximum moments (1.4 3 M) that can be developed by the
beams framing into the column from the left and right divided by the storey height or the
calculatéd design shear, whichever is greater. Shear steel should be calculated on this basis,
and the transverse steel provided should satisfy this requirement (Fig. 21.7); refer Clause 7.3.4

- of IS 13920 (1993). Accordingly, the shear ¥ in columin design is given by the following equation:

14/,
‘ V"—,;"(Mf"’foR) (21.2)

4. Special confining steel should be provided as given below. (Note 10¢ extension)
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- v

*%

i (—— =D

L

F o
i 4
Fig. 21.7 Calculation of design shear in columms.

21.6.4 Special Confining Steel in Columns

The fourth requirement for ductile detailing of colurms is the provision of special confining
steel in certain places. Claise 7.4.5 of IS 13920 (1993) deals with this subject. Special confining
steel in the form of hoops at shorter intervals is required in certain parts of column members
not only to resist shear but also to give greater ductility, allowing the section to undergo large
deformations. It also assists in preventing buckling of compression steel. The spacing and
areas of steel that should be provided are as follows {in all cases the spacing should also

- satisfy the requirement for shear).

(a) Spacing of confining steel .

The spacing of the confining steel should not be more than 100 mm or one-fourth the
minimun size of the member. It also need not be less than 75 mm. The area of the confining
Ag, is calculated from the principle that the load carrying capacity after spalling under large
strain should be the same as under normal condition. 1S 13920 gives the following formula for
rectangular ties (refer section 20.9);

A
Ay = O.ISSH(A—:—I.OJ% 213)
where
§ = Spacing of hoops
H = Larger dimension of the hoop which should not be more than 350 mm (so that

if necessary a cross link is provided to satisfy this condition)
Ag = Gross area
A, = Area of the core measured to outside of the link

A similar formula is also given in IS code 13920 for spiral hoops, see Eq. (20.11).

(b) Position of confining steel .

1. In general, confining should also be provided as in Fig. 21.6 in regions subjectéd to large
deformations at the joint columns with beams and foundations. They are continued beyond
the joint for a distance not less than the largest dimension of the member, 1/6 clear span or
450 mm (see Section 20.9).
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R i calculations show that the poinis of contra-flexure are not in the middle Talf of the
member, the whole column height is provided with confining steel. In such cases, the zone of
inelastic deformation may extend beyond the regions given above. ’

3, Confining steel is also provided in the regions of discontinuity (as illustrated in the
code) such as: . !

(2) Colummns under discontinued walls. These undergo extensive inelastic deformation
during earthquake. : :

(b) Uncovered portions of columns in basements meant for providing ventilation and
columns shorter than others provided for mezzanine floors and lofts. Columns that are short
are stiffer than other columns and attract much greater seismic shear force, which may lead to
brittle failure. ‘ : .

4. Confining steel should be provided also inside beam column junction as indicated in
Section 20.9 and Fig. 21.6 of this text.

21.7 SHEAR WALLS

Shear walls should be designed as described in Chapter 19.

21.8 JOINTSIN FRAMES ,
Column joints can be considered as confined if beams frame into all vertical faces with
width at least three-fourth the column face. in such joints, only onc-haif the confining
steel required at the end of the column is provided. Otherwise the joint is also provided
with the same amount of steel at the ends of the column, The joint should be designed as in
Chapter 20. '

CONCLUSIONS

The main requirements for ductile detailing can be summarised as follows:
1. Specification of steel and concrete to be used are indicated.

2. In bending members the cross-section sizes, minimum and maximum steels, detailing of
longitudinal and transverse steel along beams and joints are specified. The magnitudes of BM,
and S.F. to be used in design are also specified. :

3. Dimensional constraints on column, magnitides of moments and shear force to be
used for design, detailing of reinforcements in columns, provision of confining steel in
places where cyclic inelastic deformation may take place during earthquake, are given in the
chapter.

4. Special care should be taken to detail the joints so that they keep together under
earthquake forces.

o o Sl LT
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DUCTILE DETAILIN

EXAMPLE 21.1 - (Ductile detailing of beams)
Beam AB is fo be designed for ‘noments shown in Table 18.6. Now, -

M, = —69 KNm and +23 KNim, Mg =88 kNm and +3 kNm

' feristi ive ' U/m. tespectively. The span is 6 m, beams
The characeristic dead and live loads are 10 and 5 kN/m, fespective 61 :
ate 300 X 500 mm with 150 mm slab. Assume fox = 20 and f, = 415. The structure is situated in

seismic zone IV. Design should be made according to the provisions of IS 13920 (1993).

" Reference ‘ | Step : Calculations
1 Design principle ‘
As the structure is situated in zone IV, detailed calculations of design
are necessary. In Zone III, it may be necessary only to check the
" detailing of steel as chown in Example 21.2.
2 Check for minimum sizes and ratios '
15 13920 b =300, D =500, d = 450 mm
Clause 16.1 b = 300 > 200, specified minimum
o b 300 .
- b _30_ .6 > 0.3(specified)
Text D 500 P ' |
p s00 1 ! . d
D _39 _ |« specified (beam not too deep)
Sec. 21.5.1 L6 12 pec
3 Determine negalive steel at support B
¥ 20
inimum steel ratio = 024 ek - 0.24-=-=0.0026 ()
1S 13920 Minimum stec A s
Clause 6.2 Maximum steel ratio = 0.023 : ® -
Sec. 21.5.2 Negative moment at B = 88 kNm is
6
M 880y
SP 16 pd?  300x450
Table 2 p=043%> 0.3% < 2.5%
- 0.43%300x450 580 mm?
4 100, : ,
Provide 4 nos of 14 mm (i.e. 615 mm’)
- 4 Determine positive steel at support B
Clause 6.2.3 . Mpg=3 KNm (positive)
Step 3 Minimum steel # One-half the maximum negative steel
Provide 2 rods of 14 mm (i.e. 307 mm’)
5 Calculate actual moment capacity at Mg
: 615
- = =0.00455; b=300mm (- ve steet)
SP 16 P = 300 450
" Table 2 L .
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i

Reference Step Caleulations .
. FerT b.“"“‘“ N p2=%pi-a010023; d=450mm(+ve_stee!)
as cal_cul:fted Mp negative = 91 kNm (capacity) (as rectangular beam)
- Mp positive acting as T beém = 41 kNni (capacity)
6 Determine negative and positive steel, and capacity of beam at 4 -
As in steps Negative steel =3 of 14 mm (i.c. 461 mm?)
3-5 Positive steel = 2 of 14 mm (i.e. 307 mm?)
. M) negative = 76 kKNm (capacity)
Text - M, positive = 41 kNm (capacity)
Fig. 20.6 - . 7 Provide positive anchorage (Ly + 10d) in column for steel Jrom
) b_eam ends . . : .
8 . Determine eut-off points of negative steel
Clause 6.2,1 (a) Top and bottom steel should be at least two rods throughout the
member length. It should be not less than one-fourth the maximum
negative steel. ‘
{b) For reinforcement cut-off, assume the following B.M. specification:
My =76 KNm, Mg = 91 kNm
=059 Maximum load on beam = 0.9 (dead load only)
- 9 Specify detailing of splices
Clause 6.2.6 Splices should not be placed at Jjoints or 2d from the face of the
- support—splices should have spirals or hoops as shown in Fig. 2 of
the code. - :
10 Calculate shear for design of web steel
Clause 6.3.3 {a) Shear is calculated on the moment capacity of the ends together
with a vertical load with a partial safety factor of 1.2 on loads.
Fig. 21.2 (b} ACI code also stipulates that in case of shear due to ‘probable
flexural strength’ at beam-ends is greater than 50% of total design
shear, the contribution from concrete to shear resistance should be
neglected. ’
(c) To take carc of plastic capacity (strain hardening being 1.25£), we -
use a factor 1.250/(0.874) = 1.4 in capacity calculations. These are
taken care of as follows:
10.1 Shear due to dead and live lpads
1
Fig. 21.2 VA=5—[I.2(IB+5)x6] = 54 kN
10.2 For sway to the right

. ]_i_eﬁarcnbe .

: Srep-

C&lc:ﬁlarféns

. -Fig: 21.2

Fig. 21.2

10.3

9.4

p=s4+ .»'-:Lﬁ[M ACHve)+ My (—ve))

wsa s AU 5y 308848 1av.

V,=54-30.8=232 kN "

Vy=848 and ¥, =232 kN
For sway to the left

V=544 "T“[M; (~ve) + Ma(+ve)]

=s4+1.4.76;4' =54+27.3=813 kKN -

Vp=54-273=26.7 kN
V,=813 and V5=267 kN

| Final design shear (kN)

Draw the above two shear diagrams. Design the beam for shear using
the envelope of the above shear diagram.

'EXAMPLE 212 (Ductile detailing of columns)

A block of ten storeyed flats in Chennai liqs its lowermost columns 500 x 700 in size.
In order to use the ground floor for car parking, the lower columns are made free standing.
Comment on the considerations to be given for detailing of these freestanding columns.
Asamef, = 20,];, = 415, and height of free bay is 4 metres,

Reference Step Calculations
i Design principle ‘
Chennai will be in zone IIf on the seismic map of india. As the
15 13920 building is more than five storeys high, the members fhoyld hf}ve
Clause 1.1.1 ductile detailing. Even though detailed calculations for seismic fﬂeggn
may not be necessary, such detailing is mandatory for this building.
and Fig. 11 o
2 Check for minimum sizes and ratios
-Minimum size > 200 mm is satisfied. Breadth/depth and ratio not to
Clause 7.1.2
be less than 0.4.
Clause 7.1.3
' 5 3% _ o6
D 750
3 Choose type of stirrups and spacing for confinement (not shear)

Assume 10 mm stirrups cover to stirrups = 30 mm
Breadth of core = 500'~"60 = 440 mm
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" Reference . . ©-Step Calculations
Clauise 7.3 Depth of core = 750 — 60 = 690 mm
e Both dimensions exceed 300 mm.
) Provide overlapping loops—otherwise use ties in both directions.
Clause 7.3.3 lSpaci:;g of ties at the middle of column should not to exceed 1/2 the
s east dimension for shear. But for confinement it should not exceed
Clause 7.4.6 " 174 the minimum size of member or 100 mm
500 ; '
s=-—4—'-=l250r100mm;1v_=*!00111m
4 Find the area of confining steel
. S O Y
Eq. (21.3) 4 = o.lsSH(—f-l)—ﬁ’-‘
. : L k ' Jy
Clause 7.4.8 4 750
Ly T50x500 53
A, 690x440
H=Lo dimenst =80 iy
nger dimenstons of rectangular hoop = = =345 min
A,-=0.18><]00x345x0.235x?2%=.70mm2
Use-10 mm -bar area 78.54 mm’.
5 Specify placing of confining steel.
| Ifthe cqumJ"x was a nermal one, column special confining steel was
tp be_pla_ced enly at the ends of the column. However, as the given
columns cfmncct discontindous stiffness from foundations and the
upper ‘stories, we ‘have to atiend to the following:
(1) Provic:l_c confining steel for the whole column.
](;,‘.Iause 7.4.4 (i) Continue the special confinciment in the column to the next
ig- 11 storey for a distance equal to full development of the largest bar in
the column. ’
(Si;::. 2;.)6.4 (iii) Continue the confinement to the foundation as shown in Fig. 21.6.
m : .
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cHAPTER 22

~_Inelastic Analysis of Reinforced
" Concrete Beams and Frames

221 INTRODUCTION
The methods available today for analysis of reinforced concrete structures are the following:

1. Linear elastic analysis. _ .

2. Linear elastic analysis with limited altowable redistribution as given in Chapter 3.

3. Nonlinear analysis with larger redistribution of moments which is generally allowed by
the codes. This wilt require checking of the rotations required for the moment redistribution with
the rotation capacity. of the -sections.

4 Plastic or collapsc load analysis of beams and . frames -as.in 'steel structurcs.

T B
- The first two-methods of analysis are allowed in most of'tﬁé{’::dd'cs such as IS 456, and
have been dealt with in Chapter 3. The third method has been permitted in codes like the Euro-
code. However, the fourth method of collapse load analysis of reinforced concrete beams and
frames has not ‘yet been accepted in the codes of practice. But this method has been used to
estimate the capacity of the structures under over. oads due to various causes such as earthquakes,
bomb blasts, efc. , !

In this chapter, we will examine in detail the basic principles of the third method and
briefly deal with the fourth method. We will limit ourselves to ordinary steadily increasing
loadings and will not deal with analysis of structures subjected to large cyclic loads with
reversals which invelve principles of energy absorption by inelastic action.

22.2 INELASTIC BEHAVIOUR OF REINFORCED CONCRETE

Even though concrete by itself is brittle, incorporation of closely spaced spirals or stirrups can
be used to give the concrete a lateral confinement. This enables concrete to undergo large
straing before failure. Similarly, if we use steel of grade equal to or less than the grade 415
or special steels of higher grade as tensile steel, the section can be made to undergo large
strains before failure and thus become more ductile. We will also deal with the material
characteristics of concrete and steel to get an idea of the principles: of inelastic action of
reinforced concrete and then the inelastic analysis of concrete structures as given in the

Euro-code.

393
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223 STHESS-STRAIN CHARACTERISTICS OF CONCRETE

We use the conservative and safe stress—strain curve as shown in Fig. 22.1 (given in IS 456
as Fig. 21) for the design of the normal concrete section, However, for a study of the nonlinear
behaviour of a concrete section and its use in structural analysis, weé have to use the
actual stress—strain curve of concrete given in Section 22.3.4, which is, to some extent,
different from that in Fig: 22.1. In the following sections, we will discuss how this curve has
been obtained. ) ' : :

"’

£
A

0.85/%

&e

2 3.5%

Fig. 22.1 Stress-strain curve of concrete for limit state design.
.22.3.1 Historical Review of the Study-of S_tress-—Strain‘ of Concrete

Tests by Richart as early:as:in 1928 [1] had shown that concrete under combined compressive
stresses (under hydraulic Biteral compression) gives high strength. The strength was expressed
by him as ST o , - o :
P £ S £+ 40F (lateral)
where f, and f, are the confined and unconfined cylinder strength of concrete and F the
confining strength. Careful unconfined compression tests on ¢cylinders at Bureau of Reclamation,
USA around 1940 with the measurement of strains beyond the maximum load showed that the
stress—strain curve of concrete is not discontinuous at failure load. The stress—strain curve
consists of a rising part and also a drooping part beyond the maximum load point. Around
1950, Hognestad showed by tests on specimens, as shown in Fig. 22.2(a); that in bending
commpression the stress—sirain curve can be represented by Fig. 22.2(b), refer (2]. Further tests

+
"y 0.15/7
: . 4 fr= 0851,

[

3
‘.‘g \\H
3
2 Hydrautic
= jack
= e 6= 2fTIE,
o :sc
3-8%
{a) )

Fig. 22.2 Hognestad’s stress—strain curve for concrete for limit state design.
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of concrete in compression with, the: iricorporation of spirals and clogely spaced ties or-stirups

~ around 1970 have shown that the failure strains in coscrete can be considerably increased by

incorpotstion of lateral ties, 1hus"nm'k_ing.thc concrete: more ‘ductile. o ‘

Equations for the stress-strain curves for such.c pncrete have been suggested by many.
authors and we wilt select for study, the one similar to that suggested by Kent-and Purk [3].
Though these investigators bas¢d their results only on’ compression, tests of confincd concrete
in square cohimns, we assume that the results can be gonsidered as valid-also for cases with
uniform stress variation. Thus, the results are used in practice for confined concrete in flexure
also for square and rectangular sections. '

22.3.2 Stress-Straln h_alatlohghlp for Uncenfined Conciete

Weé will take the unconfined cylinder strength () in p.s.i. as reference. The nature of the
stress—strain curve for unconifined concrete can be assumed as follows (Fig. 22.3):
() The initial ipwaid part is linear up fo about 0.45f; only. :
(ii) The maximum value f," is reached at a strain of about 0.002. This strain is also
expressed as follows, by taking the effective modulus of concrete as E/2:
(iii) The descending curvk is a straight line so that at a strength of 0.5f; the strain is
given by the following formula (in p.s.i. -units): ' L

340,002/
| | 4 =T 1000 {22.1)
(iv) .- The curve droops down to_a,strengih value of 0.2f! and concrete crumbles. -
{f ' N T :7'8'-"2.
N fc,'—'.f: —£-—=
' I— , €0 £y
: [
s
. NS
. .~
0.5/% 15 . : R
v ] i B R
0.21% — CTN——
NE : .
0002 - &2 £c3

Fig. 22.3 Stress—strain concrete on compression in test: (a) unconfined; and (b) confined witﬁ
loaps. ) : - )

22.3.3 Stress-Straln Relationship for Confined Concrete

‘The stress—strain curve of contrete confined with laterals in the form of hoops has an ascending
part of the curve, which is the same as”in unconfined concrete, but the strain along .the
descending part at 0.5/} is now increased further by a value £, :
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3 [o
o =5 Ps J;__ (22.2)
h ) . ) .

so that the total strain on descending curve at 0.5fz= &+ & = s where
£ = Corresponding strain at 0.5 in uncenfined concrete

" Volume of transverse steel in one lateral
Ps = YJolume of confined concrete between laterals

b = Width of confined concrete core betwceri outside to ocutside of the laterals
¢, = Spacing of hoops '
The effect of laterals -is-felt only afier the. concrete cracks. after- the peak strength. Also,

- confined concrete maintains a strength of 0.2f7 for very large values of strains as shown in

Fig. 22.4.. .
Stress
F 3
0.85f¢
j: ~,
A .
' N £ .
>, A -
0577 o |
/ \? i ‘1’ —
: e,
C & & &2 &3 i

Fig. 22.4 Recommended stress—strain curve of confined concrete for structurat calculation.
22.3.4 Stress-Strain Cuive for inelastic Analysis of Structures

Based on the data in Section 22.3.3, the stréss—strai_ﬁ curve for bending compression in
nonlinear analysis of members can be taken as shown in Fig. 22.4 with the following properties:

(This will be obviously different from the stress—strain curve obtained from the pure compression .

tests on cylindrical specimen. Many simplified equations for this stress—strain curves have
been proposed and the one given below is among them. The aim of the following discussions
is only to illustrate the principles involved rather than to show the correctness of the stress—
strain formulae. The final equation for this curve has not been accepted by the researchers.
Accordingly, any suitable formula for this purpase can be used at the present slage. In our
discussions, we assume the following stress—strain curve in bending as shown ir Fig. 22.4)

(i) The maximum safe stress reached in bending in a striicture is taken as = 0.85f;, where
f! is the compression strength obtained from cylinder tests.

(ii) The strain at maxhnum stress is )
~ = (22.3)
E,

or can be taken as 0.002 for all practical purposes (E, is the tangent models).

i e S

i gt e
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(i) The ascending part of the curve is linear up to 0.4 o
(iv) The ascending part beyond 0.4f, canbe represented by the st_ress-’—s_tmm-f_'orhmla. One

.of the proposed equations by Hognestad is as follows:

R | : fc=fc[2"8"; [80] ] - - (22-4) e

fr = Maximum strcss reached = 0;85_)2'
g = Strain corresponding to stress fi

where

- g = Strain at maximum stress

The full curve OA can also be approximated to a parabola.
(v) The descending part without additional laterals can be ta

through a point.

ken as a straight line passing
' Y 340.0021
f=05f", En= -——-——ﬁ,_ 7000
in p.s.i. units. - ) ) o
(vi) The descending part with additional laterals is taken as a straight line with additional
strains as described in Section 22.3.3, Bq. (22.2). - :
224 'STRESS-—STRAIN_CHARACTERISTICS OF STEELS

Stceis are nowadays classified in codes like the Euro-code [4] into two groups, depending on .

their stress—strain curves as shown in Fig. 22.5.

8“‘

b

Fig. 22.5 Classes of steel: () Class N steel; and (b) class H steel.

1. Steel of normal du_ctility or Class N steel: These are steels with the ratio of tensile
strength to yield strength (0.2% proof stress} between 1.05 to 1.06 tensile st_rcngth, ie 5to 60%
more than the yield. The elongation at maximum yield load &, should be between 2.5 and 3.3%.

2, High ductility stecl or class H steel: In this type of steel, the ratio of the str‘cu.gth to:
yield strength is between 1.08 and 1.1, i.e. tensile strength 8 to 10%% more than the yleld. The
clongation at maximum yield should be between 5% and 6.3%.
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- In Euro-zode, routine des:gn redlsmbutmn up to 20% is allowed n remforced concrete With e
class H steel and only 15% is allowed in members with class N stee The cnmpanson berween L

the prescnbed mechamcal propetties of Indian steels is as glven rn Table 22.1.

"'{'ABLE 2.1 MECHAN]CAL PROPERTIES OF STEEL (IS 1786!‘85)

—

o ) '_-‘Grade.w . o
Pr‘operty LT e e A S — .
7 ] . Fe 415 Fe 500. Fe 550 .. Fe 250 ..
__.Mlmmum yield or proof stress (N!mm’) R 50(_) E 550 250 i
Minimum clongation % at failore -~ -~~~ - 145 120% . 8077 300 7
Tensile strength (UTS). . 485 545 (585 435
' (% over yield strenglh) . (16) _ (8 6 ()

*Many laboratory tests on Indian steels have shown values less than this prescrlbed value

. We can see from the table that only Fe 415 and Fe 250 adequately satlsfy thc spemﬁcatlons
for class H steel. From Chapter 21, we know that only these steels are recommended to be used
for ductile detailing.

.22..5 . MOMENT CURVATURE RELATION {(M-¢ CURVES)
_In.'ﬁ. bending member, we have the following relationship with reference to‘Fig.722.6:

Mot Ly (22.5)

Hence, 7 i £

L ' (22.6)
where 7 o

o ¢ = Curvature (1/m units) (represented also-as y }
e = Maximum stress in compression in concrete

g = Maximum strain. in concrete - ‘

& = Maximum strain in steel

x = Depth of neutral axis..

d = Effective depth of section

E, = Modules of elasticity of concrete
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The moment—curvaturc d:agram of a gwen section in bending can be thcorettcally computed

_f'fom the assumptions of the bending theory by calculating-the. correépondmg valués of M. and

¢ The theoretical siress—strain curves for steel-and concrete, together wnh the equations of
gquilibrium and compatibility, are used for this purpose. The valucs ot ¢ can be obtamed from

Egs. (22.5).and (22.6).,

The important points along. the stress—stram curve at whxch ¢ va]ues ale o be calculatcd

lfaré as follows (see also Fig. 22.7).

Lo Ma

Moment R

4

-

A

by ¢

Curvature

A

Fig. 22.7 Moment-curvature diagram of a reinforced-concrete -section.

1. Just before cracking. In this case, concrete also takes tension and the moment is the
cracking moment. Then
b= EI

2. Just after cracking. In this case, concrete does not take any tension. We find neutral
ax;s of composite section and /5. Then

M

$y =S
) El 5

3. At yielding of steel. In this case, tension steel reaches yield point but concrete does
not reach maximum strain under reinforced beams. By trial and error, we can find the
maximum strain in concrete from the relation C=T.

%_""""—"Sty

4. At maximum stress in concrete. We calculate the maximum strain g, from Eq. {22.3) or
assume it as 0,002.

95-_

5. Al 6y = 0.0035, ie. fmlure strain of unconf ned concrete in bending. Using the stress— -
strain curve of concrete and steel, determine the depth of neutral axis and .
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£
b= 5 m,
6. At &, = strain hardening of steel,

. Eq
'ﬁﬁ:";“:iﬁsh

Such a procedure will give the M-¢ relationship of the section up to the -stage of strain
hardening of steel. (We can also note that the value-of ¢ in' columns subjected to P and M
will be small as the depth of the neutral axis will be large so that £/d will be small.)

22.5.1 Simplifled Moment—Curvature Curve for an Under-reinforced Beam

For simplicity, we can approximate the moment-curvature diagram of an under-reinforced
beam to a bilinear curve. The usual inelastic analysis (method 3 of Section 22.1) uses a linear
curve up o ¢, i.e. the linear part of the diagram. However, for collapse load analysis as well
as problems dealing with energy absorption beyond. elastic deformations we have to make use
of the full M—¢ diagram up to ¢ max, which will be bilinear diagram. The capacity for enetgy
dissipation is sometimes expressed as in Fig. 22.8 in terms of curvature ductility as

Use of the properties of unbound concrete for inelastic analysis gives safe values as we know
that the value of ¢ can be very much increased by incorporating laterals at the position where
rotations should take place for redistribution of moinents.

Ma

Moment

R

T
© Curvature
Fig. 22.6 Simplifled moment—¢urvature diagram.

22.5.2 Stiffening Effect due to Tension in Concrete

The above discuissions on M=¢ relation are based on the assumption that concrete cannot take
any tension. However, on the tension side between cracks, the cdncrete is still active in tension
and the effect of this tension is called fension stiffening effect. We made use of the action in
Chapter 3 dealing with defleciion. For accurate evaluation of M- curve, this effect will also
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have to be considered. Its effect is more in the span length than at the §uppons and it reduces
the conventionally calculated curvature for the same v.alue_s of the bending moment. For a ﬁ.rst \
approximation, this effect can be neglected. As shown in Fig. 22.9, Euro-code makes correction

for this effect for calculation of the M-¢ relationship [4].

M4
. 1
Q@
-
=
0 - - .
Iy - @.- g 1
' @ i ' | -
- ] 1 :
w ® [} 4 e 7
i 1 >
I State Il Strain
@ L

Fig. 22.9 Effect of tenston stiffening: (a) concrete stress—strain steel curve; and (k) moment
rotation curve—(T) without tension-effect and (D) with tension effect, taken into account.

22.6 CONCEPT OF PLASTIC HINGES (MOMENT ROTATION AT
PLASTIC HlNGES)

We found that at points of maximum moments the curvature can 1:'-0 high. Wc‘ can also make
the assumption that if we properly confine the concrete in these regions of maximum moments,
the value of the bending moment equal to the uitimate moment M, can be reached over a certain
length of the member on both sides of the point of the maximum moment. In otper words., plastic
moment can be considered to spread over a definite length of the member. Tl_us length is called
as the length of the plastic hinge. Accordingly, we get the following relations: .

The rotation of the plastic hinge =J- gds=¢L,=0

where
L, = Length of the plastic hinge
© = Rotation of the plastic hinge in radians
¢ = Curvaturc at a point .
Many expressions have been proposed for the length of the plastic hinges. It has be_en fou.nd
by tests to be approximately equal to one-half the effective depth of fhe fncmber on e}ther side ‘
of the point of maximum elastic moment. ‘Fhus the Iength of a plastic ‘hinge between supports

in a beam can be taken as equal to the effective depth of the bending member. (At supports
of a fixed beam the Jength of plastic hinge can be assumed as one-half the depth.)
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'22.7 EFFECT OF SHEAR ON ROTATION CAPACITY -

* Inclined s_hézir»at:supports" can, to some extent, affect the plastic r'u'tation'capacity. However,

- wituis always-better to make the sections safe in shear. Limited tests conducted in 1966 by’

o :,B,e:‘achmati._and Turliman Seem to indicate that shear can be safely transmitted over the plastic
" zone up to the point of yielding of stirrups. : . - :

22.8 INELASTIC OR NON-LINEAR ANALYSES OF REINFORGED.
 CONCRETE BEAMS =

_The third method listed in Section 22.1 is rion-linear analysis. The principles explaingd abové

. are used for the non-linear- analysis of R.C. members. In this analysis of structures, we’

redistribute more than the nominal amount of bending moment allowed by codes but we also
check the following requirement of rotations (denoted by 9): '

& (required) < @{ailowable)

Assuming that the sections are undér—reinforced, the procedure for this method of analysis,
_ as illustrated by Example 22.6 for a two-span continuous beam, is as follows:

Step {: Find the bending moment diagram using factored load and elastic analysis.

Step 2: Reduce the maxinmum negative moment as required and redraw the distributed

. moment. Find also the position' and magnitude of maximum positive moment. (The redistribution

can be more than 30%.)

. Step 3: Divide the sp:an into an even {sa2y, 4) divisions so that we have an odd member
of ordinates (say, 1-5). Determine the B.M. ordinates from M, to M. This enables us to use
Simpson’s rule-to find X Mm(ds/ET). :

Step 4: Design the support section and find A, required. Find x/d and also &y, ¢, values
of the section (at yielding of steel and at ultimate failure). Assuming that the diagram is
linear from M =0 to M = M, (Fig. 22.7), draw the M—¢ diagram. -

Step 5: Repeat the above calculation for the span section and determine the M—¢ diagram
for this section,

Step 6: Give unit rotation for the support and draw the (unit momenf) diagram. By
choosing the appropriate M and ¢, calculate & required as )

g (r;:quired)=J-%mds =J.71?-mds =j¢mds

" This can be found by using the Simpson's rule with odd number of ordinates. Taking s as the
intervals, the integral is given by the formula:

V= 3 [first + last + 4 (even) + 3 (odd)]

[

product of ordinates.
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Step 7: Detenﬁine the (6 availab]e}:;tt the centre support which has to rotate by one of the
following methods: ‘ .

Method 1: Using the relation (see Sec. 22.6)
T 8= gL, = ¢ x (Effective depth)

Method 2: Using Table 22.2 the approximate allowable values of ¢ given in Euro-code for
x/d values (for more exact value refer Ref, 4) explained in Section 22.8.1. :

Step & Check the rotation requirement
8 (available) > @ (required)

22.8.1. Allowable Rotation for Inelastic Analysis

The avajlable notation at the plastic hinge depends on many factors. Some of them arc the
following:

1. Neutral axis depth factor at the section (x/d ratio)

2. Type of steel (yield strength and ultimate tensile strength ratio)
3. Reinforcement index given by 4, L /(bdf,)

4. Span depth ratio. ’

Howevet, the major factor is considered in the x/d ratio. The method recommended by CEB-FIP
for routine design'is to-use ¢ values recommended for x/d ratio. The Model Code CEB-FIP 4]
gives a design corve based on results of 350 tests performed in the 1960s. These values,
however, neglected the favourable influence of transverse steel on rotation. In addition, the
present-day steels are improved versions of steel commonly used in the sixtits, Similar experimental
values have been published for sections with binders in the members as shown in Fig. 22.10,
refer [5]. The Euro-code has taken a similar procedure and gives a set of curves {separately for
N and H steels). It gives the value of x/d and allowable & [6]. The approximate values of this
curve are given in Table 22.2, This can be used for inelastic design. This method is more popular
as it is based on test resulis,

- @\\\\\L\
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[
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Flg. 22.10 Plastic rotation capacity of reinforced concrete members: 1. CEB-FIP recommendation
with no extra binders, 2-6 other results with 0, 0.5, 1.0, 1.5 and 2% binders, refer [5].
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TABLE_zz.z APPROXIMATE VALUES OF ALLOWABLE PLASTIC ROTATION IN RADIANS 22.10.1 Baker's Method: Assumptions

TRpa i - b.._“ o

[Ref. 4,6} . _ - _ . e
: The following assumptions are made irt Baker's method of analysis: :
Allowable plastic rotation (radians 107?%) : . . X
xld ; : : ' _ () The collapse load of a reinforced concrete structure is the load that converts a
High ductile steel  Normal steet structufe which is n times statically indeterminate to 2 statically determinate structure by
0.50 ' 60 6o 5 forming n hinges. (This is not'a mechanism.) o o o :
0.45 Y R w66 L . * (ii) The load corresponding to the formation of the last n-th plastic hinge is called the
0.40 8.0 o o 8 g o collapse load of the concrete structure. R B R Con
' . ’ 0. . (iii) The portions of the structure between the hinges remains elastic. .
0.35 ‘ 10.0 8.0 : (iv) Under increasing loads, the relation between rotation and moment of resistance can be
. . 0.30 L 120 - 8.0 . ' taken as bilinear so that when the hinges are formed they rotate undet constant m‘oment (Fig. ?2.7).
: . 0.25 140 8.0 : 5 {v) The plastic hinges arc concentrated over a definite length at points of maximum
5 0.20 11.0 8.0 moments, called plastic length. o
N . o ) ' ’ : (vi) The safe limiting values of rotation of the plastic hinges should allow for the cracking
i 016 20.0 80 : : and the change of Ef over the length of the memibers. '
| Another method suggested to estimate a safe value of allowable rotation is to assume that the 22.10.2 Influence Coefficient Method of Analysis of Structures

curvature beyond yield is spread over the plastic length [7] and the -allowable rotation
) ‘ : . ‘ : The well-known influence coefficient method or matrix method was recommended by Baker

" A much more realistic and hence popular method for concrete structures is the method
proposed around 1960 by A.L.L. Baker of Imperial College London {8]. The method uses the
well-known concepts of elastic analysis, which have been modified to suit the plastic analysis
of concrete structures. .

b, = @, % (Length of plastic hinge) ¢"L:° =gd for the collapse load analysis of beams and frames. Let ABCDE be a continuqus beam which
This method gives fairly safe values as 4, can be made large by use of extra stirrups. Example : is three-times indeterminate. Let us assume the loading to bea umt"ormly dlstr'xbutcd load and
22.6 has been worked out by both these methods. i let the indeterminate support moments at B, C and D (which are points of maximum moments)
: ' : r be designed as X), Xy, X3 [Fig. 22.11).
229 ALLOWABLE ROTATION FOR COLLAPSE LOAD ANALYSIS
Since full plastic .analysis does _pot-take gerviceability into -account but only the strength, ‘
oxtensive cracking and higher rotation of the plastic hinge are allowed in such analysis. it
‘ Accordingly, as suggested by, Matteck and Corley, we may assume that the hinge rotation can M, diagram
11 -extend up fo the ultimate limit so that : : : ¢
l‘ - . gpr% Lp(¢ur_' ¢y) - : ~—— "
i} : - y wE e h _my diagram
11 22.10 BAKER'S METHOD FOR PLASTIC ANALYSIS OF BEAMS ' _ X .
i AND FRAMES : : ’,{‘ m; diagram
Ml . : : x =1
il I The plastic or collapse load of steel structures, which are n times statically indcterminate, is - . " iy diagram :
Ig 1 : deemed to be that load which can produce (1 + 1) hinges turn into a mechanism. A similar ' ' '
{. : m‘ethod of analysis is sometimes used also _fpr’éoncré‘te structures like fixed beams. But, as Fig. 22.11 Anglysis of continuous beam.
‘ ! i different from steel structures where the rotation capacity is very large for concrete structures, : . . .
. the rotations necessary for the plastic hinges to form such a mechanism are: checked against . If we have to analyse the structure by elastic analysis using the influence coefficient we .
;E : the rotation capacity of the hinges. . : proceed as follows: - . - S - )
N

1. Make the structute determinate by introducing hinges at the points of maximum moments,
such as at B, C and D, and assume the moments Xj, X;, X; are acting at these points in the
indetérminate structure. ' .
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2. Draw (M) the bendmg moment for the determmate sys'em
3 We mtroduce umt force at various hinge pomts and find m;, my and m;.
4. Fake pomt B for an indeterminate structure elastic analysxs as there ate no dlscommmnes.

s 5 % 0157

- Let
Mom
j ;]' ds = fo
_[ iy ds—f“

and so on. Then,
: FoXy + foo * fisXs + for = ©
3. For the full elastic solution, we get the following equation:

1M hz Kl N [ fa
fa [ fa|| X2 |*| Sz |=0 (227
Sa 2 faliX] Le

.-.6. The zero at the right-band side in Eq. (22.7) denotes that there will be no discontinuity.
w.h_ich is the case for elastic conditions. However, in a structure which has formed plastic
hiriges at B, C and D, there will be definite discontinuities due to rotations, 0;, &, and ;.
These rotations are opposite in direction to the plastic moments-acting at the hinge. Accordingly,
for collapse load analysis, Eq. (22.7) reduces to the following equation: -

M e Mal|5)] [ fa] 16
o S fal||X | fu|=—16 (22.8)
fu fo fa _XJ Jos 0, '

)

In .actual analysis of a frame or 2 beam, the position of the plastic hinges, which ocour at
points of maximum elastic moments are first assumed on the basis of elastic analysis. The
values of X, X,, X; are assumed and the values of &, &, 0;necessary can be determined. If
these are positive (correct sign) and within the permissible values, the values, of X;, X3, X3
assumed are justified. The sections are designed for these values This procedur@ is illystrated
by Example 22.7.

EXAMPLE 22.1 (Stress—strain curve for structural analysis)

Determine the salient points on the stress—strain curve of concrete in bending of a unconfined
concrete member if cylinder strength of concrete used ff = 25 N/mm?, If such a concrete is
confined in a section of breadth 300 mm, total depth 500 mm, and clear cover of 50 mm with
10 mm (78 mm?) stirrups at 100 mm centres, determine, the stress~strain curve for inclastic
analysis of the structure. Use the relation f = 0.8/,
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Reference

Siep

Caleulations

Cl. 6.2.3.1

Sec. 22.3.4

Eq. (22.1)

Sec. 22.3.2

1

(A).

. Stress—~strain.curve, of -unconfined concrete

Estimate stress and strain at ‘the end of linear part

‘Stress'= 0.4£7 = 0.4 X 25 = 10 Nimm?

E, = 5700 fyy _5700"05 3.19%10% Niima? (assumed)

(According to 18 456 (2000), E,=5000v 1)

10,0

R 2. ——— o =0.0003]
£, = Strain at 10 Nmm® = *oPrg o

Maximum siress altained in a structure (') and corresponding
strain (&) . : :

f7=0.85 = 0.85x25 = 21 N/'mm?

Theoretically, &= LF 20,0013

e
(Usvally, a strain of 0.002 can also be assumed for this point.)
Calculate strain at 0.5f% on the descending curve
The stress—strain curve on the descending part is assumed as linear.
S7=0.5%21 =10.5 N/mm?
The corresponding strain at 0.5/7 is given by (in p.s.i. units)
£ = 3+,0.002 e
S -1000
J2(inpsi)y=25x145=3625ps.i.

34+0.002x 3625
“"‘rl =
36251000
Estimate the stress al which the concrete crumbles

Stress = 0.2/0= 0.2 % 2] = 4.2 N/mm?

=0.0039

The stress—strain curve is shown as curve I in Fig. 22.12
Stress—strain curve for confined concrete

The ascending -parl is the same as in unconfined concrete
Determine parameiers of confinement

4 = 300 — 100 = 200 mm

Depth of confinement = 500 — 100 = 400 mm

Vol. of transverse steel (with outside dimensibns)

= 78(2)(200 + 400) = 9.36 x 10" mm’
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Referetice Step 7 _ - Calculations ’._f‘ . ' _ _ . L
Vol. of concrete within one stirrup spacing )% N x ; _ . ; ‘ 1 o : @
= 200 x 400 x 100 = 8 x 10% mm® 3 J AU, A R - ._a_..__-.._'--.- 0)
9.36x10° 4 / 140 2l
=10 =1.17x107? - x 1= nfd = %) _ | Nimm? ' :
. e x
i 1 1
| 3 Calculate enhanced strain over &, at 0.5f7 5 L/, _mfd-% : :
i « .- ! ) - {
{: v b 12 - H * . 1 L =
. Eq. (22.2) £h=0-75p,(;] =0.75x1.17x1073/2 =0.012 g 2.6 2.7 ¢
T : .
AN . a (b
R ) Total strain &, + & = 0.0039 + 0.012 + 0.016 (approx.) i © Fig. E22.2 !
'EV 4 Determine the minimum srreug!h on the ascendmg curve ‘ y ;
: 1 02f"—02><2|-42wmm i
it N A Reference Step Caleulations
iRE ‘At 4.2 N/mm?, the curve will be longitudinal. 3
H 5 The stress—strain curve is shown in Fi : :
= R g. £22.1 as curve 2 Method [
f i g : An approxlmate method is to find the conventional N.A. with no
o v - .| .tension in concrete and then reduce the applied moment by AN, the
Ll ¥ moment taken: by concrete section, and recalculate MIET = -¢.
r . .
i : M, = 0.14 j;kbd’ 270 KNm (approx. ) Applied M = 140 KNm,
l;‘ 21.0 ; Hence the elastic theory is apphcablc.
! B ‘ @ 1 Determine nevtral axis x
! E L A, 1968
' E , p=ttm = 00197
3 Z 105 _ N\ C . c bd  200x500
! ~ _ _ _ X : mp=7.14x00197=0.14
% 4.2 / 4 D Fag 7 = Jmp (mp+2)—-mp
f ' - . e ~JO1A%2.14 ~0.14=04
i 0 03l 2 . : .
J‘ _ 19 . 16 . x=0.4x500=200mm
. s _
. Strain (10 )_f, 2 Determine 1
Fig. E22.1 : '
E ¢ I-—é—xi-r mA (d - xy
AXAMfPLEdZZ 2 (Ef fect of concrete tension en M-¢ curvature) 3
reinforced concrete section is 200 mm x 550 mm depth. If the a ( 2
: pplied moment is 140 kNm . 200(200) 2
i d;tlem}.me the instantaneous curvatwire assuming a tensile stress in concrete at level of steel - 3 +7.14x1968(300)
: of 1 N/mm? (Fig. E22.2). Assume E, = 28,000 N/mm? and E, = 200,000 Nfmn? (m = EJE, = 7.14); ' ' ' |
fox = 20. ’ - 5.33x10° +12.6x10° =17.9x10° mm*
‘ ' ' =1.79%10° mm*
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-.Referenge" " Step - Calculations
3 Determine curvature wr'th M =|I40 kNm
M 140x106 R
i s —— = 2.79% 107" mm
Fig. E222 T RTT MY Tox10%)
4 Calcula!e AM taken by concrete )
With. a tensmn of 1 Nfmm? at steel level tension at extremc fibre,
5= ';35°=1;17N1mm2
avta LBy 2
32
= (0.5x1.17) (200 350) (%) (350)
=9.6x10% N-mm
M — AM =140—-9.6 =130.4 kNm (net moment)
[
Fig. £22.2 gm20AXI0T ) 60107 mm™®

(2.8%10*)(1.79%10%)

Note: This value is less than that calculated without tension effect
of concrete. A further correction is needed as, at crac;ks, the tension
is zero,

Method II (BS 8110 method). The method given in part- 2 BS 8110
is to find the exact value of neutral axis by method of successive
approximation. The distribution of stresses and strains is as shown
in Fig. E22.2 (above).

_nfeld-x) __fitx)
Je== ”_fc(:i——x)

where £, = 1 N/fmm? and » is taken as effective tensile modular ratio.
Thus the effective areca in tension = n (area in tension).

Find f, and n

M 140x10° 2
=M= %200 =15.64 N/mm
2 I 9x10

Taking ; = 1 N/mm?, the value of n will be

__(@oy _
(15.6)(300)
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'

Reference |  Step . . Caleulations

p Determine the new neulral axis by taking moment of areos

%2 500-xY
2007 = T.14(1968) (500 )+ 0.042} == | x200

x=210mm :_
3 Find I with e_ﬂ"eclivé tension concrete
I =£2£%2__'_°). F(TAB) 968)(290)2 +0. 042%‘1@-
=1.91x10°
4 Calculate the curvature
. .
Fig. 22.2 ¢ L 14010 =2.6x107 % mm™

El (2.8x10%(1.91x10%)

as in step 4 in Method 1. The effect of taking tension in concrete is
shown in Fig. 22.2(b). . .

[Note: Further correction, for the fact that this tension is available
only between cracks, can be made and such a correction is used in
Euro-code. This correction tends to decrease the effect of taking full
tension into account.]

EXAMPLE 223 (Moment-curvature diagram of a concrete siab section)

A reinforced concrete slab is 105 mm thick with 20 mm cover to centre of steel. If the
positive steel reinforcement is 424 mm%m determine the approximate moment-curvature
diagram. Determine the ductility factor assuming M-25 concrete and Fe 250 steel for
reinforcements. :

Reference Step Calculations
i Data
Effective depth & = 105 — 20 = 85 mm
' am
i = =0.005
Ratio of steel 1000285

2 Calculate M, and ¢ before the first crack

Sor =074/ =0.7%5 = 3.5 N/mm?
E, = 5700 £ = 28.500 N/mm?

Strain =—f£'-—l.228><]0"4
I

.
RPN
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4]0
Reﬁ}énge | Step Calcﬁ!arr'ons
Assume-depth of N.A, x = d/2 = 52.5 mm.
1.228x107* 6"
= e = - -1
¢' - 525 .2'3)(10 mm
3.5x1000x (05)?
M“ =—6x(/i)-=64 kNm
-3 Find N.A. depth aﬂér cracking
X -
E:,fmp(mp:+2)—mp .
280 '
m=—=|1.2 (say)

mp =11.2%0.005=0056
X frmmoeems
-E = 0.055(2.055) —0.055=0.28
- x=0,28x85=239 mm

Take yiclding of .stee!
4.1 Find lever arm and My on yielding of steel
d-xw=85-239 = 6L1 mm

, . 250 o
in g = = 3
Yield strain in steel =Zemone 125x107 (at f, =.250)

Strain in concrete = 0'00‘;5 )1<23.9 =489x107* -
Concrete has not reached maximum strain and may be considered

elastic. )
z=d- :—‘:- =8 -—..2_}.‘_.9.. =

3 ] 3 77 mm
M, = A, f,z = (424)(250)(77) = 8.16 x 10°N = 8.16 KNm

4.2 | Determine ¢ on yie@ing of steel

‘ 0.60125
gt = = 6 mm™
dox 61 20.5x107° mm
5 . Take ultimate failure condition

5.1 Determine x at ultimate condition

From IS 456 assume the value of 5, = 0.0035

o

e

-
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Reference | - Step Calculations

x= Sy, =- (250)424) =1._1,78- mm
036/ - (0.36)(25X1000)

A_NT8 _oiag

d 8 ..

Lever arm = d — 0.42x
M, = (424)(250)(80.1) = 8.49 x 106 = 8.49 kNm

52 | Find ¢at ultimate load

= 85 - 0.42(1] .78) = 80.1 mm

., Concrete strain _ 0.0035 _ 597 %1076 mm ™
x 11.78 :

6 Write down coordinates of M-¢ diagram

M=0 $ =0
M, =816 kNm 4= 20.5 x 10°¢
M; = 8.49 kNm ¢, =297.0 x 10°°
7 Determine ductility factor

pF=te Bl s
¢, 205

EXAMPLE 22.4 (Momenf-curvature curve of a section of an R.C. rectangular beam)
lues at salient points for a rectangular beam with

Determine approximate moment curvature va ‘
the following dimensions: fa=3Nfe= 30 N/mm?, £, =500 N/mm? (ductile steel) (Fig. E22.4).

Assume breadth = 300 mm, total depth = 800 mm, effective depth = 750 mm and A, = 1900 mm?
(tension steel). [Nore: This. example is given simply to illustrate how a suitable equation to the
stress—strain curve of concrete can be used to find M-9 diagram.]

()

Fig. E22.4 (cont.)
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“Eem :
— St. fine .. Reference Step Calculations
T , — _ - . A - _
oy parabol "3 Find ¢ just after eracking
a X .
l — Concrete does not take tengion.
B ‘ Depth -of neutral axis x is '
627 kNm ' o '
X2 Jmp (2 —l;lmp) —- mp
A d AR
G bk = J0.0636(2+ 0.0636) - 0.0636 = 0.3 (approx.)
i .
) - () x=750%0.3 =225 mm
, ‘
Fig. E22.4. 1= 2028 1900 7.57x (750~ 2257
Reference Step Calculations =51.0x10° mm*
1 Properties of section ¢atM = ISleO‘*y—-'
o 7
. 1900
p == 00084
750 % 300. _ 136x10% —77%10~7 mn-!
E, =5700737 = 34,671.7 Nfmm? (34600%(51.0) x (i)
E, = 200,000 Nimm? 4 Find the curvature at yielding of steel (using the stress—strain curve)
L 280 ; 500 . .
m for elast lysis = ——= 7. 4.1 For &, =————=0.0025 (assu bilinear curve;
ic analysis A 57 F & = 50,000 (assuming )
mp = 0.0636 We use an equation for stress—strain curve te find the value of x at
S¥= 0.857= 0.85 x 30 = 25.5 N/mm? the depth of N.A.
- Let &, = the maximum strain be concrete at this stage
2 Find § at cracking moment just before cracking 2
' o126 (&
Chapter 1 Jor =0.7437 = 426 N/mm? Eq. (22.4) fe=1E [Tc'-(f] ]
Sec, 1.5.1 A

Neglecting steel, N.A. at /2 = 400 mm

Ia 300(800)°

=1. 0, 4
o 13 1.28x10™ mm

LSty _ (4.26)(1.28)(10'%)

My

y 460
= 136 x 10° Nmm = 136 kNm
M ]
puda M LSO g0 10

y EI (3460041.28)10"

= 3.07 % 107 mm?

Fig. 22.14(a)

where &, is the strain at the maximum stress at /¢’

At any point y from N.A. of depth x, we have &.= 5, y/x.

2 2
Stress = f; 25-’12-—[5-'!'-) [-&] ] )
&g X &p X

Integrating the stress, we get compression C as

C=bK

K is the integration of the above expression in brackets y = 0 to
y = x. Then
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Reference.

_Srep )

Caleulations

42

W

2 . Y. y=x o B
k|l el ¥y B i
(ii)
6 x 3lg )| - .

y=0

But EM-F"LX ’
x -

Subsmutmg this vatue in Eq. (ii), we get

K £ yz -}{f‘—]i ‘-y3 e
 |aWd-x A& (d -x)* ‘ iii)
. y=0)

qu equating forces C = T, we get '
bfiK=T= Af,
To find the value of Eq. (iii), at the yicld of steel, we have

koL 100050,
o 300x255 e T = ©)

+ Accordingly, Eq. (iii) beccimes, with x as depth of N.A,,

¥
»

=124
(d 2
2

3
X 0417 =
750~ x (750- *

This gives x = 250 mm and (d — x} = 300 mm.

(Theoretically x should be less than the value obtained in step 3)

<Find the C.G. of compression by taking moments of forces in Eg. (i).

:F:'nd corresponding M and ¢§.

6. iy
Ir.

Mulhplymg Eq. {i) by y and integrating the cxpression in brackets,

”._"'-.__.32_[6111)‘2)’3 d. = 2 e £ .]_ Ep zx
& X go xz 3[80] 4[50] *
ly=0

ALCARIEAE |
Tl3le) 4\ & (v

%
g
X
3

"INELAST
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. Reference

. Siep

2. Caléulations

Fig. E22.4(c}

Fig, £22.4(b)

Fig. E22.4(¢c)

(@)

®

Ni)w, .
0.0025 X 250
g =— i
500

&, =0.002;

=0.00125
X =250 mits

L3
En _ygs, Lot
2 T 124

_ [z 1 512502

=1 2(0.625)~---(0.625)* | - =160.8

¥ {3(,625) ;06 )]124 160.8 mm
, =1900% 500% (500 +160.8) (4, X fy%2)

ie. Afz-6278><l06N =627.8 KNm _
8, = £t 8 ;8,, _ 00012:;—00 0025—5 Oxlo_ﬁ (mm™)

{The M—¢ diagram can be assumed as lingar form origin to
$=5x107° at M, = 627. g kNm. This is shown in Fig. E22.6.).
Determiine curvature at faiture of concreie without special stirrtps
We proceed similarly and find ¢ with the hclp of stress—stram curve.
Alternately, we adopt 2 simpler but approximate method as follows:
Calcufate curvature at the ultimate Toad according to IS 456
C=036fyxb=T= 1900 x 500 x 0.8

1900 % 500
0.36x37x 300

X _ 2378
4 50

Lever arm = d — 0.42x = 750 - 0.42 x 273 = 650.5 mm
= (1900 x 500} (650. 5) = 618 kKNm
('I‘hls value is more or iess the same as in step 4.)

Hence, X = =3237.8 min

=0.317

g = 2005 1477107 mm™
237

Estimate the ductility factor

PP LA ¥

hy 5.0

This value is much less than that of the slab in Example 22.2,
where the steel ratio was 0.005, effective depth only 85 mm, and

xld = 0.138.
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EXAMI’I F 22 5 (Moment——-:urvature dlagram fur melast:c desngn—;ﬂan'géd_ bean) '

. Using the’ rxpressmns in Example 224, determme the' moment-curvature diagram for inelastic

design (4ssummg i ]mear]y vanes from zero to M,,m at yxeldmg of steel) for the following

‘T section (refer Fig. £22. 5):

Breadth of flange = 1400 mm, brcadth ot web = 300 .
; mm, effectlve depth = 750° S
depth of slab = 150 mun, area of steel’ m span = 1700 mm?, area of steel overiuppmt = 1’;33 R

mm? (a5 in Example 22.3). Assume f° = 3 = =
ot yietding. of oo ‘) fc 0 j;k 37 and j;, 500 (class H), find ? and M

0 3.0 % 106 i’
Curvature x 10¢ {i/mm)
Fig, E22.5
Regff?rEnce . Step Calcwlations
: 1 Data .

Fig. 224 || fr=085£=085x30=255

&, at yield of steel = =00 7

* 00,000 025

Assume eo = 0.002 (strain at maximum stress)

Equalmn of equmbnum

-Example 22.4

ax Mg £ 1
.&'u(d-x) kIgA (d—x)Z—Zf?

Eq. (iii)
5 0.0025 _
& 0.002 125

_T__ 1700x500

57 " 1400w255 23.8. (T beam)

1255 (1.25)%%3

750-x " 3(750- 5y =28
2 3
x 0.

e om

750-x  (750-x7?

x = 115 (N.A. is within the flange.)

L
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) .Refer"emre g ,VStep .-'_C;{lléztt‘l;aiian;v-' .
. _ 00025 39 1075 i
g 750_—1_15_ T 635 "
2 Find C.G of' compressian fmm neutral axis

S b 2e, 1} i": -2"'7:'._
Examgle 22.4 Y"‘F[g‘gﬂ 3 oo x%, . x=115

Eq. (iv) .
. o €M=Q.Q025x 00925)(]]5 =d52x 107
. , d-x 635
c, 0000452 .
= =226
5 0002 :
o 2 2
j= 2(0226) (0226) 1115 —766mm
3 4 s :
3 Deterniine M, i

M, = (Steel tension) (£.4.)
M, = 1700 x 500(635 + 76.6) = 604 x 16° Nmm
= 604 kNm

(Assume M--¢ diagram is lineat from origin 1o ¢ = 3.9x107° at
M, = 604 kNm. This is shown in Fig. E22.6.)

EXAMPLB 22 6 (Nonlinear ana]ysls of continuous beam)

- A reinforced concrete T beam is continuous over two spans of 8 m and is loaded with a
“uniformly. distributed load of 97 kN/m. If 30% of the c¢entral bending moment is to be

redistributed to the spans, check the rotation capacity of the beam, neglecting the tension
stiffening effects. Assume that the moment—cunrature relations are as in Fig. E22.6 taken from
Examples 22.4and 22.5.

— . | E 4 M (kNm)

—F 528 /l 543 s27
. ]

37;70_ 4 820 \J/ Span

1 2 3 4 5m Support

—
ﬁ\l\l\l .

39 5
] Curvature 107 (1/m)
Fig. E22.6.
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Reference :

. Step

Calculations
1 Analyse the beam
Maximum B.M. at suppon_=m=776 kNm
Reduced B.M. by 30% =776 x 0.7 = 543 KNm
o7x8 S43 .
Ry :w—z——---——-—320kN
Maximum positive moment -=—“—2-— 320° =528 kN
2w (2XOT) "
2 Determine M at points | 0 5 at intervals of s = 2 m from 4
M at 1 = 0 (i.e. moment at section 1)
Mat2=(320)(2)- (97) = 446
Mat3 =504
Mat 4 =174 -
M at 5 =543 (rcctan;gu!ar section)
3 A(Vn]:erpﬂi)ae‘e ¢ for these pomls from M—-¢ diagrams of span and support
“{m m
Point l: M =0; ¢=0
Fig. 22.16 Point 2: M =446; ¢ L 39%X46 ) 2751073 (T beam)
604
Point 3: M =504 ¢ = -
: M504 ¢ —-G-ax504=3.25x10 (T bearn)
Point 4: M =174, § =X 073
: =174; ¢ —mxl‘h&-—-l.mxlo (T beam)
Point 5; M =543, § = 3
s M= , ¢.-a—;x(-543)=-4.33xlo (Rectangle)
[For M-¢ relaﬁonship’"of a rectangular section, see in the cnd of step
4, Examplz 22.4.]
4 Check the rotation requlred by numerical integration using Simpon’s

Jormula’

. M .
é (requtred):j Em-ak, where m = Unit rotation applied at B

M
3=J‘ a ds —_—
¢ mr ds asEr ¢

o Fa e e MRS
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Reference

.Step

Calcufations

"l;ablc 1, step 4

Example 22.4

Step 4.1

Fig. E22.4(c)

Sec. 22.9

Step 4

(Note: Strictly speakmg, Slmpson 5 rule is apphcable only when the

“garrie steel is present throughout the section, but itis Justiﬁed in most

practical cases.)

.Slmpson s formula is as ‘follows (taking product of ordinates):

V = —[Flrst + Last + 4(cvcn) + 2(odd)]

In this case, § = 2 m (factors are L1, 4 and 2)
Table 1 below shows the procedure used.

The value of & required by considering both spans is
g = 0,007 radians

Calculate & available at support

Method 1: Using Table 22.1, from the Euro-code,
X
ri at support for M = 543 kiNm

X 250
a' 750

@ (available) = 0.01 (for ductlle steel from Table 22.1)

=0.33<04

Method 2: From the relation &= ¢L,; assume Exampic 22.4 is valid.

In step 5, Example 22 4 for the rectangutar section, f, = 14.76 %
1075 mm™!

Theoretically, the available rotation 8, = du X (Depth of the scction)
g (available) = 14.76 X 107 % 750 x 0.011 radians

We take L, as full depth since plange hinge can spread to both sides
of the central support)

8. =05 X% 1075, From Maitock’s equation, we also note
8, = (dp— ¢d = 0.0089

Check compatability; @ (required) < (available)

From Table 1,

0.007 < 0.01 (from step £}

The required plastic Totation does not exceed the allowabic value.
Therefore, the compatablhty is satisfied.

e ——

: _ _  —
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Reference

- Stap - 2 Caleidations

Reference | Step | fi',@éiéiila?iqﬁ. o
T TABLE 1
aint Factor . . m. _#x .l'o-l,f!‘ 7_".'-,-,,-95]?:
4. 025 287 | 287 x107
2 ... 050 3257325 % 107 .
, 4 SOTS L1200 336 % 10
1 LO-=7 T -433 Y 1433 kg
T 7 Tetal s s535% 109 -
_ Intégrating both '..s'r'des (spans. AB and BC). - e R
- 8= ’{(—5)(5‘35 *x107) = 0,007 radians -, . - -

EXAMPLE 22.-'7. (Baker’s metha_i_l of.plastic imélysis of R.C, struétﬁfe‘s-);-"'.' o

;?eﬁrence : Step Calculations
V| Calculate My for each span at ultimate load
W= 15X 40 = 60 kNm L
Wl 60x4x4
MO =—S__= 3 =120 kNm (ll]“m) i
_40x4x4 - u |
= 3 780 kNm (working)
Fig. 22.11 2 Caleulate elastic: moments duerto working load and ultimate load

My=M;=0 {end supports)

From table of

Mg = Mg = 0.10Twl {pénultimiate suoc
coefficients 5 L wh {penultimate supports)

= 0.107 x 40 x 16 = 68.5 kNm (elastic)
= 0107 X 60 x 16 = 102.7 kNm (ultimate)
Me = 0.071 % wi® (interior support)
_= 0.071 x 40 x 16 = 45.4 kNm
= 0.071 % 60 x 16 = 63.2 kNm_ -

3. | Choose a plastic. voment for design -

| Assume a plésligi, ﬁ'ii;ment capqcity_MJZ. The beam should carty at
the collapse load ‘of 60 kN/m and plastic moment of 60 XNm at

suppotis B, € andD: X| =Xy= X; = 60 kNm. - )

4 - Calculate the influence coefficients by using Simpson s jb._'_inulq

Products of ordinates of: =

'I Mrids= %tﬁrét +last+4 (even)+2 (odd)]

Ju= ——E—d? Letds = 2 m from both spans
20 2 320
=t ——| 4 5= = =
310+0+4020003)] = =~ = fin = fis

220 8
"= [0+ {4)(0.5) +0) =—
fu= 3 @05+ 0] = —
T e 2 o s 2
o ﬁz-*;[0+{_)-lr_4.x0.5x0.5.}§-_.. -
=0
Simi‘larly,‘r o
. .
In=fasgpp ashigg
o= famfi=0
B pr n=ja=

2 8
faz—‘fza =35 .)’53—351

5 Write down the elastic equations in Baker s method omitting EI values
8. 2 ' M
3 1‘+3X2=+0f320=—'9' i
. 2)
2, 8. 2 (
X+ X — X, -320=-2
37T g *
. 044,45 x ~320=-8, - 3
37 3g 8 * G

Calculate £ of cracked section and let
El'=11 % 10 kNm

6 Substitute for given X values and solve for 0
As a trial put X = X, = X;= 60 kNm
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r " Calcilations

Reference - x| -Step .
The required rotations & are calculated
6,=120%10"* = 0.012
‘ | 8,=80x10"*=0.008
6, =120x107%=0012
7 Design concrete sectioh andz check whether 8, lo 6, are available for
‘these sections _ .
If so, the values X, fo X; are admissible. Otherwise, change them
.. | and recalculate so that the admissible values of & can be obtained.
8 | Calculate the span montents from the support momenis
" Span AB; Mg = G0 kNm
60
Ry =024 _60_ 105 v
2
L : 2 2 :
+Maximuni span moment R4 —1—(& =91.87 kNm
2w 2x60
.| The span sections being T beams, the ultimate moment capacity can
be made much more than the required 92 kKNm so that the failure
does not take place in the span.
9 Check the performance of the beam at working load

The bending moments at the sf:an at working load are 68.5 and 45.4,
the designed beam can support these loads without much difficulty.

The' elastic solution for the beam can also be calculated from the
following equations.

. [ Mgm ds
Note: I—-QE-I-——-.:j;,l=_2I3l

JuX, + faX,+0-213=0
FnXy+ fuXy + F3 X3 =213=0
FuXy + X, +0-213=0

giving X, = X3 = 68.5 kNm, X, = 45.4 kNm as obtained from the 1able
of coefficients. Thus, the same procedure as used for elastic analysis
is used in Baker’s method for plastic analysis also.
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S _.-Sfrip Method of Design of
. - Reinforced Concrete Slabs

-

231 INTRODUGTION

solution was developed and presented by Arne Hillerborg of Sweden in 1960 and prescnted
at the IABSE Congress in Stockholm [2). A simplified version of this method, where the twisting
moments in the slab are neglected, came to be known as the simple strip method for slabs,

' H'illerbo'rg;als'o developed an extension of the method called the advanced strip method for
slabs with re-entrant corners and slabs supported on columns [2, 3).

also be used for routine design, )

- - Johanssen’s yield-line theory is described in most of the standard textbooks [5). This
chapter deals only with the basic concepts and introduction 1o the Hellerborgs simple Strip
method applicable to simple cases. A deeper understanding of the method and its application
to more complex cases can be obtained from a study of the references given at the end of this
chapter. The sign convention for indjcating the support conditions in this method is shown,
by hatching along the fixed edges, the dashed lines at thé"simply-supponeg edges and no
additional sign at the free ends, as shown in Fig. 23.1. ' )
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Fig. 23.1 Division of Yoad paths in siabs: (2} Hilierborg’s discontinuity pattern; and (b) stepped

discontinuity patterns by Wood and Armer.

23.2 THEORY OF STRip METHOD

The equilibrium equation for a plate can be written as

M, 20°Mm,, . M,
. oo oxdy P ‘

This equation can be split into two parts by neglecting the second term, which represents the
twisting moment as follows:

M, a’M,
"‘a?“ L/ TH &2 =4y
and '
x +'rfy =g

Thus the load is divided into two pans in 9: and g, in X and ¥ directions. The original slab
is envisaged as a number of independent Strips or onc-way slabs in X and Y directions
carrying the load to the supports. It .is assumed that the deflections ‘are negligible so that
compatibility conditions need not be considered. Again as torsional moments have heen
neglected, the simple method should not be applied to slabs without corrections where large
torsional moments are present, - ' ‘

conceptual design method can assume., .

All the load in area 1 is carried by strips in the X-direction and ali the Joad in area 2 is
carried by strips in the ¥.di ection to the nearest supports. The arrows in the figure show the
directions of transfer of load as well as those of the main steel, The magnitude of the angle
@ defining the line of discontinuity between areas 1 and 2 is to be assumed by the designer,
Hillerborg suggested that, with two adjacent sides, both simply-supported or fixed, the line

of discontinvity will be through the mid angle between adjacent supports. Thus with the two,

STRIP METI'OD' OF DESIGN OF REINFORCED. CONCRETE SLABS 425.
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Fig. 23.2 Analysis of slabs by modified Hillerborg’s method: {a) Concept of strong bénds;
(b) slab with fret_e edge; -and (c) slab wiih re-entrant corner.
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Fig. 23.3 ~Location of points of inflection (P.L) In 'slahs with fixed edgc.s.
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3,4 lie on the diagonal discontinuity line but the gttii)s formed have definite width, thereby,

-avoiding the difficulty to average the moments for the inclined lines. This will Jead to fully

loaded long (L) strips and partially loaded short X and Y strips in the two directions as shown

" in Fig. 23.1(b). Thesc strips are easicr o handle than the strip criginally proposed by Hillerborg.

23.5 POINTS OF INFLECTION FOR FIXED ENDS

When the ends of the strips aré fixed or continuous, there will be negative moments arid points

‘of inflection. As the strip method is a limit stafe design method, the ratio of the positive to - '

negative moment can be varied to suit redistribution. However, it has been suggested that these

‘points of inflection (P.1.) may be assumed as 0.2L from the supports for strips loaded the full

tength, and 0.4y, for the short () strips of loaded length y and 0.5x, for the short (x) strips

. of loaded length x; as shown in Fig. 23.3-[6). - - o

23.6 USE OF STRONG BANDS IN-SLAB DESIGN S

* Another concept intrd'ducchl:‘;y Wood, Armet and Kemp is the use of strbng.bandsfofrdes:ign

of slabs with openings or other types of discontinuity [6]. These strong bands can be
thought of as. concealed beams and the load distribution in the case of an opening can be
as shown in Fig. 23.2, Other concepts as shown.in Fig. 23.2(c) have been developed: by this

‘method [2].

23.7 ‘SUPPORT REACTION

The beams: for the slab should be designed for the reactions from the slab. The support
reactions and the load on strong bands can be easily found from the distribution of loads from

each part of the slab.

23.8 METHOD OF DESIGN

The above concepts of the simple strip methed give us a design procedure based on equilibrium
concept and the designer’s intuitive feet of the behaviour of the slabs. Slabs of various shapes -
and under various types of loadings can be designed by this method. It should, however, be
noted that in the actual performange of the slab under load, considerable redistribution of
moments may have to take place for the stability of the slab. Hence, adequate rotation
capacity and redistribution shoutd be ensured in the dosign. As slabs have low percentage of
reinforcements, this redistribution can easily take place in the structure. The principle of the

method is illustrated by Examples 23.1 and 23.2,

23.9 DESIGN OF SKEW SLABS

Skew slabs span over supports which are not at right angles to the centre line of the slab. The
skew aigle is defined as the deviation of the centre line of the slab from the line prependicular
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 to thic supports. Their corners are not right angles but form acute and obtuse angles. Since the
~present day fast'traffic demands straight alignment of roads, culvert, slabs may have to cross
waterways at angles other than 90°'to ‘their supports, Depending on the skew angls, - the
following design principle based on-theoretical and experimental Investigations is usad to
design such slabs {7). B ) ’ . R

" Case I ‘ (Slabs with skew anglé.g{,ess r_hm-: 159).’As the torsional maments-vin these slabs
. .are small, such slabs can be treated as normal right angled slabs, the span' length being
measured between centre to centre of supports, parallel to the centre line of the slab, Th= main

refnfo:cem_ents are provided in the ditection paralicl to the centre line of the slab and the

notminal distribution steel (amounting:; to 0.2% of the section of the slab) is provided parallel
to the supports. oy - C ' _ ,

. Case 2 (Slabs with skew angles more than | 3°). In these cases, there will be considerable
torsionial moments together with the’ bending moments, and “hence a rigorous analysis is
required. Ready-to-use influence surfaces for bending and torsional moments for such slabs are
available. The Road Wing of the Ministty of Transport, Government of India has also prepared

" standard designs for such culverts of different spans and different skew angles. The following
reinforcements are provided for such slabs [7]: '

1. Bottom:

(a) Main bars plaéed perpendicular to supports
(b) Transveise bars placed parallel to supports

2, fop:
{2} Nominal reinforcement at the top of slab is the direction of the centre line of the slab
(b) Nominal reinforcement at the top of the slab parallel to the support

3. Corners: Corner reinforcement as for two-way slab action

4. Edges: Top and bottom bars with stirmups to stiffen the edges

It should be also noted that the support reactions vary along the sides with the maximum
values under the obtuse angle corners and the minimum values at the acute angled corners.

 23.10 AFFINITY THEOREMS

The theory of slabs ustally assumes an isotropic slab with equal reinforcements in perpendicular
directions. When considering slabs which are orthotropically reinforced if continuity or fixity
exists along one or more edges, or ‘when considering skew slabs, it is possible to transform
most of the slabs into their equivalent simple slabs by using the affinity theorems. This topic
- is dealt with briefly in Reference 8 and in detail in Reference 9. e :

EXAMPLE 23.1 (Strip method for slabs fixed along edges)
A rectangular slab 8 m in the X-direction and 5 m in the Y-direction has fixed edges and carries
a factored load of 20 (kN/m?) (see Fig. E23.1). Determine: '

(@) the desig}x bending moment diagrams for typical strips for designing the slab by strip
method

(b) the design load diagram of the edge beams.
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Fig. E23.1.

Step - Calculations

1 Draw the discontinuity line

Using the step-wise strip, mark the X and ¥ strips

2 Deterntine the loading on the strip _

- Mark the :ypicél XX and YY sirips_and also the loads on the various strips,
3 Calculate the bending n;:omem on Xx strips

Assume ends arc ﬁxed. Let the length of loading on the partly loédcd strip from fixed
end be x. We assume the point of inflection is at half this distance -(xIZ =_x,)'from_
the fixed end-support. The length from Pl to thé end of lhf: loading point is x;
Treating the symmetrical beam simply-supported at the P.I. points on each side,
7 - X WJA',2

(a) Maximum positive moment = wxx; — wx, 55
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- Step - : . Calculations

(b) Maximum ncgative moment M= I - ds

This ist_g'\qqal to the aréa of fhé shearf@rce diagram from the end of the slab to the p,o_in-t
of inflection. -Using-these pringiples, let us work out the bending moients.
B.M. on X,X, strips (Fig. E23.1) = Nd’ load—no moments
XaX, strip, x = 1 m, x5 = 0.5 m : -

i i ‘ . ‘ 2 l 2 P -
- Maximum possible B.M. = wa, =-2-x 20x(0.5)° = 2.5 kNm
S.F. at the end = 20; S.F. at P.I = 10

1
Maximui negative B.M. = E(ZOHO)(O.S):?.S kNm
4 Calculate the bending moments on VY sirips

The points of inflection of YY strips arc assumed at 0.4 times the loaded length for
partly loaded strips and at 0.2 time the length for fully loaded strips.

Strip Y, ¥, loaded length y = 1 m - Distance of fixed-end to P.I. =04 m
and length from P.1. to the end of loading = 0.6 m

Positive B.M. = 12(20)(0.6)2 = 3.6 kNm

Negative BM. = -;— (20 + 12)(0.4) = 6.4 KNm

Strip ¥,Y, positive B.M. = %(20)(1.2)2 = 14.4 kNm

Negative B.M. = -;-(40 + 24)0.8) = 25.6 KNm

-1 Suip YaY; positive B.M. = 12(7.0)(1.5)2 =225 kNm (Pl at 0.2L)

Negative BM. = -]E(SQ +.30)1) = 40 kNm
Calcuh.rze the loads on each short be%zms (5 m span)
Load from XX, strip = Nil for 1 m lengih (on each side beam)
X, X, strip S.F. = 20 kN fo{ il m length
X3X; strip S.F. = 40 kN for 1 m length
X‘IX‘Z strip 8.F. = 20 kN for 1 m length
X\X\ strip S.F. = Nil for | m length
" Thus, the total foad on each beam = 80 kN

idie T e e - o .
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Calculations

7 Check for the loads caleulated

C&Euiale the load on the long beam

Sirip Y1, SF. = 20 KN for 3 m length= 20 kN

Y., SF. =40 KN for 1-m length . = 40 kN

YuYySE. = 50 KN for | mlength = 200 kN B -

" “Y¥yBF = 40 kN for 1 m len_gth = 40 kN .

J{ Y1 SF. = 20 kN for | mlength = 20 kN ' S
= 320 kN (the sum of all the loads

_Total load on each beam

. Total load on ail beams = 2(80 + 320) = 800 KN, wh_ich is also equal to the load on
the slab = 20 x 5 x 8 = 800 kN. :

EXAMPLE 23.2 (Analysis of a propped up siab) L o

Figure E23.2 shows a slab 4 m in the Y-direction and 6 m in the X-direction continuous
at’adjacent sides and unsupporied on the other two sides, but propped up a.t t}_le free cornet
by a pillar. The slab is to be designed to carry a total factored uniformly distributed load of

10 kKN/m?. Indicate the approximate method to design thie slab.

5 kN/m 11_3!111(%\1};11 \H\ﬂ\n\&
4 Beam,

i 2 3 4 _
e eanm — 118
' 7 9 N [
6 Ll Ll L LLLLLLYLL VT4 - -
21 . S.Sm AN .
B PR —
}‘1?1:\\ ,’ N —1 -
IR ) R4 N E ] oy
:" AN TR (1] 14 5 N g :._é—;w ey w E
LR SRR sty - SIRY a3 s &
7 AN o -
Vi ‘ (Plan) . N \;: o
Tm | . A N __?2 E
e IR EH = 3
11, TColumn N B <
Lo e m e b m e w === ~ AN :N — —_
“““““ ) Tl plulioliniun e e
1 2 3 4
le 55 m : 4_.[
[T _Stby 10 kN/m
5 3 10 1

111.37 kN on By
Fig. E23.2.
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CRE Cdfculalions

4a_

A Approxnnai'e methed I. (Str!p Mathod—}tlgld Beam)

As.wme s!rong bands alotg L2 3¢ and I 3, 6 Mark discontinuify line along 45°,
It will be more 4ppropr iate to use Bw:th tan ZES 2/3 with more Ioad dlstfnbuted to tha

fiked end at points 4 and 6.

De.s:gn. of beam 8)[1-2-3. 4] {The strong bands are treated as rlgld beqrrs)

{ - Design of beam 1-2-3-4 (be:.tm in X—dlrectmn) It mkcs the foad f‘rom slabs 2 8-7 spannmg

in the F-direction.

We may take a \wdth of the siab equal to 1'm adjacent to the’ propped support and in
the X and ¥ directions as strong bands, which act as beams. Beams act along the centie
ling of these bands, -

Assummg the sfabs in the }’dlrectmn as propped cantilevers with uniform load, the

maximum reaction on the beam B, is given by

3 3
R --Ewl.y =—8-><I0x3.5= 13.1 kN

The maximum joad intensity’is 13.1 kM/m and the foading on beam 1-2-3:4 (6 'm span) -
‘is as shown in Fig. 23.3, - :

Design of beam 1-5-6

These are loaded from slabs 5-8-10-11, Agam, as a propped cantilever, using
IMm dxfEI =0, the maximum load on this beam is R, = 11.87 kN as shown i in Fig. £23.2
(see the figure at the right hand).

Design of slabs and beams -

Design the slabs m X- and Y-directions as shown in Example 22.1 for the load distribution
assumed. :

Design of strong bands

The design loads on the strong bands are as illustrated in Fig. E23.2

B. Approximate method 2 (flexible beam)

In method I, beam 1-2.3-4 was assumed rigid. However, the support can deflect by a
small amount so that the reaction will be (say)- 70% of the value with rigid beams.

The maximum load = 0.7 x 13.] = 9 kN

This can very much reduce load on the beam 1-2-3-4,

The sfabs are designed as in method

C. Approximate method 3 (two-wav siéb on the rigid beam)

The slab can be assumed as two- -way slabs with rigid beams on the free ends by using
the coefficient for two-way slab on rigid beams. It may be necessary to increase depth
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Caicu]anons

Step

of slab at the ere edgm ts ;ubstantlatc th:s assumpnon (seg, lhe desngn cf ﬂat slabs for S
ssinimum dcpm of edge bamis). 5 s . . .

- are available. in nubhcan(ms dcalmg with varlous types of slabs under different suppsrt
: condmons) ConET ,7_,_-‘_5-- . :
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“Durability and Mix Design

~ of Concrete ’

24.1 INTRODUCTION

Modermn portland cement was invented around 1756 and came to be used in Europe to make
reinforced concrete at about 1880, Prior to this period, in India ordinary portland cement was
imported and local manufacture started. only around 1912. Research in the past two decades has
given us a better understanding of cements and today a variety.of cements are available in the
market to choose from. ) .

Reinforced concrete has been in wide use in India for nearly 80 years. As steel is prone
to-get rusied under bad environmental. conditions, engineers took particular care of durability

i -choosing the correct concrete mix’ with enough cement content and in placing and curing -
. it properly at the site. These structures, built withamild stzet and carefully placed concrete under

proper supervision, have withstood all sorts of environments in many places in lndia, In

- confrast, 2 number of important reinforced congrete structures built recently have been found

to require urgent repair after a few years of their completion. This has been due to the fact that,
soon after World War 11 (around 1950), cmphasis it mix design shifted from durability to
high strength. Engincers were interested to get as much strength from as little cement as
possible. Consideration for énvironment was rarely shown. Recent disasters that resulted
from a lock of durability of structures have forced the atténtion of the engineers to take

environmental aspects into consideration. Today, the durability of concrete and steel, in addition -

to strength in limit state desigh of concrete structures, has come back as important subjects
to be considered, ' . .

This chapter {(and Appendix B) examines the factors that affect the durability of concrete
and also gives a very brief review of the basic considerations in mix design of ordinary and
high strength concrete. ‘ ' '

24.2 TYPES OF CEMENTS PRODUCED IN INDIA

Cement is specified by its grade, i.c. the mortar cube strength in N/mm? in 28 days. Thus Grade
33 cement (C-33) means cement with standard mortar cube strength of 33 N/mm?. There are also
different types of cements of which ordinary portland cement is the major type uvsed in
construction. The principal types of cements available. in India are:

1. Ordinary Portland cement (OPC). About 70% of cemenf produced in India are of this
category and comes in 3 grades, viz., grade 33, 43 and 53 (see also Section 24,2.1).
: 434
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mé:ri;t‘"(PPC)‘ Gonforming to IS 1489 (1981 Parts I and 2). This
: ing ' acti ike fly ash or calcined clay with OPC.

i ed by blending 10 to 25% reactive pozzolana like ! :
?ht:;a;;ug;ut}ll;r inﬁmture t6g33 grade OPC but has slower strength d_evelopglent in the first two

It wensitive to curinig and requires longer curing than QPC.

ks. It is very sensitivé to curing and requires .

w?.c-?,s”SulphﬁtZresisting-P_ortland _cement (SRPC-or SRC) confqrmmg to IS 102330 (1988}. _
This'i.s produced, in small quantities in India. It is special’lOPC with less than 5% pJA and is .
superior in resistance against sulphates, Cements; called Birla Coastal, come in this category.
'I‘Ifey should not be confised with supersulphated cements (SSC) made from blast furnace slag, -
. caiciuﬁi-éulﬁham and smﬁll éuamitics of OPC. (58SC is not recommended for use in places with

atures above 40°C as in India.}. - ) . 7
temp: ’ Portland blast furnace slag cement (BFSC or PSC_‘) conﬁ()irmtr)ng. w IS 45; (lsggz:
This ¢ i Y cement -produced in India. It is made by inter grinding .
This constitues about 1% o CeT P_m factories. The slag forms 25-60% of the cement.

sl ith specially granuiated slag fro 7 - mer
g:r:l:rtc:: of sc]::lst iro)r(\ f)roducés about 0.3 ton of blast furnace slag which can be usefully used

# the. Ca(OH), liberated by OPC hydration acts as an

' in the cement industcy. During its settin OF . .
activator for the slag. It is also less costly than OPC. Hven though it is equated with,OPC, it

behaves more like PPC and has lo_wer__hea_t of hydration and better sulphate resist:ince. At
present, the BESC cement !prodixccd in India is only 33 gra.dc, and there are Eroposal& o make
43 grac,ie cements with 45-60% slag content. BFSC with more than 50/oslag11a5goo"d

sulphate’ resistance too.

2. Eaftldnii pozzolana ce

- - . . o aeayt £.8.58
04.2.1 Grades of Cements Available as OPC _
;- ' .. . RO TR T Py
As already stated, the bulk of cement used in construction is o;dmary port\lmyfij pfaq@?\n}t. ‘I{:‘ thc |
USA and the UK, OPC'is covered by one specification, whereas in Gem'mny,‘ OPC is av 341_ 4 __Ilc tr:
three prades. The Getman practice has been accepted also in India and 1t:,c.".\1)1§_gl_)l?ut i '_fqll!qws:)‘
'I‘igll aro;md 1973, only 33 Grade cement was available in India. Howzver, betv.zcen(_,1!_9‘73~f_ :
75. the Indian Railways adopted the use of prestressed concrete s}eepers 31_;1 zé blf way f'og;i
; speed trains.” ' e cemen
running the high speed trains. It was so:n z;ppatr_igt.lt_ tll‘ai:: dtl:}:) aigil}:iﬁi !‘gl}&%&lférraé‘&og'f{gﬁé}ﬁﬁ
ilable in the market was inadequate to develop the nee afaCleliSHe boriorete St
i\f’:lbzuteso Nfimn?? requiréd for the purpose. Hence, the railways dev _;opg’;l };}gléf : %ﬂfﬁéﬁéﬁiahon
with a mini me; £52.5 N/mm? in 28°days. Some factories
leeper cements ‘with a minimum cement strength o ' I 28days. Some Taciories
fﬁrlz;;pcamc forward to make these cements for the railways, W_l"lllcl_l nigde therti a\/al_‘lg‘?i_% simlly
to the sleeper manunfacturers. Very soon, with the advancement of cement Eeclmo]ogy, triore’dand
more factories found it easy to manufacture higher grade cements with their modemlset? ccm.ent

plants. Thus, under OPC grade we have in India:
1. 33 grade as per 1S 269 (1989) {modem plants do not produce this grade any more)

2. 43 grade as per IS 8112 (1989)

3. 53 grade as per IS 12269 (1987)
4. Sleeper cements as per [RS-T40-85 (this will be between C 43 and C 53)

The easily available OPC cement today is Grade fB. Gr-adc 33 _ls.q._v_a_iiab'lc mtgy 25'11:11[_?8.15{':
should be noted that the testing procedures used in India are dlf_.ler,e_rnt.;. ﬁom aos”p; imatels;
where cylinders are used so that the 53 grade cement produced in .[[ldla wouklr, g:lv Ee II:;Lp ,cr-:lrby o
25-30% less strength as per ASTM standards. The compressive strength d¢ aed.

cements with time is shown in ‘Fable 24.1.
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TABLE24.1 COMPRESSIVE STRENGTIIS OF DIFFERENT GRADES OF CEMENT -

v Age - . - Grade - - * Steeper ceme_nr"' ‘ -
o Mdays) - Grade 33 . ‘Grade 43 Grade 53 T AG
| o ' _ Recommended values -
. ' 1'5 23 - } 27
7 2 s . 37
oo o a3 53

" Observed laboratory vafues as per cent of 28-da]} strength .

3 ' 30-40° 1 5060 T 70-80

7. 5065 - 6580 - gp-gp .

2% w100 00 _
L0 s gesns " 100-105 ’
180 15130 - 110-120 105-110

24.2.3 Types of Cements to be Used in Construction

- As already stated, both strength and durability are of equal importance in civil engineering. In
constructions, which may have special problems due to the presence of sulphaies, chlorides, -
- etc., resistance to these should take the first-preference. As regards strength, all OPC can
produce strength up 1o M25 with ease. However, it will be easier (with less quality control) to
- - attain- the required ‘strength and to remove shuttering earlier by using a higher grade cement.
. In.all cases the'decision to use a particular grade should be made so as to optimise the cost
and.improve the durability of construction, e
[An easy way to check for the adulteration of cement in the field is. to.burn & sample of
-cément for 20 minutes on a stee] plate by a stove, Adulterated sample (except those containing
- ~materials like fly ash) changes colour while unadulterated cemént does not do so, as it has
already becn subjected to high temperature during its manufacture.} I

24.3 DURABILITY OF CONCRETE

"I'hé' various agents or canses of deterioration of concrele have been classified by RILEM in
order of their importance as foll wing: T . T

1. Corrosion of steel

" 2. Effect of sulphate
3. Wetting and drying
4. Freezing-and thawing
5. Leeching -
6. Acids

7. Internal stresses

8. Extemal stresses

9. Crystallisation of salts
10. Reactivity of aggrepate
1%, Abrasion
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- " 4 comnion s ioration are corrosi dteel and’
OF these, the most importunt and common causes of deterioration are °°’ff_°51t(_’“ o;f (tmnc:ete
cons'eque:nt breaking of. concrete by oxidation or chlorides as well as deteriotation

diie to sulphates. Before we go into the mechanism of corrosion, it is good to haye a genergi L

idea of the structure of concrete and its influence on durability.
2431 Structure of Concrete, Permeabllity and Durability

One of the impoﬂanf féctors-zz.ffe;;t'iné:the' durability. of concrete is the permeability of cuncrete

' ucture o iderect as a
which is a function of the structure of concrete [1]. Good concrete can be consider

mixture of coarse and- fine “aggregates: which. are comp;letely ﬁtlectl anci. ;;:r(:::f:fn (;}gd tl}:;
; sement paste itself can be considered as cement parti 7
cement paste. The cement paste itself can reC cement par  sumounded by
in'l : i ' ter film increases with increase in water cen
a thin layer of water. The thickness of the wa e e
i i ' ts of hydration fill the space occup
ratio-w. As hydration progresses, the produc _ ppicd by (e
i io: '0.3, the hydration preducts completely
water. With low water—cement ratio: of about 0.3, proc completely il
et spa i ired for complete chemical-reaction is aro .27.
water space. The water—cement ratio required. b is around 0.27
er, i i en adopt water-cement ratios .25,
However, in very high strength concrete, we may ev adopt w 1 .
leaving significant amount of unhydrated cement which is viewed as very fine aggregate

24,32 Water—Cement Ratio and Permeabliity

If the. water—cement }atio is moré than 0.30, some- of the water,spage.is nc;lt bihﬁlle::l c“rf:t};
;Srod'ucts of hydratio_h and the free water space will act as.an open capillary when the .

hardens. These spaces can occur as continuous capillarics-allowing easy passage f;r 11101:;35::
or moisture. The relation of the volume of pores .V, to the volume of concrete ¥, ha
expressed- quantiatively as follows [1]: .

“When the watet=cement ratio is denoted by’ w> 0.40, we have

V, w-036m
L i
¥, w032 _ : (24.1)

where m is the degree of hydration of cement (i.e. volume percentage of cement that has
completely hydrated and m > 0 but < 1. .

When w < 0.40, .

Yo . 014w (24.2)
V., w+032

In Eq. {24.1) with large values of m (i.e. curing being better) anfi smaller values of watZL—t
cement-ratio, the value of V, decreasss considerably. The relation between water—cem
ratios and permeability is shown in Fig. 24.1.

24.3.37 Cement Content and Permeablility |
Cement content {expressed as kg/m’ of concrete) is also important for impermeability of

concreté. ‘A minimum cement contenit of 300 kg/m’ (including pe‘n:nitted adl;mxtures) is
required for most of the aggregates used in practice for low permeability concrete.
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Fig. 24,1 Varlation of pérmeability of concrete with water—cemeént ratio.
24.3.4 Curing, Nature of Skin of Concrete and Permeability

The 1 r i ing and :
ature of the skin formed during the placemeiit and proper curing has a great influence

0o p 1 ¥ PP
i . Ou]d not ac
£ ]llﬂahl[lt of concrete Ihe Sklll Sll [% & k as ha ens Whe" altelnatﬂ “Ctlmg alld

i
A

"24.3.5 Cracking of Cdnclrete and’ its influence on Permeability

An - ITE a ) .
Chat:lth:: E:_altls.c qf high permeability in concrete is the occurrence of cracks due to dimensional
ges (intrinsic cracks) or due to loads. The intrinsic crack can be formed by the followinf;-

1. Plastic settiement
2. Plastic shrinkage
3. Early thermal changes
4, Drying and shrinkage.

Shrink : i V
oy ;ctigﬁeocgr::sk:af:a:l Rtl: relzduccd by_ proper curing and by provision of shrinkage steel in the
int. Alternate wetting and drying of concrete should not be allowed till final

curing has been completed. Lack of sec '
. ‘ . ondary steel and loadi i
designed load during construction can also lead to crackin(g,admg by esier loads fhan the

24.3..6 Summary of Factors Affecting Permeability of Concret:

Summarisin ' . ility i \
g the above facts, we find that permeability is the most impuitant factor that affects

durability. "Che factors that affect ilityof cc ite; whichs i
e following. permeability ‘of concrete; whiclic ity turh affects durability, are

1. Water-cement ratio
2. Minimum cement content -

Y Manie ient content . . ke
ntenance of a proper skin {surface) of concrete by proper curing or other mieans

1o
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4, Reducing cracking of concrete by curing, provision of shrinkage steel and other standard
methods prescribed in s_peciﬁcations. ) .
These factors should be attended 1o in all reinforced concrete constructions.

24.4 - CARBONATION ANb'AT_MOSPHENC CO_RROSION OF STEEL

Fresh concrete is alkaline and has a high pH value. Carbondioxide of the air reacts with the
préducts of hydration and reduces its pH value. “This is called carbonation {2)- The products
after carbonation are calcium bicarbonate, gypsum and argonate; the first two being soluble
in water. The process of carbonation can be demonstrated by putting phenolphthalein on
conérete. If it has lost its -alkalinity, it becomes pink (pH 8-10) (pH values 12-13 can be
considered as alkaline and acids have low pIH). If the pH value of the concrete around the
stecl is only about 10, the passivity of steel is lost and corrosion can take place at-a rapid
rate in the presence of oxygen and high relative humidity (around 60-75%). At very low
humidities, there will not be sufficient moisture to statt corresion and with very high humidities,
.the pores can get blocked, thus decreasing the rate of corrosion. Alternate wetting and drying
can lead to the acceleration of corrosion of steel.

The notion that ordinary concrete protects steel by preventing ingress of water and
oxygen is a mistaken notion. It is now generally accepted that steel is protected by the passivity
induced by the highly alkaline nature, which should be preserved to prevent corrosion. Only
"special coating can keep off water and air from concrete. In concrete, the carbonation depth
(in mm) = 10t (approx.), where ¢ is in yeats. The value of §=0.6-1.0 for low strength concretes;
0.2-0.5 for miedium strength concrete; and 0.1-0.2 for high strength concretes, depending on'

. the exposure conditious.

24.5 CHLORIDE PENETRATION AND STEEL CORROSION

Corrosion due to chlorides is entirely different from corrosion due to atmosphetic corrosion (31
Plain dense concrete (without any steel) immersed in water containing chlorides is.very durable.
In fact, the high concentration of chioride ions present in sca water increases the solubility of
some of the expansive components like ettringite which are produced by sulphate attack on
concrete and this relieves the severity of sulphate attack.in'sea water. Concretes above the low
tide usuatly undergo some damage due to wave action and accumulation of salts in the alternate
wetting and drying zone.

However, corrosion of steel in reinforced concrete due to chlorides is electrochemical in
nature. i takes place irrespective of the pH value and can occur even in uncarbonated
concrete. Chloride ions transfer from outside to inside (assuming that there are no chloride
ion in the constituents of concrete) by diffusion through the pores and capillary action. To
avoid chloride penetration cotittete shoutd have the least amount of capillary pores (low
permeability) and an’impermeable skin. Protection of piles in sea water by coating with
bituminous paint is an artificial method of providing an impermeable skin.

It is also important that fo start with, the constituents of concrete, viz., sand, coars¢

agpregate and the mixing water should themselves be free from chioride. The limits of soluble
respectively: The total

chloride allowed in fine and coarse aggregates are 0.10 and 0.03%,
chloride allowed in concrete including that in cement is 0.025% by weight (IS 456 Table 7).
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Estimation of $oluble chlorides in sand:':‘js made by first washing the-sand in distilled water
and:then" estimating the chlorides in water by titration with a standard solution of silver nitrate
with a-suitable indicator. IS 456 Table 1 gives permissible limits- of solids in water-to be used

for feinforced concrete works. Use of local borewell water {which may be brackish in summer

in most of the coastal towns in India) without testing is a dangerous practice that can lead to
corrosion of steel in the long run. If during an investigation of chloridécorrosion; tests show

presence of chlorides at all depths of the member, then the chloride would have been in the

constituent materials or mixing water and has not come in from outside,

Tt 'has been found. that blast famace Slag cement (whose. setting chermstry is dlfferent
“from OPC) reduces the effective diffusion coefficient of free chloride jons from. 1/2 to 1/10th
:-of the valug obtained with OPC. The fundamentat factor for watch reduction in chleride effects

is the reduction in capillary pore space. This is specially true -in structures in the salt spray
zone in-coastal areas which are subjected to altemate wetting and drying. Sea water itself has
- a salinity of over 32 parts per thousand with 9.3 p.p.m. dissolved oxygen and pH around 8.15.

In addition to the individual effect of carbonation and- chloride, their combined action
should be considered in many situations. The minimum cover specified for R.C. in sea water

is 65 mm in tidal zone and 40-50 mm in other areas.

24.6 PRESENCE OF SALTS AND STEEL CORROSION

It is a common observation that stee! laid in contact with brickwork (as in reinforced brick

work) and GI. water-supply pipes laid in brick jelly concrete corrode very fast. This is due
“to the presence of salts in the bricks. Whenever steel is to be placed in such situations, it
should be separated from bricks with sufficient cover. of very dense and impermeable concrete,

In the presence of salts iri the surrounding materials like concrete, solid or bricks, steel tends.

to corrode very rapidly. Such details are important in reinforced brickwork.

24.7 SULPHATES AND CONCRETE DISINTEGRATION

The Presence of high concentration of soluble sulphates can break up even plain concrete.
Such sulphates are present in ground water, sewerage, indusirial wastes, sea water and in

foundation soil. IS 456 (2000) Table 4 gives the precautions.to be taken in these cases. The -

remedy depends on the concentration of soluble sulphate present in the soil or water. The
soluble sulphates react with the calcium hydroxide and tri-calcium aluminate (C;A) present in

-the cement to produce products of gypsum and calcium sulphate aluminate which occupy more -

volume than their constituents. This expansxon breaks up the concrete, exposmg the steel in
reinforced concrete to corrosion.

The remedy in situations where there are only sulphates and no chlorides is to use the
right type of cement. Sulphate resisting Portland cement (SRPC) with C;A less than 5% is
suitable for such situations. However, it should be noted that there are still differences in
opinion regarding the necessity of special sulphate resisting cements in reinforced concrete
structures in sea water where chlorides and sulphates are present. Any cement with C3A only
5-8% is desirable to be used in concrete in such cases. But ail agree that in marine situations
the most important precaution is to use a dense concrete with low permeability of at least
grade 30 and sufficient cover for reinforcement. Coatings to reduce permeability also help
durability of these structures. IS 456 Clause 8.2.8 deals with concrete in sea water.

“than 80% continuousty.
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248 - CURING OF CONGRETE (IS 456 Clause 13 5)

Curing of concrete is carried- out by water curmg or by membrane curmg It is rlasstfied as

follows: _ :

1. Goed. When the work is protected from the sun and the relatwe humrdlty is kept more
2. Poor. When the work.is protected from the sun and the relative ‘humidity is less than

50%. _ S .

3. Average thn the curing is betwcen the above.

" We should remember that.concrete made from OPC is to be cured with good curing for

* at least 7 days and concrete made from PPC and BFSC should be continuously cured for at

least 10 days. |
The. minimum stripping. time of the sides of formwork and the time for removal of props

are specified in Clause 11.3 of IS 456 (2000). It is to be clearly noted that curing of concrete
in Most cases goes on b_eyond the stripping time.

24.9 SUMMARY OF RECOMMENDATIONS FOR DURABILITY OF CONCRETE

The important steps to be taken to ensure durablllty of reinforced concrete structures are the
following:

1. The cover. provided shou]d be according to code of practlcc (refer Appendix B).

2. The cement content should not be less than 300 kg/m’.

3 The water-cement ratio should preferably be not greater than 0.4.

. The aggregates and water should be free from deleterious substances.

5 If the structure is liable to sulphate attack rules regarding sulphate resistance should
be followed [Table 4 of 1S 456 (2000}].

* 6. The quality control of concreting (producing, transporting, placing) should be *good’.

7. Good curing should start immediately after the concrete placed at site hardens and .
should continue without interruption for the specified minimum period.

8. Stripping of formwork and removal of props should comply with the prov:sm'ls of the
code.

24.10 POLYMER CONCRETE

Polymer concrete are concrete composites in which organic polymers like latex are added. There
are three types of polymer concrete that can be produced:

1. Polymer Portland cement concrete (PPCC)
2. Polymer impregnated concrete (PIC)
3. Potymer concrete (PC).

In PPCC, the polymer is added to the morter and the polymeric network is formed in situ
during curing. In PIC, the concrete is impregnated with polymer which is polymerized in st
In PC, the polymer is added to the aggregate for better binding properties. All these materials
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are at present use_d_-ma‘inty for rcp‘airs, or. coatings to reduce the diffusion rate of chiorides and
to improve durability. They are widely used in storage of radioactive fuels, desalination plants

ferrocement boats, high strength piling, iz icati
coce) piling, etc. Its commercial applica i i
to its increased cost factor. ‘ pplication s rather Test“cted e

. .

24.11 WIX DESIGN OF CONCRETE

FS 456 (ZQOO) classifies concrete into three categories. The lowest grade of concrete specified
in tl‘ae rev_ised IS 456 (fourth revision) for general reinforced concrete work is grade p20 For
marine work, the prade should concrete of grades up to 20 are called ordinary grade cou.cr'ei

ar}d those between 25 and 55 as standard concrete. Concrete of grade 60 and above are calles
high performarice concrete or high strength concrete which are nowadays used for special

construction in developed countries. IS 456 (1978) Clause 5.2 recognised an increase in strength -

of 10% in three months, 15% in six months and 20% in

strength of OPC concrete IS 456 (2000) cl 6.2 does n;t sp::iet'yyflf:‘ii ?zgr::s?:ve. The 28:daye
When th.e criteria imposed on a concrete mix is strength, it is called ;l desfgned mix.

When t.he mix proportions are fixed it is called a special prescribed mix and when t-hest;

proportmns comply with any standard it is called a nominal mix or ordinary standard mix,

24.11.1 Basic Prl'nclples'of Mix Design

The basic principles of mix design for a designed mix are the following:

L 1. Tl}e major factor‘_that governs the strcngthf of ordinary grade concrete is Abram’s
aw, Wl’,l’lch states that “the lower the water—cement ratig the higher is the strength of
. concrete”, Thus, concrct.e,:-for cogcrete below 35 grade concrete lean or rich mixes with the
same wate.r—cement ratio and gives the same sirength, The richness of the mix can be
neglected .in,these ordinary grade concretes: . :
] t2. S‘:E'S?X:fnt 1'xlvistigations have shown that there should be a modiﬁcatiah for ‘the law
of :strength ram's Law) for concrete, say, above 35 grade. In hi '
b Law) 5 say, . In high str
following factors are also important: g Bl steeng(h concrctf:,. fhe
(.i) Aggregate cement ratio
'-w-'(u) Maximum size of aggregate
(iii} Strength of coarse aggregate
(iv) Workability of concrete
(v) FPineness of cement or grade of cement.

The effects of these factors are briefly described bélow:
Aggregate cement ratio

In high strfangth concrete, the richness of the mix affects the strength, With the same water—
cement ratio and equal compaction, the leaner mixes give higher strength than richer mixes,

Muaximum size of aggregate

The optimum size of aggregate for a give’n"stfength dép_ends on the. required strength of the
cqncrete. Grm.le 20 concrete can be easily made with 75-mm aggregate. In fact, such concrete
will also require.about 35 kg/m® less cement than that for 20-mm aggregate.
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There seems to be transition near about grade 28 concrete where the maximum size of the
aggregate is important. For concrete above 35 grade concrete, the optimum size of the aggregate
seems to be around 20-25 mm, Thus, “it is just not cconomically possible to make grade 40

_concrete with 40 mm aggregate” [4]. ‘With special concrete such as concrete for spinning pipes,
poles, etc., the maximum size of aggregate should be further reduced to about 12.5 mm. However,
wheén- considering high strength concrete for attaining the same strength and workability, 20-
mm aggrégates may require less cement than 10-mm aggregate. '

|

Strength of coarse‘ qrggregalé

With high strength concrete mixes, higher workability obtained by more cement and water
reduces its strength. Hence low workability with better placing methods, e.g: heavy vibration
with pressure, was used for production of high strength concrete before the invention of
plasticizers and.supe_ri)lasticizers. In modern times, better placeability can be easily achieved for
; low_wofkabi\ity\ conctete by using superplasticizers. Thus, in high strength concrete mix
design, we design the mix for low workability and introduce additives to improve workability.
Hence the use of additives has become a necessary factor in design by high strength concrete.
It is also very much necessary that the additive should match the cement used in the construction.

Grade of cement

The grade of cement has considerable effects on the rate of development of strength and also
on the 28-day strength of concrete. The fineness of the cement also affects the workability
of the mix; higher fineness requiring larger water-cement ratios for the same strength and
workability. Accordingly, the grade of cement to be used should match the required strength
development of concrete. ‘

24.11.2. Mix Design Procedure

From the above discussion it is clear that the procedures for design of mixes for ordinary
grade and high strength concrete have to be different. The two procedures are briefly dealt
with in the following sections. The details of the procedures for field application should be
obtained from the references given at the end of this chapter.

2412 DESIGN OF ORDINARY GRADE CONCRETE

Theré "are many methods for design of ordinary grade concrete mixes. The methods used in
India are IS method, ACI-Method and the D.O.E. (Department of Bnvironment) method
. developed by Building Research Station, UK. The booklet Concrete Mix Design [4] is a good
source of information about these methods. :

-~ . The most important factor in these methods is the selection of the water—cement ratic

applicable to Indian cements. It has been found that the relationship between water—cement
ratio and cube strength for ordinary grade concretes using Indian cements can be represented
by a non-dimensional curve as shown in Fig. 24.2, which is applicable to all grades of
cements [5). This curve has been obtained from the set of curves for different grades of
~ cements available in SP 23 {6,7] and results of laboratory testa. Figure 24.2 can be conveniently
used to select the grade of cement required for a given grade of concrete as well as for finding
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Fig. 24.2 Strength-w/c ratio relation for ordinary Portland cements. (Curve can be used for E . .
C selection of w/c ratio for a given strength and given grade of cement.) . . : ' S:e\z)sme
the required water—cement ratio for a given grade of concrete and cement. Thus, for example,
referring to Fig. 24.2, we sce that with a water-cement ratio of 0.4, the ratio of concrete
strength to cement strength is 0.8 based on IS 10262 (and about 0.95 based on actual :
laboratory tests). With water—cement (w/c) ratio of 0.4 and 33 grade cement, we can get a Vol (%) ' _ Vol (%) -

e strength 0.8 x 33 (say, 25 N/mm?), and with 43 grade cement, a strength of 0.8 x 43 (say, 100 100 ' 88
35 N/mm?), Use of 33 grade cement for a 35 grade concrete will not give the desired results 8 /Y / [ Cig / / [‘
with w/c ratio of 0.4, ' ' i + 80
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1. The amount of water that is necessary to maintain a fair amount of workability of ordinary 20 1 / BRgED 3 ‘124/ -

grade cement with 20 mm, maximum size aggregate, is around 160-180 kg/m® of concrete. Some s )52 3 LT

variation from this amount may be found necessary depending on the maximum size of coarse ‘ 20 40 80 160 mm

and fine aggregates. The larger the maximum size, the lesser will be the water requirements. The 0 025 050 1.0 2.0 40 8.0 mm . 0 025 0.50 1.0 2, U8 ,

grading of the aggregate also affects the water requirements for a specified workability.” The . . :

.. . . . - Sieve size

munimum cement content should be specified in the code,~ - - ) . (i
2. Aggregates below 4,75 mm are called fine aggregates. The proportion of fine aggregates M

in the total aggregates depends on the grading curve we choose for the mix. The grading by

curve usually recommended for 20 mm maximum size aggregate is shown in Fig. 24.3(a). Such '

curves for different maximim size of aggregates are available in literature and are shown in Figs.

24.3(b) and 24.3(c) [1, 8). Table 24.2 gives the gradings recommended for the 10 and 40 mm

aggregates. As can be seen from Fig. 24.3, the percentage of fines to be used vary from 30%°

24.12.1 Other Factors to be Considered in Mix Design of Ordinary. Grade.
Concrete [B, 7] . .

It is convenient to remember the following approximate data about the requirements of ordinary
grade concrete:
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Percentage passing
h Y
A A\
iﬁﬁés
(=
F=
L
L N (3
L= g
S
s
Wl =]
<
i~y

Sieve size

- Fig. 24.3 (cont.)
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Fig, 243 R ' ©
7 g 24. ccommended grading curve for (a} 20 mm [1} (b) 8 mm and 16 mm [8] () 31.5 mm

and 63,

o Zon3803 n;:: [81-]c tr‘nax(ijmum sizes of coarse aggregates. There are five zones 1--5. Gradings

composition oF ag::segatih:;i,:g'h Zﬁne: is also accepted. Note: The essential criterion for
is 1 .

particles [8]. ¢ absolute volume and not the weight of the different

TABLF'I 24.2 SELECTED GRADING CHART [COARSE AGGREGATED|

15 siove Grading (percentuge passing)
I Il ‘ 111 \'
For 10 mm maximum size aggregate [i]
10 mm 100 .
. 100 100
4.75 mm 30 45 20 e
2.36 mm 20 33 46 P
[ 18 mm i6 26 37 p
606 microns 12 19 . . "
300 microns 4 8 " 2
150 microns 0 1 : I; %
. 6
For 40 mm maximum size aggregate [1]
40 mm 100 100 100 10
20 mm 50 50 67
10 mm 36 46 - &
475 mm 24 2 - 40 zo
2.36 mm 18 25 3 ‘
1.18 mm 12 . 17 24 i
600 microns 7 12 »
300 microns 3 7 " s
150 microns {] l; ¥
5
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‘more than the coarser grading for the same workability.

-mixing single size coarse aggregates to san

- cases it is better to use such gradings. Gap gra

for fine grading curve. Mean values are around. 40-44%.
d gives a smooth finish and is used for thin sections
ter requirement for finer grading will be slightly

for coarse prading curve to 45%
A fine grading curve avoids segregation an
like reinforced concrete slabs. However, the wa

3. We generally choose a certain grading curve and try to maintain that grading throughout
the work for exercising a very good quality control on the production of concrete. We rmix
different sizes of aggregates and sand in definite proportions and maintain the grading. When -
d, the following guidelines are usually used.

e with 1S 383 (1970) for maximum size of 20 mm aggregate, the fraction
passing 10 mm should be 25-55%. Hence try 1:2 for mixing of 10 mm and 20 mm aggregates.
(i) - For 40 mm maximum size, we can mix three portions, viz. 1:1.5:3 for mixing of 10 mm,

20 mm and 40 mm aggregates to form the combined aggregate. '
Gap grading as shown in Fig. 24.3 is also possible with ordinary grade concrete and in some
ding is shown by dashed lines as the grading

curve. The method of designing ordinary grade concrete is shown in Example 24.1.
4. In the field, correction has to be made for the moisture in the aggregate, absorption

of water by coarse aggregates, and also for the bulking of sand produced by handling of moist

sand. Most of the published data in mix design is for saturated-surface dry (S85D) conditions

of the aggregate. This is different from the wet or oven dry condition that the aggregates can

exist al the site or laboratory.
5. The data necessary for mix design of ordinary

(given in SP 23} is presented in Tables 24.3-24.8.

(i) “In accordanc

grade conerete according to 18 12062

E TABLE 24.3 PROPORTIONS FOR NOMINAL MIX CONCRETE {IS 456 (2000) Table 9]

Quantity of water per

Proportion of fine to
bag of cement {litres)

Mass of total aggregate
coarse aggregate by mass

Grade of concrete

per bag of cement
MI0 - a0 1:2 (generally) 34
MI15 330 1:1.5 (upper limit} - 32
M20 : 250 1:2.5 (lower limit) 30

IMUM CEMENT CONTENT AND MAXIMUM w/c RATIO FOR

TABLE 244 MIN
0 mm nominal maximurn size aggregate]

DURABILITY OF R.C. WORK [2

Minimum cement content 18 4356 Maximum w/c ratio 18 456

Exposure
(minimum grade)
1978 2000 1978 2000
Table 19 Table 5 ‘Table 19 Table 5
Mild (M20) 250 300 0.65 0.55
Moderate (M25) 290 300 0.55 0.50
Severe (M30) 360 320 0.45 0.45

Note: For other cxposﬁres, see IS 456 (2000) Tables 4 and 5.
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TABLE 24.5. APPROXIMATE FREE ‘WATER CONTENT AND SAND CONTENT PER
/CUBIC METRE OF CONCRETE FOR TRIAL MIXES (Tables 42, 43 of S¥ 13) :

wie ratio =-0.6 2

Hercimin /e ratio = 0.35 (high strength)

- size of 7 Water " Sand (%) Wat o
| agmegate o (kghw) - IR S Sand (%)
. 10 208 : o 200 . ... 28
"2 186 s 180 s
Y - S

30 e

Note: Sand_ai's‘.in percentage of total aggregate in absolute vol‘ume. Basic conditions: 1, CF - O.S:(EIﬁmp
10-30 mm}, 2. crushed ro¢k and natural ‘sand zone II. . A

TABLE 24.6 ‘ADJUSTMENT OF WATER CONTENT AND SAND PERCENTAGE ..
: ~ {Table 44 of SP 23) T

Adjustment in

No. Changed condition -
Water content . Sand percentage

1 Sand zone I* Nil +1.5
& 2 Sand zone II . . . . . .Standard condition -
2 3} Sand zone il ) _ Nil . - -1.5
. 4 SandzonelV SN 30
5  C.B (for every change 7
of £0.1% from 0.8) . 3% "0
6, wic ratio (for every . ' -
ch_a;lge of + 5% from 0.6) Slight ’ o ol
7 Rounded aggrepate . -15 kg/m® B

Standard condition: w/c ratio 0.6 and C.F. = 0.8. Sce Table 24.8 for sand zones.

TABLE 24.7 APPROXIMATE PERCENT AIR ENTRAPPED IN CONCRETE
(Table 41 of 5P 23) :

Maxintiun size of aggreéa.re {mm) Percentage air
10 3.0
12.5 T8
20 -
25 ) 2.0
40 - -
50 5
70 1.0

150 ' 0.5
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TABLE 24.8 GRADING ZONE OF SANDS 1S 383 (1970)]

T Parcentage passing. -

I1§.sieve L Zone i ., . -~ Zong L S Zone T gy Zone IV
Somm Wit e T e 100
495 mm | 90-100.. - 90-100 - 90-100° o - 95-100
. 236mmc .. 6095 75-100 85-100° " 95-100
© 118 min 3070 . 55:90 75-100 90-100
S:600 pm 15-34 35-34 7 35-59 80-100
300 pm: - 520 . 830 . 1240 - 15-50
150 pm 010 ... 0st0 . 010 - . 0-1S

04.12.2 Mix Design as Given in SP 23

. The'méthod of mix design recommended by IS.,'a_nd presentsd in SP-23 is based on calculating

absolute volumes by the following two equations: -

SRRV AR S
¥ =i Wr—t—t [ —
[ . fsf]looa ' (24.3)
c 1¢) 1 '
V| Wr—p—— e
( )1000 (24.4)

3, l-75;

where ' :

V = Absolute volume of 1 m® of concrete minus the volume of entrapped air in n’

W = Mass of water in kg/m® of concrete

¢ = Mass of cement in kg/m® of concrete

S, = Specific gravity of cement

F,, C, = Masses of fine and coarse. aggregates per w/c of concrete
Sp S, = Specific graviiy of fine and coarse aggregates
r = Ratio of fine aggregate to coarse aggregate in absolute volume.

2413 DESIGN OF HIGH STRENGTH CONCRETE

The procedure developed by Emtroy and Shacklock, for concrete of grades M35 and above,
is one of the popular procedures used in the UK and India for mix design of high strength
concrete [9, 10]. Details of the procedures of mix design can be obtained from the reference and
only the basic assumptions and procedures are given in this section, as follows:

1. As the inherent capacity for maximum strength that can be developed by different

grades of cements are different, 2 suitable cement should be chosen for the production of the -

required high strength. For example, it is difficult to get M40 concrete with C33 cement. It
is preferable to use C53 cement. :
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. 2. For high’ strength concrete, it is preferable to use-high strength aggregates such as

. granite aggregate, than rounded gravel aggregates.

i 'Ii;hlz Sggn}ummdi:z:t.otf coarse agg_regate{or high strength concrete is 20 mm.
e i) ﬁas 51'55 " pre;: t ﬂo note that the aggrégate cement ratio (i.e. thinness or richness of
fhe mix) | s0 a great inf uerice on the strength of the mix. thinner concrete mixes with th
ater—cement ratio give higher strength than richer mixes. (This can be explained b;

_ stating that the,;'@ement mortar in the mix should be just sufficient to bond all the very strong

aggregates together and the thickness of the mortar should also be a minimum.)

5. For:a gi ‘ g
r-a_given type of cement, type of aggregate, target strength and workability, there

is a éix:e;l u:'aterwcemcnt'ratio that will give the required strength
. Again, for a given workability and water—ceme ratio, c i
' _ ! — nt ratio, there is a fixed =
ratio for the type of cement and aggregate used- in the mix ed sggregatemement

. delt:mc:?‘t)irnf ;}L thes:z pril:;i;;es, a set of curves and tables have been derived from fests
j en strength. For a given type of aggregat i i
type of cement (grade 47 and 53), we can find the folli%vingga: ® (8“"?“3 or gravel) snd given

¢ The water—cement ratio
e The agpregate ceient ratio

g‘?sUtsKn'Z.rc;Z :{: E;n;;c:iyrz;n(_ldsil:a;klo.ck i;(:r high strength concrete with ordinary Portland cehent
apid hardening Portland cement of UK grade C53 have b i
' . ; een pub
:: r:ll;e ;T:;ce lof uttjher data, even though the grades as specified in UK and lndianz::'l; rll:fthf:é
prclir.ninar te:lta-lt"n efz}u used for 43 grade and 53 grade cements now available in Iﬁdia for
o ¥ tests ti rther data .becomes available: The pertinent curves as modified by Lydon
Lo gral;l cigtza?gt; :fgrtega(e; 10; maxlmlllm size 20 mm are gi{fen in Figs. 24.4 and 24.5. Similar czrves
pates of 10 mm and gravel ¢ are gi
o A O 1o, grave aggregates gf 20 mm and 1) mm are given the the

80
N\\q
o TNSE
g 60 e —
§ NG
g 50 X
T,
§ 40 N
30 N
0.5 - P L V
'S - V: //
o 04 ; / ///
3 EL,
NE Y%
./ / B
0.3

Fig. 24.4 Typical reiat!on between 28-d '
-day cube strength curve, water—cement ratic a
nd
using two types of cements and 20 mm granite c:mrse aggregate, sce [10;7"".“%"”y
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. , . B § L
h 5.5 . ; I A -
. . ’I .‘ / !' —
o . [N 4
3 A
g a5 117 —— /1, : ‘ L
z ' Al S
° ' 4 ’ - -1 EL= Extremely low
'g -/ / e vL. = Very low -
9. k] - “_: A 1’- . L=LOW
@ 35T '; /,,’f 7 ToM = Medium
/ 'l/ 1 foo : : - = = C53 cement
,7 7 %, 7 | — C47 cement
A/
2.5 - -
S 0.3 . - 04 0.5

© wie ratio ) L
Fig. 24.5 Typical relation between apgregate—cement ratio and workability for two types of

cement using 20 mm granite and gravel aggregates, refer [10].

mix can be further improved by additives. In fact, all
de by adding suilable super plasticisers and additives
¢ by heavy vibration and pressure.

The workability of the resultant
modern high strength concretes are Mma
even though the old practice was to place such concret

2444 DESIGN OF VERY HIGH STRENGTH CONCRETE MIXES

being used for constrﬁcﬁon of very tall

Concrete of grade M60 and other higher grades are :
buildings and other specialised structures. These concretes are also called high performance

concrete. Even though, the subject is still in the development stage, Wo Know that one of the
requirements of such concrete is that even the micropores in the concrete should be filled up
with reactive materials. Recent experiments show that using silica fumes (very fing particles of
silica obtained as a by-product in industry and refined for concrete-making) as ad additive
material can serve this purpose. Supetplasticizers are also used as an agent to improve workability.
‘With excellent controls possible in ready-mix concrete plants, such concretes are being produced
and supplied for special construction.in countries like USA on a large scale. As already stated
in Section 24.3.1, these conicrete may also have excess unhydrated cement acting as fine

‘aggregates.

2415 MIX DESIGN METHOD 7

_ According to IS 456 (2060) Clause 9.2.1, any method of mix design can be used for amiving
at the mix proportions to be approved by the engineer-in-charge of the work.

edium streagth concrete according to 1S 10262 (1982)

EXAMPLE 24.1 [Mix design of m

and SP 23 1983} : )
Design a concrete mix according to the procedure given in SP 23 {1983) for the following
data and explain how to prepare & mix, design report [71:
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L. Characteristic strength 20 N/mm? wih grade 43 cement
2, Maximum size of aggregate 20 mm (angular) e
3. Dogree .of workability: 0,00 compaction factor 50 ma slump
4.- Dégree of contre] gogd - T

5

6

7

- Type of exposure mild _ '
. Bpecific gravity of coarse and fine agpregate 2.6 .
- Sand (by sieve analysiz. zone 11}, Table 24.5

T 40 |8

& 35 f~

8 |

5 30 L.

& - T *

@ o .

o5 |

[
0 l I i .
1.8 © 2.0 2.2

Cement-water ratio
Fig. E24.6 (Step 8).

Reference Caleulations

Determine farget sirength

Chapter 25 .
Table 25.1

Required mean strength = £, + 1.655
Let standard deviation for M2y with good controf s =
Required strength = 20 4+ L65 x 4.6 ~ 27.6 N/mm?

Select water-cenjont ratio for grade of cement

S 276
220 06
f 43

Fig, 242 Required wrc ratio = 0.50 (approx.) [or from IS 102623

Table 24.4

Select water and sang content to be ysed
For 0.6 wic ratio, the following data are required:

For 20 mm aggregate, C.F. = 0.8 (sand zone I1)

Table 24.5 Water content = 186 kgim®

Percentage of sand in to1af aggregate by absolute volume =

This is lower than the ratio allowed-for mild exposure, which is 0.63,q

AT Al M TosioN oF CONGRETE . 455
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i

¢

i
s

e »‘T:}

35% 4y

J————

By, (24.4)

" Reference . Step | - T . Cq cu o
| o 4" | Maks the corrections. required .
N Ch nge R - x Waler conient * Sand
G Cnange . o
-(ai Déc.ré'ase (_)'f' 0 .
wic from 0.6 to : .
0.5 6e 01 =2x1}
b) Ingrease of C.F. . .
® from 0.8 to 0.9 +3%
(0 %3 .
(<) Sand for zone 11 o se
to zone III ] %
Overall adjustment 39 asu
{a+b+c) +3%
» - ;
Final water content = 186(1.03) = 191.6 kg/m
1w _ )
Final sand content = 35 — 3.5 = 31.5%
5 Determine the cement content and check
Water = 191.6 kg;- w/c ratio = 0.5
' 191.6 ,
Requirement of cement =03 = 383 kglm )
ign C.K.
. ble 24.4 Minimum specified = 300 kg/m® only. Design
Table 24.
6 Deterniine the coarse and fine aggregutes
Assume entrapped air as 2%
‘ 3
Volume of solid concrete = 0.98 m° = V/
c,F
= W 4o i
Eq. (24.3) (000 = 4=+ | -
where 7 = percentage of sand in absoiute volume (31.5%).
Step 4
N 383 - F,
80=191.6+ 5+ 0315)0.0)
3
F, = W1. of fine aggregate = 546 kg/m
383 C,
B0=1916+ 3 5" 068526

' 3
C, = Wt. of coarse aggregate = 1187 kg/m
Calculate materials per bag for fleld mix

. Cement = 50 kg 7
Water = 50 = 0.5 = 25 kg (litres)

P
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" Reference | Step _ - Calculations ) - i

: l Take cemenit;-aggregates and wateLI ,

L sae
= —x50=T1k
Sand ;83’< _1 g

' "nsr .
= ——x50=160 k
Crushed stone 383 d g

/" Are cemint
- aggregates and
water suitable for
« ‘the mix?

Note: (1) The water -confent should be corrected for absorption of
water by coarse aggregates (as mix assumes surface dry aggregates
only) and also for free moisture is same). - -

Get suitable materials :

(2) If aggregates are to be mixed, follow Section 24.12.1.

Mix Design Reports (Step 8)

A mix design report consists of two parts: The first part should give the results of laboratory -
tests on workability and strength of at least four trial mixes. The second part is meant to
check the standard deviation that can be expected in the field. It is based on the analysis of
at least 40 trial mixes made under field conditions. The procedure is shown by Fig. 24.7.

Is standard
deviation(s) for-
similar conditions,
available?

| Assume IS value

Report; Part I—Dazta of Laboratory Tests

Trial mix No. 1. Make a trial mix with calculated proportions including w/c ratio as in ' ; : Yes
Example 24.1, using a small laboratory mixer. Measure its workability and behaviour under a !

trowel. Take enough quantities for casting six cubes, threc for 7-day strength, and another three : -Find target strength f = fu + 1-55L|
for 28-day strength tests. Examine consistency of mix with a trovel. o ‘ .

+

Trial mix No. 2. Repeat trial mix no. 1 and adjust its consistency by varying sand and water : (D esign the concrels mix by any accepted method, Example 24.1 J
within 1 to 2% to produce a cohesive mix. For the new mix, recalculate the necded water content g - - — -

and cement content for the assumed w/c ratio. Make the second trial mix, with the same wic u
ratio as in trial mix no. 1, but with the new sand, water and cement content of the adjusted

consistency. Cast 6 cubes three for 7-day and three for 28-day sirengths. ,: Part I of report. Make 4-trial mixes with' three c/w ratios and recommend
_mix per bag of coment as per standard procedure (see te)_ct)

K 2

Trial mix No. 3. Reduce the wic ratio of trial m1x 2 by 10%, kecping the same water content
but adjusting cement and sand to keep fineness approximately the same as in trial mix no. 2.
Cast 6 cubes three for 7-day and three for 28-day strengths.

Part Il of report. Conduct at least 40 field tests, to verify’
assumed (s} report results in standard format

Trial mix No. 4. Increase wic ratio of trial mix 2 by 10%, keeping the same water content
but adjusting the cement and sand. Cast 6 cubes a3 before.

. ; . 5
Analysis of the report. Present data of four tests as in Table 24.10. r Tvtabiieh auality control procedure for Teld cconmﬂ

The strength results of trial mixes 2.3.4 are then plotted with cement-water ratio as the X-axis ‘
and cube strength as the Y-axis. This plot should be approximately a straight line as shown in . Cb
- ( Stop

Fig. E24.6. Read off from the graph the required cement-water ratio and derive the required water
and cement requirements (see p. 433). ’

" Final recommendations will be made per bag of cement (50 kg).
. Fig. 24.7 Flow chart for concrete mix design report.
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7 DURABILITY ANb MIX DESIGN OF COEEI}_ETE . 41,‘1 ‘
- mm Line .I . N

e e i e 2

‘31 ed,, Research and Conspita

| T T i Design—A.C.Co ey Dirceicrste; Bombay,
" TABLE 24,10 PRESENTATION OF TRIAL MIX:-DATA - Concrate MEC 25 - ‘

Mix wlc.. -elw  Cement Waver A-g;g“fr:ég_rlt_et _ Warkubiﬁry‘ Rao, £.S., “Influence of Ceraents on VCOTI:CT;"'Vte Mixes" ’ pwceed}i:lgsaolfht!?;:i‘:;kmgl :: N
e e e G G0 @ R e o Copette i o Practsing Bnginers na Univrs, MEA e
_ o .Fine .. Coorse Observed HMeasured 1993. o ) REE ‘.‘ o - o
Tr 050 . 20, Tz T i 10262 (1932), Concreié Mix Désign, Bureat of ingidi Standards, N““ff‘.“ R
2o es0 20 - Sp 23, Handbaok. on ("Z".‘mcrei'er Mixes Based c'm._ Indian S__'tgndards, Igdian S_tégdauw

3 045 22 Institution, 1982,

CEB-FIP Model Code for Concrete Structures, 3¢d ed., App

Cement and Concerete ‘Association, London, 1978. o fs B
D Ay - o P P Lo um
ieh Strength Coricrete Misesis Proceedings of Symposit

oy b . Cement and Conerete Association, London,

4 0.55 1.82

L a4 T . : E
endix I, Conercte Technotogy 3
» i

“*This is the sheoretical w/c ratio obtained from Fig."24.2 (0.50 is taken as an example).

oo 9, Ermiroy and Shacklock, D
. wic ratioand litres of water (per bag of cement)

! 5.~ in Mix Design and Quality Control of Cencrete,
. Fine aggregate in kg per bag of cement 1954, o
. Coarse aggregate in kg per bag of cement . ‘ ' _ S
. Theoretical yield (m®) per bag of cement o 10. Lydon, FD., Concrete M;x Design,

Appli.ed Science Piihiis_hgré, London, 1973.
. Cement content (kg/m’) | e ligrs, Lo

Lh 5 L Do e

Report: Part II—Data of Field Tests -

The second part of the report should consist of results of actual’ field tests. Using a field
concrete mixer as well as materials and controls, make at least 40 mixes and cast test cubes
Twenty-eight day cube strengths of the 40 results are anaiysed for verifying the standard
deviation, initially assumed in the calculations, for the field conditions. If the assume
standard deviation has not been achieved by the controls at the site, then either tighten the
controls or redesign the mix to suit the standard deviation obtained at site.

CONCLUSION -

Two reports (mix design report as well as laboratory and ficld test data report) are to be,
submitted by the contractor 1o the engineer in-charge before the commencement of any large
project to atrive at the final mix proportions. Also, cdntinuous field control, as explained in
Chapter 25, should be mainlained throughout the constryction period to ensure quality in
- constraction, Mixes so derived are called designed mixes. )
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evaluation of strength of such materials is the stafistical method. In this chapter, we shall

- - -Quality-Control of Concrete

~_in Construction”

25.1 . INTRODUCTION,

One of the most important requirements in good concrete construction is that the quality of
concrete placed in the structure should conform.to that specified in the design. The major part
of concrete used .in developed countries is produced in central ready-mix plants. But in India,
most of it is mixed at site and, as different from the steel made in the factory, its q'ualit,y can
vary:from site to sitc and at (e same sile, from. day to day. Tic only method we can use for

examine these methods and their uses for design of concrete nifkes and for field control of the
guality of concrete. The subject will be discussed under the following heads:

"I, Principles of statistics as applied to concrc{'e‘rmix design and concrete quality control
2. Application of statistics in concrete mix design '

3. Specification for control of concrete (acceptance criteria) :

4. Testing of stiuctures in case of non-cenformity to acceptance critetia. .

252 STATISTICAL PRINCIPLES

We shall examine some of the basic principles that are used for the mix design and- guality-
control of concrete. '

25.2.1 Measure of Central Tendency

In all statistical observations, it is necessary to get an idea of the -central tendency of the
variable Leing studied. The following are some of the properties used to represent this

tendency:

1. Median. It is the mid value or that value which has as many values greater than itself

-as there are less than itselll

2. Mode. It is the most commornly occurring value in the set of values being considered.
3. Mean value or the arithmetic mean. It is the arithmetic average of all the values being
considered.

453
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Of these, the ‘mean value’ is the

distribution. The mean value of a v

2522 Statistical Distribution

THthe cube strengths of a large riumber
_conditions are taken,

‘strength near about the average v

hem lower than the average. “The curve st :
B ety of ccouen il be as shown in Fig. 25.1. Such curves ar¢ called frequency

frequency of -occutrence wi

Frequency

it will be found that even though a greater numb
alue, a few of them will show strength larger-than the average

moét*impbrtant in the study of data oc}:urgipg, with normal
i.mibgr of data is given _by_tt!ar_fgnm_ﬂg :
x=

Y

of samples from a prescribed mix made under the same -
er of them will have cube

showing the cube: strength and the

o

 Fig, 25.1

distribution curves. In the above ¢

simnilar in shape to the theoretical curve ca

expressed by the equation

- Cube strength

Frequedcy dlstrlﬁuﬂon of cube strengil:,
strength, the observed distribution curve is very

lled normal distribution- curve, Which can be-

ase of cube

N oxp _(x—f)’]
R I

where
y = Frequency

N = Total number of observations of x .

5 =
% = Mean value
x = Varighble

By putting the distribution in s

naracteristics more casily by theory. There
v d ey may be then tried-to be fitted to ©

normal distribution, and th

“1§ne Section 25.4.

Standard deviation' 7

vich. a mathematical expression, it is pos_sible to study its.
are many natural occurrences that do"not _fo_llPW
ther theoretical distribution

Iy sy
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“curves like binormal distribution, Poissd’h’s d.istrib

. fo]lo\vsf t{]e :n‘ A l' L s ] s e
<L ) a -’h_lbun()ﬂ- curve, the dlﬂ‘el‘ ence .‘betweeﬂ valious condltlcns— Uf WO ks
0 c Ve U5 L AL T.

- being reflected in thie spr e :
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concrete strength ignore the %%

LV

cts du
e to skewness, The two properties that define such a

symmetrical normal gistributi

al Gistribution

. cu

as explained beloyw. irve are the mean value ¥, and the standard deviation s i
n s is

25.2,3 Standard Deviation

In statistics, th i
. s, the variance 5% of a disiribution i
deviations fro a disiribution i3 the mean of
m the mean value of the samples. It is given ?)ytl};f st}l o Of the squares of the
: e formula

ENACT
where (x;—¥) i L n (25.2)
i is the deviation of the indivi
this value, stand lation of the individual observation fro
) ard deviation s is derived by taking the squ: afel trt(‘):“;:‘ I:;lean value 5. From
: : : e variance, Thus,

s= J@. o
n (25.3)

and generally il . ; uﬁon etc. H wever. it I . o e Foo g s e

& y accepted- that the strength of concre o0, etc. However, it lias been dbserved ™ for. (x; ~4%) 2. Henge, the: cotrection by division:

crete, produced in the Iaboratory or field, , k) § _ 3 divisiol
ot field,

ot pread will be lar :
S?]_-f: be skewed but theoretical studies Eﬁ

where ¥ is the “true '
! mean value’ froma | i
samples. With smail arge population, which cannot Wi -
moan. Substitation ofnfmbfe; of samples, the mean value will gener‘;llbeé('?;') from limited
¥ of a small sample for the true mean x will gi{e tlheer fr?m the true
minimum value

- ¢ o =T R AT AL e L
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P e

_ "(n' - 1) iﬁstéad of n is made :a_:nd t_hé standard -
deviation is expressed £31 small samples as fiven:in 18:456:(1978) Clause 1435288

&

e s
s (25:4)

1t should be noted that g8 expres.s_‘éd ih.thﬂ_ééihe unit as cube stré_ﬂg'tp-(Nlnunz)'.-Accarding _
“to IS and ACI codes, the minimum number of results for calculation of an acceptable stendard

deviationis 30. BS code gpecified that at lgust 40 samples should be tested to arrive-al the

probable standard deviation. T _ _
- Frequency tables were once used for calculation of average and standard deviation. Nowadays,
all modern scientific. calculators have in-built statistical programmes for ‘easy cvaluation of
standard ‘deviation and the average value. - o : .

05.2.4 Coefficient of Variation

When it is necessary to compare the variation in the results of two products under similar
conditions but of different levels of -average values, it will be erroneous to comparc their
standard deviation. For example, when comparing the variations of income of 2 rural population
with that of an urban population, comparing standard deviation has no meaning. Under these
circumstances, it is more realistic to compare the coefficient of variation '

100s . .
ve—— (25.5)

than standard deviation which has a dimension attached with it. *Variation® is expressed as a
percentage, with no dimensions. ' o ’ . '

25.2.5 Normal Probability Curve

For comparison of different normal distribution curves, it is desirable to reduce all of them
to single standard form. The first step to this end is to miake all the curve of the same
area by using relative frequency as the Y ordinate. Along the X coordinate we plot the
quantity z = (x; ~X)s, ie. the deviation of x from mean valueof % in terms of the standard
deviations as z. This procedure gives a single standard normal curve with a central value
z= (x;—X)/s=0and the X-axis in terms of the standard deviation as shown in Fig. 25.3. For
this standard curve, areas between the ordinates placed at various position of z are as shown
in Fig. 25.5. Such an area is called the probability integral and gives the probability that the
individual values chosen at random from a normally distributed population will have a
smaller value than the mean ordinate. Thus, for example, for (x, —X)/s = 1.64, the probability
integral (for one side of the curve only) is 0.05, so that 5% of the cube strength will deviate
from the mean value f,.

In the limit state design, ‘characteristic strength of 2 material’ (such as concrete) is
defined as the strength of material below which not more than 59 of the results are expected
to fall (IS 456 Clause 5.1.1). This simply means that the probability of failure is 5%. To get
the normal probability curve from the normal frequency distribution curve, the total nunDer
of observations, which is equal to the area under the curve, is made equal to unity as iltustrated

"’ii-ﬂi
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in Figs. 25.3 and 25.4. The spread of the curve is practically between —3s and +3s, but
theoretically it is between 0 and +o. From the per cent of arcas represented for various values
of z given in Figs. 25.3 and 25.4, we can see that the value of z corresponding to 5 per cent
failure is given by z = (fy ~ fi,)/s = 1.64, and the failure corresponding to z = 2.0 is 2.3%.

2.33 is about 1%, and that corresponding to

Similarly, the failure corresponding to z =
z =3 is about 0.1% only. :

0 4 a2 43
z = (x~X)s i

Fig. 25.3 Areas under marmal pmbablli_ty_-cl_lrve_.

=,

It

z2

17

g

e~

% 5% area ;

g ‘ 2.3%2 %

[« W

e 3 2. - .0 +1 42 43 e
z = (x-X)is ’

Fig. 25.4  llustration of the principle used for ar

ljivii:g at target strength for a specified
characteristic strength, i e

25.3 ‘APPLICATION OF STATISTICS IN CONCRETE MIX DESIGN

25.3.1 Current Margin

Design of congrete strubtun;s are based on. the characteristic strength of concrete £;. However,
by, definition, f; is the value below which only 5% of the results should fall. From Figs. 25.3

o 'f'éqifii';ﬁ":ff"Eédﬁ'fi‘iib'ifbﬁ‘:chcRE'fa IN“CONSTRUCTION ™ 463

“and 25 4 it is evidenf that the design _sttength Sy will b.e less thanltléz )mean concrete strength
£ as giv’ep by the rélation fiy, = fn ~ 1.658 (using:1.65 instead of 1.64).

Hence,- to get fi the mean strength should be higher as given 'oyr the expression
o L fas f;k',-'-f 1.655 = fi + Curent margin

So assumi':;g- that the é:oﬁcrete cube strength. follows the law of normal distribution, the mean
: ] b b y

strength for which concrete mix is designed should be in excess of the characteristic-strength

) ' ' fati at can be attained at the
by a -margin equalto 1.65 times the expected -standard deviation ‘t_l%gv E

onstruction site. This excess, as shown above, is usually 'calllc_d'thcd'cltfr;'em piargin. 1t __vanesr
. - teristic § i elow.
with the site condition and the characteristic strength, as discussed

25.3.2 Target Mean Strength for St_rl,lcti.:ra'I,Deslgn strengih of Concrete

ign a conon ix havir can strength much in excess of 'the design
T nee;(lll tqldcmlgnl;ca:l ::;:chl:::e(ﬂ:; l:lllv:;?filae:;ineers. H(g;wever, it was only d\frmg thfdlabst‘
Stfength da ss :l:lft extensive research has been done to determine how the_ mag’;m' 3111(1)11 ‘herz
gfl(a)ntiizfiv?:ly decided and recommendat!ilons; incm:porz:.lt]ectl ii:li:otizscoof; Ifjil‘;i:i:;:te;,f 39;1:;:ﬁzn rore

lines of thinking, one school arguing tha ;

s izzc:o:sv;nt irrespective of strength level so that the target strengtz‘l ;houlcii(t:s tc;ll;ttuir:eic:
;Jemri:lulti lying the design strength by a factor. The other school was ;:: 1t elo(;;ec L
tge standp:ard deviation that remains constant irrespectivc_of the strength leve ° F g |

k
. " ﬁs
« 251
]
NE 2w 5 <20 San1plcs-
4
B S %@9‘1 5 > 40 Samples
g 5
£ & Constant s
§ 10T s > 100 Samples
E
3
5 -
: 1 ! ¢ t
' g a0 40 50 60
40 10 20 5
0 . th ¥ ‘ Cube strength
Cube (st;eng ) o
a .

o < d
: Effect of assuming constant standar
sumptions on current margin: (a) ¢ ¢
Flg. 252 ln::;n::n(;‘;lst l::oepﬁ‘icient variation v; (b) effect of mumber of samples on standar
5
deviation.

in’ increases as

If one is to take the coefficient of variation as constant, tl}c fcurr.ent ma:g:t] :ﬁ: saces a8

the characteristic s'ttcngth increases, but if the st.andard dewaho;; is C(Lrit 31‘1; e e i
miargin® ¢ remains constant irrespective of specified strength after a

fxes atter in more
assumed in BRE publication Design of Normal Concrete Mixes. To study the m
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g:‘tﬁ:‘]‘,‘ 01; 1[52 Wc(;)r;hwhi]e‘ to 4examine,t!}e itjg}ividua]‘_ fa'c-‘:t_o-rs"-tha-lt.. make: -up fﬁ’é "t'o‘ta]'siﬁiié;f&
viation [2]. Observations show that ‘they: are made up of various comporients involved in

manufactore end-testing of concrete. For example, it is known that.variability of sampling and - -

-..:-:,-:s;:-::ft‘ prqflefi_g;e:; Elor_lg can produce a standard deviation of 2.5 N/mm?. Variation due to
: m ot 1lllse_ | '_m-c.ol.'.l.structlon can produce a standard deviation of 3.5 N/mm? or more. Hence
P shou]dlie practice:it was argued that, under given conditions of work, the standarddevxat_lm;
- Should 1 lsl_:am fa}:rly constat, especially above a certiin level ‘of’c'i'raractéi'i:st'i;c'E':ren,'é'f!‘z' ie.
'vari;qti%) Strength concrete, -say, above grade 25. For lower ‘strength,eithér coefficient of
. éhoﬁldh ;1 ,?r standard de.ewauon may be used for the currerit maigin ‘a3 shown in Fig,. 254.. 1t
y o .tt:hnoltjed 1:hat this Britjsh a}?pro_ach which has also been ob_serv"ed byj”ﬁizihy read;nux
planis in v:i.tli%c:fez()t t_her_.s]?mc‘as.m IS 10262 (1982). In IS 456 (2000), the standard deviation
-reases with increase in characteristic stréngth up to. grade 25, and then remains constant:

. _ ¢ upt 235, and rem onstant fi
:l}:: ;;Lﬂt;rr gll;?:‘::iz t(Tabl:p 25. (ll)r The question always arises what should be the magnitude 73;'
! ion be used for mix design. The recommeiided proceduré is to conduct nilot

. iation be use esig procedure is to conduct
g:is;(l)n;l:_:‘l;o:lélsl‘tlllc:ni sx&ml.u tohthose expécted as soon as possible before the work 'isu;:taftggt
. A Tesults to derive the standard deviation to be used for mix desi; . U .
l;; sTal‘iiTj f:'Oll;] mforfnahc?n obtained from similar previous construction worksg.n In t;‘: ‘:ll:.:.eﬂséz
o becuse?i at those given in Table %5.1, which is the same as Table 8 of IS 456 (2060) will have
high an ev(e)nct:}rllé‘on]rll .to-t IS specifications. However, it should be noted that these ’v'alueé are
N ugh hot mentioned in it, represents a ‘fair degree” of J d
very good controls, they can be much lower, Th S dics show oy Sovd and
! s . Thus, for example, studies show that, fi

25 concrete v.::th good control, the standard deviation can be.about 3.6 N/mm? and, o'lt.hgmdc
good control it can be as low as 2.4 N/mm? [1]. ' . mne

T o ) .
VABALE 25.1 RECOMMENDED STANDARD DEVIATIONS [IS 456 {2000) Table 8]

Grade of coucrete Prescribed standard deviations  Derived coefficient of
{(N/mm?) . variation (%)

MI5s - 35 ' 233

T M20 40 20.0
M2s . 4.0 : 16.0
M30 50 166
M3s. 5.0 14.2
M40 i 5.0- . 12.5
MSQ 5.0 10.0

25.4 EVALUATION OF CONCRETE AT CONSTRUCTION SITES

254.1 General Requirements

: ;ligxf:;attl?ns Tequired for controlled grade concrete field tests should be made at regular
o ensure that the concrete placed in construction conforms to the assumed design

str . 0 . 3 y . - »
o ;ﬁit‘}:hgl?nmm done bi,' taking enough quantity of sample to cast at least three 15-cm cubes
: e mould under a wet gunny bag for one day, after which they are taken ou;
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of the mould and ‘moist-cured’ theoretically at 20°C for 27 days in a field lah:orat.oxy. The -

cubes are tested surface dry after a’total’ of 28 -days’ after casting. The niean value of the
strength of the three cubes.(neglecting those with 15% variation from the mean) is taken as

. the strength of the sample (IS 456 Clause 15.4). This practice is different from casting only
_ofie cube from each sample ‘and determining its strength as applied in some other cases of

coutrol. Additional samples may also be taken -as required by some ‘organisations for other
purposes ‘such:as those for accelerated curing and testing-or checking the field curing adopted
in construction. ) ' . : - e
- The- following information regarding testing of goncrete cubes will be found useful in

practice: ' ' ' ' ' A o

" 1. Accelerated curing by heating of cubes in water and testing it as specified in IS 9013
(1978) can be used to estimate the strength oi’ concrete within a few hours after the mnking
of concrete. ' . : B ' T

2.1t is usually difficult to test 15-cm cubes of very high strength concrete in the compression
testing machine available in the field. In such cases we may use 10-cm cube for testing and the
result should be divided by a factor equal to 1.04 to get the strength of 15-cm cube,

3, Concrete specimens which are completely dry before testing can give 10—20% more
strength than the standard water saturated specimen. Hence cubes should be tested as surface
dry only. - _ . '

4. The rate -of loading in standard cube test should be 14 N/mm? per minute. Faster
loading can produce higher strength and the slower one can produce lower strength.

5. Before testing of cube, its exact weight should also be recorded. From it, we can find
thé density of concrete and also check on the cube strength obtained. .

6. As a rule, the minimum dimension of the mould, in which concrete is cast for testing, should
not be Jess than four times the maximum size of the aggregate. Hence, in case we use 15-cm moulds
for testing concretes with large size aggregates, we cast only the portion sieved through a 20- or
30-mm sieve and apply a correction factor less than unity on the result thus obtained.

Similarly, ‘produﬁtiou assessment for batching plants’ producing controlled concrete can also
be laid out when the concrete is produced in central ready mix plants, Concrete should be

purchased only from plants which have such control data.

25.4.2 Frequency of Testing

The frequency of testing is given in 1S 456 Clause 14.2.2. The number of samples (one
sample consists of three cubes) to be taken is shown in Table 25.2.

‘TABLE 25.2 FREQU.ENCY OF TESTING OF CONCRETE

Quantity of concrete in the work (m’) No. of samples
1-5 i
6-15 2
16-30 3
31-50 4

4 plus one additional sample for each

51 and above
additional 50 m* or part thercof.

Note: At least one sample should be taken from each shift:
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The statistical theory. of the method

e statisti ! of evaluati . i
cq_mphance;specxﬁcations g e on of these test results and the different

tlhrin the fq]lowing sections,

25.43 Sﬁallética! Theo;y of Testing Plans

Test. lén isa r ibed i : V
p procedure prescribed ‘in a specification to provide a continuous assessment of

the lit ) in;
quality of the product, The -testing plan should divide the product into smail lots according

T g to b passed as h Ork rogre S, ks
to the ates Ot sam; hﬂ alld allOw the WOIk ] the w S8CS. Ihe IS

of using different sampli esti
o cmiret;l":;in; :i?;?lh:f Zlijd testing plans for the producer of concrete and the client usin
g ek oF Ao lp t: by means of the “Operating Characteristic” (OC) cnrves devcréb-g
55 6 . ng to thcse_ methads, cube teut resuits are examined for two conc;"t'r y :
N () For the individual values o
- {ii) "For the average value of the cube tests

It sho iti
uld be noted that by definition of characteristic strength, 5% of test-results are allowed

to fall below iati '
L b 12:, E:;GH:F(:, :ltllch vatiation should always be allowed in the testing plan as well
practical e 0 Y the average value of cubes satisfying the prescribed conditions. F :
prctical appmval, Ofewzalt(npl}:: numl:)er for determining the average values cannot be .ve:');
e, ) ks has to be made as the work i
e 28 DD ork progresses., For this
s ned above have been made and the British specifications use thﬂuf?r:::nog‘

consecutive {OUI alld the ilCI uses “mean Gf thIEC consecuiive test IESultS as ﬂle baSES !02

25.4.4 Compliance Clauses (Laboratory Cured Specimen)

The compliance specifications in IS, BS and ACI
One te§t means average of three cubes cast
according to specifications.

prag_tices are given in the following sections.
as one sample cured in the laboratory and tested

2545 B : 2
S 5328 and IS 456 (Revised) Compliance Clauses (Acceptancé tests)

We :tl i

Thu:sg Slg}rggtl;(/){(;tzf ;nov;ng average values to forecast the trend in the quality of field work

o avemc s of Specifying Concrete, Including Ready Mixed Concrete iveotli'n.

piven g and aver ng; ms;}r;angth; to be satisfied for good control of concrete in t;rf‘ns of .
. - Both conditions"are to be met for comnli tians

required by BS and IS 456 {2000) Clause 16.3 are shown in _‘;:;)}};3;;3[3]- The conditons

TABLE 253 B S
) § AND IS COMPLIANCE REQUIREMENTS [IS 456 (2000) Table 11)

Spec %Ie y BS (N/mm?) 13 (N/mm?)
graae ivI -
t‘l:g;h:r:::;ls‘ _‘ _Mcan ?f four I[ndividual Mean of a group of four
v consecutive tests test results consecutive test results
< Ml - -
: MZ; 2{(fu~2) Z(fa+2) 2 (fu - 3) Z2(fa+3)
2(fu-3) 2 (fa+3) 2(fu—4) z(fu+4)

or (_for both) (f; + 0.8255)
vehichever is greater.

_supplier and pisrchaser (see note in IS 456 Clause 15.2.2).
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Notes: 1. (fy + 0.825¢) = fii +(172) 1655=fck + (172) (current margin).

2. If individual test fails lohly__the conceined batch is at risk. .

3. In IS, the mean of four tests is Mmited to.a quantity of 60 m® of concrete (see Clause 16.3).
It shoud include the first and the last and-ali the. intermediate tests. T :

4. Each cube strength- test is the average of three specimen with individual variation not more-

than £15% (Clause 15.4), ) . _ ,
5. In continuous production units, fréquency. of sampling is to be agreed upon mutuaily by

6. For [lexural strength compliance, see 1S 456 (2060) Clause 16.2.

25.4.6 ACI| Compliance Clause

ACI compliance Clause is in terms of cylinder strength in p.s.i. Taking f as the specified
characteristic cylinder strength in p.s.i., the following conditions should be sali;ﬁed:

(i) No individual cylinder -slreng!h (average of two cylinders) should fall bé_lo_w the
specified cylinder strength ¢ by more than 500 p.s.i. (3.45 Nfmm?) - : :
(ii) Average of all sets of three consecutive cylinder strength tests should equal or
exceed fo. C 7 Ny
If the above _comjitions are not met, the concrete proportions should be .adjusted to give a
higher mean strength. As can be-seen, the second condition about ‘moving averages in ACI
is more liberal than the BS condition.” . o

25.4.7 Impoﬂance'of Compliance Tests -

In limit state design, it is very- important that the characteristic’ strength assumed in the
design calculations is actually obtained at the construction site. The mean strength of the
chosen mix proportions (strength for mix design) should be well above the characteristic
strength according to the statistical theory explained in this chapter. In addition, while éxecuting '
the work, samples of concrete should be taken at the construction site according to specifications
and tested for 7- and 28-day cube strengths. The cube test values should satisfy the compliance
clauses specified in the codes. Unless these conditions are satisfied,) the strength of the
structure will not be the same as that of the designed strength. This is most important for

concrete used in columns.
25.4.8 Tests on Field Cured Specimen

According to ACI 318(1989) Clause 5.6.3, the building official may require additional strength
tests on specimens that are cured under ‘field conditions’ to check the adequacy of curing and
protection of concrete placed in the structure. These are called *field curcd specimen’. Their
strength should not be less than 85% of the strength of specimens cured under laboratory
conditions. In tropical countries where the curing temperatures and humidities are high, these
field cured specimen may give 28-day strengths much higher than the laboratory cured

specimen. We should not be misled by these results, -
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1’255 LOAD TEST OF STRUCTURES ©

+ 25.5.1 BS and IS Recommendations

As alread -oint d out-in Qs ; s o S
1 ngcessaryytog(-: Onjucto;l"t II:; lbcctlon 11.2, wh_c-:n cube tests'lead to ﬁon-compliéﬁée;‘-it-"may"be
dabe o o mei'.n' l;'e d load fests to prove the worthiness of members such a5 beams aﬁc{
2 _ ers whose deflection: can be measured, Loading. of a structure t’o its

- -desi i . P L
esign ultimate-load is neither desirable nor necessary. Clause 9.5.1 of BS 8110 (1985) Part 2

recommends t T i A
5 ke s o ot o e L e by s
. -‘ L ons. to. predict the ultimate strength.- st 19Uz
.regommenc.led is the greater of the following characteristic loads: gl The test load usually
® (DL+1.25LL) . - _ [1S] :

* L125(DL+LLyor DL + 1.25L1, ' [BS]

‘25.5._2_ Load Tests on Structures—IS ;356

IS 456 (2000) ' i
opl (a ndﬁ(r)g ngi!::zeml'lﬁ recommends the first of the above loadings. The load should be
bour i betmen o i ctrementally. It shfmld be applied at least twice with minimum of one
Detienti sts and then applied again for a third time and left for 24 hours
asurements should be made 5 minutes after application of each load increme.nt..

© Signs of i ,
gns of eracking should also be noted. A carcful study of the deflection readings is made

by comparin ! i
paring the measured performance with that expected on the basis of the design calculations

T - L
N he required criteria for good performance are the following:

1. The initial d i ing j
e | ettection and cracking if any should be in accordance with design calculations.

2. Wi ipni ;
Pcrcentége] iz::ostlfg: lfi‘:;i:-m deflection has taken place during the loading for 24 hours, the
Bo% o presmsse); ¢ concrete members should be at least 75% for reinforced concrete, and
concrete_‘membér' oo (:‘m:rete {classes 1 and 2) members. If within 24 hours the reinforced
test should be repsaed a(;} rec(:ver at least 75% of the deflection under superimposed load, the
loading, the stroture 1o er‘?i apse ‘of 72 hours. If the recovery is less than 80% in the sec;ond
Clause 17.6.9.1 & dout; DDI'.ISI ered unacceptable. The allowable deflection, according to IS 456
D the overa] dt:.pth o sect;ﬁtdt_}r full test lo?d of (DL + 1L.25LL), where L is span in metres and
will not apply. N in mm., In this case of aflowable deflection, the recovery clause

3. Th .
¢ structure should also be examined for unexpected defects, which should be taken

mto consideration in the evaluation procedure

25.5.3 Load Tests on Precast Concrete ﬁrodUcts

T.hese tCStS are usually i t I b
rescrlbed i .
i - ] p O cont 0] the quallt Of the precast ele]ne“ts. Usually: & rate

iy e reqmredpr;;:cl:‘\"l"'ec]. FO{- tests for assessing ‘serviceability and strength’ overload tests
o 2 strength. o 1'v’cvt:r, it may be.necessary 1o test a small munber of specimens also
the specimer rnt .exc § dgenera]lyl specﬂ_‘ned that the test resuits of the ultimate strength of
Spectnon vy oo ngd ;Il:e d;:;lgn ultimate load by at least 5% and the deflection of the
: : would not exceed (span/40) (BS imi
tests are specified: for concrete sleepers by the( Ir:ndian ;{(ai]w:;sl O Part2 Clavse 9.6 Similar

' 25.5.4 ACI Recommendations -+

" non-destructive tests are also made for- routine control of quality of manufacture.
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-It should bt_;‘ cléarly'_i;ﬁﬁe_'rstond' iﬁ,ﬁi;i'oaﬁ:tééts ar‘é.ii‘qt?'lﬁadé“zo settle :dis_putes'or litigation over
" control of ¢onstmuction quality, but they are conducted-to iést the safety of the structure ag a

whole and; if necessary,-to permit it to be used for ‘a lower load rating. Usually, for factoiy

“-manufactured components like railway sleepers and pipes, & few specimens are also tested and

destroyed to_determine their uitimate strength. In addition, certain performance criteria under
1t is difficult to test compression members as deﬂ_é'dtion, andist’ra_ins are difficn
g of compression members occurs only just before failure. Accordingly, most load:

1t to measure

and crackin, r
tests in structures are specified for flexural members only.
The following are the conditions usually prescribed for flexure tests.

ACI 318 (1989) Clauses 20.3 and 20.4.
1. Structure should be generaliy at least 56'days (28 x 2) old before testing.
2. Measurements of deflection are taken immediately before and after the loading.

3. The full total test load to be applied on the structure is 0.85 times the ‘ultimate design
Toad’, including the service load, i.e. 0.85(1.4DL + 1.7LL) given in ACI specifications.
4. Full service load should be applied on the structure before 48 hours of load test if it
is not already on the structure.
5. The balance of the test load, i.e. load in addition to the service load, that is already on
the structure to make up the test load is to be applied in not less than four equal increments,

6. All loading deflection readings are taken at different intervals till these become steady.
The final load is to be kept on the structure for 24 hours and the final deflection after 24 hours

s also to be noted. 2
7 The test load is removed after 24 hours and the final recovery deflection after 24 hours
of removal of load is also to be noted.

These are given in

The following are the criteria for the acceptance of the structure:

1. There should be no evidence of failure.
‘2. If maximum deflection of the structure in inches does not exceed [L#(20004)], the
~ requirements for recovery of deflection can be waived. (In the above formula, L is the span and
£ is the depth in inches. This works out to about 50L%h mm, where L is in metres and-/t in mm

as in IS 456.) .
3. When the maximum deflection is greater than the above value, the percentage recovery

should not be less than 75% after 24 hours. If found necessary and safe, a lower recovery may
be specified for acceptance, depending on the importance of the structure. o

2555 CoreTests

IS 456 Clause 17.4 also specifies core tests to determine the soundness of the concrete in an
already constructed member. The size of the specimen for core tests should not be less than
three times the agpregate size in the concrete.
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o ' - ‘ REFERENCES R -
EXAMPLE 25.1 (Field control of concrete mixes) _ o - _ . R
Results -of cube tests on a project with continuous production.of concrete are as follows. ‘ _ ~oncrete Mixes
- Assume fix = 30 and expected standard deviation = 5 N/mm’. Examine compliance criteria 1 $p 23 (1982), H“”dbog{eloi:; Con '
according to BS 5328 requirements. Calculate also the mean strength and standard deviation o Indian Standards, New ' . noers and Scientists,
of the results. Indjcate requirements for compliance with IS 456 requirements. Co 2 Neville, AM., Basic Statistical Methods for Engine

(based .on Indian Srandaé'ds),_BuIe_ag of -

International Text-

! SNO 75:!/.:;::;3 Ca!éu:;’!z mean e or fail . Y .;:,iizmi;::f(:o;: :j’o;l;;ecyjzing C;mcrél:é Inr._-ludi_ng Reaafy ‘Mixed. ,CO” crefe, Buteau of‘
i - _ % Individual test - Mean of 4 - - "7 British Standards, London, 1976. '
A B a0 . v ' ' - .
2 41.0 v
, 3 35.0 v
| 4 31.0 368 v v
5 28.5 339 v v o
: 6 32.0 316 v F !
[ 7 35.0 316 v F 3
5 g 40.1 33.9 v, v
9. 280 338 v i
10 35.0 ' 345 v v
1 40.0 - 358 v v
12 29.1 33.0 v v ‘

Part I: Conditions to be satisfied for BS compliance:

1. Individual tests f — 3 = 30 — 3 = 27 N/mm? -

2. Mean of consecutive four £, + 3 = 30 + 3 = 33 N/mm?
Pass or fail is shown in the 'table.

Part 2:

(a) Calculated value of f, = 34.6 N/mm? s :

(b) 5 = 4.9 N/mm? (on 12 samples only). (These are obtained directly by use of a -
calculator) At least 30-40 sample results should be used to find an acceptable standard

B .

+ - deviation,
Part 3: 1S compliance (for 60 m® concrete)
. Conditions: (i} Iﬂdividual, S = 4=30-4=26 Nfmm®
(ii) Mean of consecutive fowr, £, + 4 = 30 + 4 = 34 N/mm? or

1 I
(iij) S + 7 (current margin) = 30 + 3 (1.65 » 5) = 34 (greater of two). Mean of 4 should

be = or > 34 N/fmmZ2.
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" TABLE 261 METHODS-OF DESIGN OF WATER TANKS

.. Design consideration

- Limit-state _de.é;‘givi'
BS 5337 (1976). -

i+ Alternative methed in

i B8 5337 and IS 3370

rethods

26.1 INTRODUCTION

IS 3370 (1967) “Code of Practice for Cdﬁqretc Structures for Sﬁoragc of- Liquids™ [1] was -

Ez?::?;i(; Siifg:;: itsa:t:_g (1_978);‘11.,inu'(§ State Design of Reinforced Concrete”. Hence, 1S 3370 does

lir esign of liquid retaining structures, The British Cod ;

called the Structural Use of Concrete Jor Wa ining Sty e cltows e w2k
ter Retaining Structures, allows the use of the limi

state method as well as the method recommended in IS 3370 (called the alrernafeomet;;zlfmx']::

BS) for design of these structures. Th i i i
.;xpmned it choe res. The design aspects given in BS and IS codes are briefly

262 DESIGN OF WATER TANKS

n the' design of normal stmectures like buildings, investigation of ultimate strength is enough

" toen i ' i
sure their proper performance. However, in water tanks it is equally impottant to limit the

crackwidth to specified values which depend on th
say that the limit state method gives a more econ

f}ﬁgkl;ieinlgsfv iﬁi;?rcc:ments. lStruc:tures designed by the alternate method (IS 3370) will be
: ve larger ultimate strength and more than th i i
They will alee porve lar ( d my an the required cracking strenpth.
_ gh degree of safety against thermal and shri ing i
conditions are also specially considered i i even, stouctorss dnnang f these
) in the design. However, structures desi

: in sign, H ) signed b

methods have been found to give very satisfactory performance in the field. It shfulcl beynl;?et:

that in BS the minimum
grade of concrete e
methods of design are presented in Table 26.;(.posed 19 unter should be M23. TThe necepted

¢ exposure conditions. In general, we can
omical structure. It gives a thinner section

26.3 DETAILS OF IS 3370 (1967)

The Indian Code IS 3370 is published in fouf patts:

Part 1 General requirements

Part 2: Reinforced concrete liquid storage structures
Part 3; Prestressed concrefe structures

Part 4: Design tables (the tables reproduced from the publication by P.C.A USA)
472

1. Cracking | -

2. Strength

3. Deflection

_Ohne of the following
‘nethods: :
: l Direct calculation 6f crack -
“width of an assumed section.
27 Limiting stréss-in steel-and - -

thus inditectly controlling

- crackwidth, by using tables

and charts available for this
purpose [3]. ’
3. By ‘deemed to satisfy

“clause’ by limiting the tension.

in steel to specified values,
MNote: Cracking of imvmature
concrete due to constrained
shrinkage and change in
temperature should also be
considered separately.

One of the following methods:

1. Ultimate limit strength with
partial safety factors

2. Deemed to_satisfy clause
by limiting tension in steel by
elastic analysis.

By calculation given in
Chapter 1.

limiting the tensile stress in

‘eoneréte of an tincracked section.
©(Note: According to 1S 3370
- Clagse 5.3 on liquid retaining

faces the direct horizental

“tension and bending fension in

concrete ~should satisfy the

" interaction formula

‘—-r—q“—‘sl

1 oy
where ¢ and o', are the
calculated direct and the

bending tension, and ¢ and o,

_are- the allowable direct and

bending tension.)

Strength of cracked section by
limiting the stresses. The
stresses in stcel and concrete
due to the bending moment,

_ shear force in the section due

to the loads should not exceed
specified values.

Deemed to satisfy by L/d
ratios.

Part 4 is very useful for the structural analysis of water tanks and parts 1 and 2 give information
about proper design and construction of reinforced concrete water tanks.

26.4 DURABILITY REQUIREMENTS

The exposure classification, allowable crackwidth as well as the minimum grade of concrete,
cement content and cover to be adopted for the various exposure conditions of the different
members of the tank (e.g. walls, roofs, floor) are given in Table 26.2. The exposure conditions
are classified as class A, B and C. Of these, class C structures ¢an be designed as ordinary
concrete structures but exposure conditions A and B require special considerations,

As crackwidth depends to a great extent on the level to which the steel is stressed, we
usually limit the allowable stress in steel and there is no advantage in using steel of grades
higher than Fe 415 in water tank members subjected to classes A and B exposure conditions.




474 ADVANCED REINFORCED CONCRETE DESIGN

TABLE 26.2 -EXPOSURE CLASSIFICATION AND THEIR DESIGN REQUIREMENTS
‘ : IBS 5337 Clauses 4.9, 4.10 and Table 8]

Exposure " Minimum grade Minimum cover  Allowabie Minimunm cement
- with 20 mm (nmm)to  erackwidih content
Class Condition aggregate ©oalfsteels - (mm) T (kg/m¥)
- Class A Exposed to moist or Mio C 40 0.1 = 360.-for 20 mm
: ‘corrosive atmosphere &) aggregate (for
. or subject to alternate ; 40 mm, reduce by
“wetting and drying ' B 40 kg/m?)
Class B' ' Almost in continuous M25 40 0.2 290 for 20 mm
contact with liquid aggregate (for
o : 40 mm aggregate,
reduce by
30 kg/m¥)
Class C Not exposed to liquid M20 . 40 03asin Asin ordinary
or moist or corrosive IS 456 structures

condition (normal
conditions as in
-ordinary structures)

Notes: 1. When a wall or face is not thicker than 225 m_im and onc of its faces is exposed to-class A
er class B then both faces are to be classified as exposed to ihe worst elass. For example, roof of tanks

thinner than 225 is to"be classified as exposed to class A on both faces,
- 2. Allowable crackwidth of 0.3 mm is based on appearance rather then on durability.

265 DETAILS OF DESIGN METHODS

. According to BS 5337, a water tank can be designed by any of the following methods:

* Limit state design
* Alternate methoc_l

The second method is recommended in 18 3370. Both of these methods are shown in Table 26.1.

26.6 LIMIT STATE DESIGN PROCEDURE

o

The design shouild satisfy separately the following requiremients under serviceability and
ultimate strength conditions: .

L. Under serviceability limit state of loading (with load factors given in IS 456 Table 12):

"(a) The width of cracks should be within the Jimits specified in Table 26.2.

(b) The deflection calculated by the standard pracedure should be limited to 1/250¢h
of the span, ’

- o . N
DESIGN OF STRUCTURES FOR STORAG!V.MQ}: LIQUIDS

- 2 UIldel ullllll.a imi t iti W lth 1-611“1 he Servlce_l()ads accoIdI to S
i te hmlt state condltloﬂs ( es t "
) . . g il ',' . 51 - Stle“gth, boﬂd, ancho. Iage, etc-, shO‘-lid be Safe‘_ whell
s s 1 s.
Calculated-by thc ilsuai llmlt state theory_ Of C{)nc.l'ﬂte SltllCllllfc

D
26.7 CRACKWIDTH ANALYSIS IN LIMIT STATE METHO

i i tension and those
. ie to flexural tension, direct | nd ¢
i ¢ considered are those due f tensio ion and those
The crackwlfilh(s; :;r?nkage and heat of hydration during .the :rptla,l .s;aghes (f:; C;n-el_:ses 30 fhe
due to restrainec t tension may be ‘deemed to be satisfactory” if the s plesscs do not
Ol'ﬂck‘(;’i‘iﬁh ‘i dl’;‘:(l:ﬂe 26.3. The crackwidrh in flexural tension can be cqntm Vv
cxceed those in AT i .. .

one of the two following procedures:

] ‘ EL
URAL TENSION IN STE
WABLE DIRECT OR FLEX
TABLE 263 (‘gll;kelCEABlLlTY LIMIT STATE) (BS 5337 Table 1)

Allowable siresses (N/mm?)

Class of apose Plain bars HYD bars
85 100
B ils w130

. e above Iﬁquue €] D‘ cra y [ de d be Sa ISfBIC. L
. ments f Ck ldth

PRQCEI ) RE 1 |h b W ma b eemne: to 11 A

lf the Steel UIlder service COIldltlou dOLS not e.(CEed lllOSC m Iable 26-3-

se. of the formula in BS 5337,

idth may be assessed by the use o 8 537

e b 2: Th‘:i::: aciakn‘:’l;ined ﬂeyxure and direct stresses, the calculated F?ﬁ:;a{, :1;.:.
Whe?dﬂl;e mertril'bf":;dlswlilnen calculating the crackwidth. These procedures are expla
should be modi |

25 7.1 Procedure 1—Limiting Crackwidth by Limiting Steel Stresses

- . - . )
In thls nlethod wWeC ana yse a CIaCkEd section (ﬂl Whlch ConCIcte takes no tension a[ld ensure
3 l
[hat the tension mn Steel 18 llm].tbd to Values gl\‘en mn Iable 26.3. Ihe followmg dESIgn f()l Illula

g'
can be del‘n‘ed fﬂt these condltIOIlS fOl a Sl[lgly IemeIccd conc!f:te section In be]l(ll]l
- . . - -
i ly M
Ihe lleutral axis dCPth (-‘) 15 Obtallled fl’OIn th& Con\'entloﬂai eIaStlc analysis

nlodu a ratio (elastic lIleﬁlOd Ot chI I Ol e ﬂfolced Collclete Wwe kll at
\ ] r ( l ) g 1 y
Fl (s34 oW "l

{26.1
Xa —mp +mp{2 + mp) {26.1)
d

.-
hcrc p A erd '(Steel ratiO). Th reSIStl.ng moment can be exprcssed 7
W = 5 13 8] as

X
M= A,f,[d—ﬂ
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A

-where p.is. the percentage of steel, qua’fio:_f(2'6.3) indicates that Mi(bd?) is fairly proportional
~to.p fora given value of f,. For rontine désign we can tabulate the following two tables,

L Table 264, For values of M/(bd%);: the required- 1004,/(bd) for values of ., ielthe
‘momen istance factor and the reinforcement percentage for a given value of A o
. 2. Table 26.5. For values of 1004/(bd), the values of x/d and 100M/(f,bd?), i.e. for the
reinforcement percentage the neutral akis depth and steel stress factors. - -

TABLE 264 DESIGN BY LIMITING £, VALUES
(fa = 25, m = 15) (SP 16 Table 70)

M 1004/(bd) for f, (N/mm?) M 1004,/(bd) for f, (N/min?)
ba® 100 s 30 b’ 100 15 130
0.10 0.11 0.09 008 094 . 110 0.95 0.83
0.04 015 - . 013 002 0.98 115 0.99 . 0.87
0.18 0.19 0.17 0.15 02 . 120 1.03.©  0.9]

S 022 0.24 0.21 0.18 1.06 1.25 1.08 0.95
0.26 0.28 025 . 022 LIO 130 ¢ 112 - 098
0330 0.33 0.29 0.25 1.14 135 116 1.02
0.34 0.38 033 . 029 118 1.40 1.21 1.06
0.38 0.42 037 032 1.22 1.45 1.25 1.10
0.42 0.47 0.4] 0.36 126 1.50 129 1.14
0.46 0.52 045 039 130 ' 134 . 117
0.50 - - 0.56 049 . 043 134 138 121
0.54 0.61 0.53 0.46 1.38 143 125
0.58 0.66 0.57 0.50 1.42 1.47 1.29
0.62 0.71 0.61 0.54 T 146 : 149 1.33
0.66 0.76 0.65 0.57 1.50 S . 137
0.70 080 - 0.69 0.6 154 o 1.41
0.74 - 0.85 0.74 0.65 1.56 _ 1.43

078 0.90 0.78 0.68 1.58 : 1.45
0.83 0.95 0.82 0.72 1.60 1.47
0.86 1.00 0.86 0.76 1.62 1.49
0.90 1.05 0.91 0.79 1.64 1.50

Note: Maximum percentage of steel used = 1.5
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’ ]ABLE 26. 5 L‘ALUES OF de AND 1004 (f ( )5,3 ) :-.[,a, Cke_ d SL‘..".O'") (J’Jl ‘5)

. {Refer SP 16 Tables $1-94) (Eqs. (26.1) an

' : S a 100M VOOM
10M 1004 g 1004 X oM

mb(.)«:A' - B 3 d S Ted 4 [k
o010 T orss. 0085 . 054 oc 0330 .. 0481 104 ggg 0893
ors | 01& T 0131 00 - 0344 0531 10 D43 0l
020 - 02177 0.8 0.64 0383 .- 0565 Ll4 0438 0972
0.24 0.235 0.221° 0.70 0365 0615 ,1.§g= ous L0l
030 .. 0258 - 0274 0.74 0373 . 0648 1._30- 0dd9 1057
034 oz 03y 080 ggg; | ggg; : 34 0464 1149

o - - 0.202. 0361 084  03%2. O 134 :
3133 0303 039 . 0.0 o,:gg g;‘:g :_.jg _g.:;é :;sg
050 A S Yoo 3:4-1'3 0861 150 0483 1259

0.50 0.319 0447 . L0O

'—- 15 is tecoinmended by BS for all grades of concrete. (The IS 456 value of

A value of m 13.3.) The maximum stress in

m = 280/(3c,), which for grade 20 concrete works out to only
concrete can be obtained as follows: .

A fy =05fbx
d (26.4)
fc = zp._x'f:
26.7.2 Pfocedure ‘2—-Méthod Sased on Calculated Crackwidth for Section in
. Bending

preliminary design for crackwidih by directly using
¢ crackwidth by limiting the stress which is derived
be made as shown below for the second

In this procedure we can either check the
crackwidth formula or indirectly cor.ltrol th
from the crackwidth formmula. Design charts can

procedure.

26.7.3 Derivation of Allowable Steel Stresses for SpeclﬂedVCrackwldth

The formula is BS 5337 for crackwidth in water tanks is as follows:

4.30m (26.5)
T 142.5 (@, ~Cuin M (h—X)

w

where

_ 0.15,h(a’ - x) 10 -
fn =TT =) |
w = Crackwidth at the point considered for crackwidth

. ot
a., = Distance of the nearest bar from the poin
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Coin = Mﬂﬁhum specified cover
& = Average strain with ‘stiffening effect
h = Overall depth of member

x = Depth of neutral axis calculated by assuming m = EJ/0.5E,
& =Strain at.level considered.

b, = Width of section of centroid of tension steel _
o« = Distance of coitipression face fiom the pu.mzt n:ouzidcrcdfof crackwidih -
4, = Afea of steel | | |
£, = Service stress of steel

Here, the value of E, is taken as one-half the instantaneous value for calculation of m.

Equation (26.5) is similar to Eq. (2.5) for crackwidth in beams and slabs except that the
probability of the calculated crackwidth being exceeded is less than 5% (instead of 20% in
beams) and the stiffening effect is related to the service stres f,.

This expression is true only for singly reinforced section. With compression steel, there
will be a reduction in the lever arm and a reduction in tensile stress, leading to a reduction
in crackwidth. This change is small and the same. formula can also be used for doubly
reinforced beams. We have the option either to use this formula divectly or find out the value
of steel stress f; to be uscd so that the width of crack will be below the specified value,

We shall now discuss how the second option of limiting steel stress to indirectly control
the crackwidth can be achieved. Let us consider a reitiforced concrete member in which

f = Stress in steel
¢ = Diameter of reinforcement bars
s = Spacing of bars
;: = Cover to reinforcement
h = Overall depth of member
g = the sirain at the tenrsionrfaqe = -g—i--g% _ (26.52)

f we consider the crackwidth at the surface of the tension wone, then o’ = k and (a'. = f}
= (h - x). With E, = 200 x 10° N/mm?, from Eq. (26.5), we get

o = Azx fe OTbd R} ' (26.6)
\d-x200 f, A d
Putting A,/bd = p = the steel ratio, we obtain the crackwidih formula from Eq. (26.5) as

o 4.5a, h-x f, 07h 1-073'
142502 ~c)(h—x)\d~% 200 f,pd

(26.7)

" where p is the percentage of steel. We .can thus get a 8
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Reaﬁanging, we get

1000w 25a°’~_c - h-x'_j;___qlf_] N
s BT ds 200 fipd)
Sag\ ‘ .
V ) ) ) . . I3 bta
Simplifyi:ig and reducing the expression to 3 quadratic in £,/100, we obtan ,
_ n-x( Y 1000w[1+2_5ac,—c)_f_,_=0.007% e
05-—\900) “dsaL\ | h-x /100 P

i‘(« s kl'l()w that cxackWIdtll accurs at the tellsmll face betweeﬂ ba‘s, “’helc

. 2 ¢ 2 ___f_ ) ‘ : (26.9)

22 R

, i ified crackwidth w, and @ and x'W.
o o6 &) e get the maximum value of f; for a spect G and X WhICH
l;rom ?g‘o(t? ffgixé%ff’ i:wc adopt particular values of w, ¢, 5, and &, the equation can. se
epen . » : ¢ nalc !
topgive a relationship between f.and d, where

) h=d+ct % -
From the specified values of s and ¢, we get
4sd

witﬁ m=15. Wé can get the neutral axis depth from Eg. (26.1) as

-'—:'; = ~mp +Jmp{2-+mp)

1 . ff btalned from Eq- (26.8) 15 thc siress m !clllfotcelllenl m a glvell SBC“\OH fo‘
Ihe value ‘0l f; O

i 5. (26.3) as
ified crackwidth. It can be used fo determine the corresponding MHbd?) by Eq (26.3)

a spec ; . | :
V 7 M _P 1.__5.) f.
bd? 100( 3d

et of curves for values of

r i be used as a
) Ml(b(fl) and 1004 H{(bd) for particular values of w, ¢, ¢ and s. This curve can )
§

l - ) H Et ] ] f
¢ IV ald f T deSIgn of lhc COnCIClc Sectloﬂ fOI Specﬂled cfackwidth ‘3 I- uci1 ¢ arts Tor
- COnvenic t O

W= (} = 40 al d 60 Wit ¢ = 0 1 or varlo st l Spa illgs are Sh(‘l n
mim h 2 mm f T10US £L. C W.
.ZA mm, ¢ mm ]‘1 - .
|’ ole. [llc ll!le = 130 in ‘g 6 : Q ds a i IOX]!liatﬂy to the ICIatlon bct\‘ueen
' ] ) s Fl . 2 .1 COITCSP TS pp .
the aNllowa' ble Stfessj;.30 N!mm and Ml(bd ) giUel‘l iﬂ Iab}e 26.4. Slml]i.ar Cha'r‘ts fDl’ Ual-ues
Orf W= 0.1 aud 0.2, c = ‘I'O, 50 arld' 60 Wlth q: = 12, 20 and 32 are avallablf. mn Rﬁf. 3 l

‘ 26.8 DEFLECTION ANALYS!S

The em cal m -h() u i in 456 clause 222 or
D ca i i i spec\ﬁed in IS 5 . sc.
iri d using the modification fac.tors as ~ihis
leore .Cralnc- a]iculeatﬁon ofldeﬂection as indicated mn Chapte.r ] can be u:fd f)() h plllpl! ¢
t( hr I“S :ﬂd BS methods are very similar for the calculation of deflec
The v on
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£.450. ADVANCED REINFORCED CONCHETE DESIGN T
Tz B ' o - - DESIGN OF sTRUcw:REs?:_;Fo 3
TTEwSARES ' - T
wEp2ange : . T e
T \ \ \ - 26.9 .STRENGTH ANALYSIS BY ULTIMATE L!_M]I_—%;-‘&ETE C
'-,\ \ ‘]s\ g E E |~ s : For sirength calculation, the ultimate lirait load shouid satisfy the conditions laid down inlg
NN Y qeE £ 456 or BS 8110. _ ’ S
[S3Y=1 ’ - :
ANANN N 8 o o - |
\\\\ \ - 2 e® ], - 26.10 DESIGN OF SECTIONS SURJECTED TO BENDNMG AND TENSION
RN T1- - 3 : - - . _ - o
\'\ N \ O Jhen there.is a bending,_moment___M and; a tension N acting atthe tnid-point of a section, 2
ANAN T 5 i ¢sign formula can be derived by transfexring the tension’N to the level of the steel. This will
I \ ::{q ] - gimmltaneously reduce the value of Mto M, as already shown in Fig. 26:2. Now from Eq. (26.8),
. g & o M= M~ AM,  AM=Nd - 0.5h). B
\\\ " 2 E : . where (d — 0.5h) is the :dis't'an'ce of the sfect from mid-point of the section. We then provide
b i 2 . steel Ay and Ag for M, and N $qutately, ie. o o T
> % ' ’ : ‘ A _’!’ﬁ.
s Z ' b
[ g N
S A, for — X
P @ S L d_oE _ A
° wnsN ¢ ';} < o § In both the cases, the allowable stress in steel is equal to fi. The total stec) required is
] ¢ i E Ay + Ay However, when we design with the crackwidih. formula, the arbitrary introducing of
2 = - 8 A,; violates the value of the stiffening effect of concrete in tension in the crackwidth formula.
- "‘\ o - " E Hence we have to reduce the stress and increase the stecl area S0 that
AN, ~ & - e~ : :
- R _ EEE 3 A, = (A + Ao 26.10)
~ NN I+ o 3 The condition to be satisfied is that the average strain due to A. at stress f; should be equal
e KLORNNR N oo s
TINTY Y\\ P : e ‘s io the strain due to Ay and f. Using the strain equation in (26.6) and neglecting the small
E \\\\ Y\\ . = g 2 change in neutral axis depth, e have the following condition:
% NUNNAN 2 £
\\\Q\\\\\ {‘/ \\ s - P h—x f_‘ 0-7bh h—x fﬂ 0-71)’1
k. o LABL SR v
OB S s g4 1200 Af, d-x200 Agf
\ \\ M T [ s/ s 51/ 51
.\:\\\\: N S 2 E ; Regrouping the terms and multiplying by 200, we get the condition as
NN I 2 58 . :
P . &g
NN . " g8 l@[pf&fﬁ}:h h‘x[l___f.s_}
7 * — s
\\\ AR < Ea: §. Aslfsl Asf.! d-—x fsl
N % g Substituting for f3f;z from Eq. (26.10), we get
N 8o 8 '
sl g g 140Dk d—-.x[l_ Ay )=1__A51+A,2
9
< - . E :g Aslfslz h-x Ayt A 4,
" (-9 N
& " 2 - o . A+ A (26.11)
MNP hd 3 e 1406h Ay d-x
& Agfii® An A B
fo satisfy the stiffening effect.

(4,, + Ap) is increased to As
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26.10.1 Interpretation of the Effect of ¢ = M/
We have the value of M, from Section 26.8 as

My = M- AM = M - N(d - 0.5)
Putting M/N = e, we get :

M M 0y e (i
=g A -05h) = e~ (d~05h)

The. following in,terpretatiqnsr can be made as already mentioned in Section 26.11:

1. ‘When e = (d - 0.5k), the val

ue of My = 0 and only N néed to be considered at the
level of the steel for design - )

2. When e > {d - 0.5k), the value of M, is positive and the scction is in bending so that
we can apply the BS-crackwidth formula.

3. When e < (d - 0.54), the value of M,
which was in compression with M onl
on the basis of allowable stresses
be as shown in Fig. 26.2.

05N e 05N e
n=——|1+ and A,=-~""f]-
TS [ d—o.Sh) 2L [ J

is negative so that there is tension in the region
y. In this case we should have reinforcements designed
given in Table 26.3 on both faces. The respective areas will

d~0.5h

Fig. 26.2 Distribution of steel in section subjectéd to bending and tension.

2611 MODIFICATION OF CRACKWIDTH FORMULA IN SECTIONS WITH BENDING
AND TENSION

The depth of neutral axis x as calculated for bending only will change when the bending is

combined with tension. The procedure to estimate the modified value for calculation of
crackwidth is as shuwn in Fig. 26.3. *

1/ 1=
h dof
1 rCG of steely

L 2 B

X

»

Fig. 26,3 Concrete section subjected to bending and axial tension.
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M‘ : e 0 ctiot | .. wn in
Let the bending moment is and tension at the centre of the section is N. As sho ‘
e -

26.2. the combined effect of M and N, will be equivalent to another txuiding moment and
' Fig. 26.2, the co i . :

a tension N at the level of the 'st_eel. From Fig. 26.2, we have

o mewefeg) sl

If we put e = MIN, “.'c will get two cases as already _indicated.

) L P agr - th
1. When e is greater than [d — (#/2)), the value of A/{_I is positive and the crackwid
calcﬁg:i‘:m .by:th‘_e formula for crackwidth in bending is yalld.

Case 2. When ¢ is 'le-s-s. than [d — (A/2)], the value of M; is negative and the section IS
ase z. | .

. - -
lmdel‘ tension.” The cfackwidth Calculations by the fOIjmllla fOl’ ) CtackS i g A
. . ) ! ) bcll(ll" arc nﬂt
appllcable. The Ualue Of, Sm m Eq. (26.5) has to be mod‘fled- -

de : : 1 axis, and
ximati i d to find the depth of the neutra
i roximation method can be use: noutral axis, S
. f?'“o‘;::cg ?p?rhe effect of the tension (M) is to reduce .the1 vah_xzs:):ad Z . p})Then the
o lgm 'er‘ Its et:fect can be approximated to having lesser steel py 108
neutral axis x. be ap
get the equation

_ M1=M*N(d‘“73 ‘
&(dﬁ] . e

2 i o p £

.

thn e¢— (d h/2) = 0 Ml = 0 1o Steel 15 quuued Iience asa flISt ap IOXll!latlon we assuine

the Ieduced 'aluc p as ph “hete

. (e+h/2)—d=p[1____"__-.]..-_ (26.13)
BEPT ) Cer(2) ]

W of the . i ith thi i i area p,. As
- | axis x with this modified stee
Afin lue of the-depth of neuira s _ teel aea pu- 8
m“3 ot ﬁriledc;l::ur:tcud about the centre of compression, the exz;lctb value i:j e(:: {){; ,
b 01?:::1;;:; The second 'aﬁproximation of the area of steel will be p, g
y i . o .

26.14) -
o __d_—_(x_’él__} - e
P2 = Pn(i' et (D) —(x/3)

Therefore,

is i tili the difference in
i is value of p,. This is repeated
i the value of x/d with this va ; . AR
ol Coy f‘:ndaticm is small. From x we determine the stress in ste.el j;,hciugnal O e
Vahlﬂ_ofltt bg lFer the calculation of crackwidth, &, is calculated b){ using ‘
€ & v d "
ti(:e;:lin:? net:tral axis. First we find the strain at the level of stee

s

fE

¥



method Of deSlgll Whlch lS more Qr: leSS the Sallle as 1“ IS 3370 ‘See SECI!OII 26 13
.
)

. -84 ADVANCED REINFORCED COMCRETE DESIGN

The AT e A
he maximum strain at the surface of the tension area is e ;giveﬁ b
1T | Y -
. gl TEid-x | |
&, 18 duter'm
» ned from’ Eqs (26.5) and {26.6) for estimation of crackw;dth

_ 25 12 HECOMMENDED PROCEDURE OF DESIGN

. Th
e fallowmg recommendanons are; useful for the d851gn [3]

IR

tng Sé] Vlcea ]llty deslgﬂ ls based On a]l . .
owab].e Steel Stresses We il
Se the altemalc :

* 27 If the serviceabilit
_ d
prehnnnary dcs:gn y design :§ based on crackw:dlh we usc the followmg criteria fi -
j rla or', :

() 1f Fe 250 steel
is used we need desi :
exceeds 1.0 for class A and 1.5 for class Bg l::x(::)lsyu::: ulllmate S“ength “nless Ml(bdz}

(b) If Fe 415 steel is
used, for class A ex
posure, design fi -
en for ultimate limit state if M/(bd 2) ]

is 1
ess than 0.6 and for service load, if M/(bd?) is greater than 0.8.

(c) If Fe 415 st
steel is used for class B exposure, design for ultimate strength he i
when

- MI(bd?
; 7( .)‘ is Tess than 0.8 and for service load when MI(bd?) is greater than 0.8,
: N an

26.13 ALTERNATIVE METHOD OF DESIGN

Designing a sectio fmiti ' -

n for Fmitin, H : :
be catri 1 g crackwidth as well as providi ;
fed by the method given in the following seétpio?l:ldmg the necessary strength can also

26.131 D t '
esigning for Crackwidth by Alternative Method (IS Method)

In this methed, w :
is T , we analyse or check th i
lastic analysis and - ck the already assumed secti R
that the craikwid]:l(li ‘fii}r;,ct lt!le ltensll_le stress in concrete as shlo?\:ng(isna'rl]‘ ltl,lllt:racked section by
e limited if the specified tensile stresses are xfot Z:fc%:t'i \;Velgsgl;rg; ]
ed. -

Ié - 3 - 3
quires the interaction formula to be satisfied as in Table 26.1

“TABLE 26.6 ALLOWABLE
e 'ABLE STRESSES IN
(1S 33 CONCRETE IN UNCRA
70 Method and Alternate Method in BS 5337N)C(IS g;lzDT:ﬁCT;I)ON (Nimm?)
e

Grade of Direct tension , B
concrele - Bending tension Shear = QHbjd)
- - BS 1 BS
20 12 - ~ 7 IS BS
.25 13 ' - 1.7 -
_ 30 15 1.31 ” 1.34 So19 104
144 20 2.02 - sy 219

Notes: 2] Steel sli:css = m X Concrete stress
. mi =15 in BS and 280/, in IS.

The following are th
e recommend
be used in the interaction formula. ed values of the allowable direct and bending tension to

~'strength.
=15 to'24 Nlmm fo

726 13.2 Desig
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S e

dcpendmg on the conctete

1. Direct tension-t = 1 110 1.7 N;’mm2 for M15-t0 M40 concrete,
T MIS 0 M40 concrcte, dependmg on the

2. Bending tension Cu
concrets strength

ning for Sirength by Alternail

fety against overload and other contingencies. F
he steel. and concrefe siresses to

Strength desngn means 88

use the convenhonal ¢racked section analysis and. vestrict ¢

specified values given in- Tables 26.7 and 26.8. As can be seen from Table 263 in ‘BS 5537
the steel stresses are the same as prescnbed in the deemed 1o saltsfy method

ve Method of Deslgn

or this purpose we

TABLE 267 ALLOWABLE STRESSES IN CONCRETE ™ CRACKED SECTION (N/mm?)
rnate Methed In BS 5337) (Ref. Tabl¢ 15. 18 456)

(1S 3370 Method and Alte

Average band

Direct Bending ' Shear
Grade of compression conxpreSsio‘n : v (piain bars)
concrete — e e
) 18 Bs 15 BS 18 BS 15 BS
20 5.0 - 70 - 456 - 08 -
25 6.0 6.95 8.5 9.13 Table 0.77 0.9 09
1.0 1.0

30 3.0 8.37 10.0 1o L 0.87

26.8 ALLOWABLE STRESSES IN STEEL IN CRACKED SECTION (N/mm®)
fve in BS 5337}  Refer 1S 3370 Table 2}

1S 3370 Method and Alternat
Plain bars Deformed bars
_.,__-——--__..——-——-_ e eyt

TABLE

Condition Exposure
_ 1S BS - 18 BS
i Tension ‘ - .
Direct A 115 85 150 100
Bending B 125 115 190 130
Compression Aand B 125 125 175 140
in columns .
Shear ‘
A 115 85 150 100
175 130

Direct
Bending B 125 115

ECTED TO TENSION ONLY

26.14 DESIGN OF SECTION SuBJ

We have to satisfy the following two equations:
Afe=N {26.15)
(26.16)

(bh + (m - DAY= N




486  ADVANCED REINFORCED CONCRETE DESIGN

For balanced @csign-we combine the two equétions to get

f::t'

A, is calculated from Eq. (26.16) and we pl_a_;::_e thé steel us_ﬁally,at the midline of the section,

26.15 DESIGN OF SECTION SUBJECTED TO BENDING AND TENSION

We use the same princi ; ; i i -
it e principle as _cxpiamed is Secno_flf,%'l,o and t'mally;chgck th:e scc_tiop_for

2616 DESIGN OF PLAIN CONCRETE TANKS .

IS 3370 Part 2 Clause 3.2.3 allows plain concrete met of conere 7
) 7 : 3.2. : embers of concrete tanks to be designed b
allowing bendmg tension as specified in IS 456 Clause 5.2.2 with the flexural tensile ftrengt{

£ = 0.7 » Nimm?. By providing a suitable factor of safety (say, 1.5) such design can take
care of cracking under bending tension. However, the mini requi g

. s e .H A nimurmn required steel for shrinkage and
temperature (see Sectlpp 26.18) should also be always provided in plain concrete mcmiers.

Rl

2617 STRUCTURAL ANALYSIS OF TANK WALLS

Except for simple cantilever walls and circﬁlar rings: ¢ the t the analysi ‘ l
ever S rings free at the base, the analysis of tank wal
for moments and shear is difficult: The following methods are ,hsu;lly usedyin India: vale

1. Reissner method
2. Carpenter’s simplifications of Reissner method
3, Elastic analysis as plates with various boundary conditions [4]
4. Approximate methcds o ' ,
. Tables published by the Americ ciation [5, 6]
IS 3370 5 Pat £, y“. © _afl P.qrtland Cemfnt.Assccmtmn [5, 6] and adopted.by

[¥.3

We s'hall derall only with the last two methods as it i§ always advisable to use the code for
pracu;al de§_1gns,dWe shl.lould remember that it is difficult to fix the base of tanks, and in design
procedures it is advisable to investigate other conditions also j at | ini

: ] and us 2
the required reinforcements. e Judgement in determiig

26.17.1 Approximate Methods of Analysis

For fixed bases of tanks, we assume the cantilever action is limited to the following lengths:

1. For circular tanks, let f7 = height, D = diameter, r = thickness.
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Value of HH(D!) of circular tanks * Height of cantilever action (larger of the miwo)

},J(L_m_—.l.} I

Less than 6 ) Full height
C6-12 ' . HA3orlm
12-30 © HAorlm
>30 Full hoop len_si'on

2. For rectangular tanks with length (L) and _bréadth (B), the following criteria are used

for the analysis: .
re analyzed as continuous beams.

(a) For L/B less than 2, the walls a

(b) For L/B more than 2, the long wall is taken to act as a cantilever fixed at the base,
and the short wall is assumed to bend horizontally with its suppert on the long wall for a
portion above Hf4 or 1 m
cantilever. : .

(c) For tanks such as swimming pools,

designed independently as cantilevers.

from the bottom. Below this depth, the short wall also acts as

where L and B are both large, they should be '

26.17.2 Analysis by Tables in 1S 3370 Part 4

in IS 3370 Part 4 for structural analysis of water tanks. The

The following tabies are ‘available
Fig. 26.4 (table numbers sefer to those in the code).

coordinates are taken as shown in

: z
bi2 b2

c“], .
S 27y (Lengty

= 7%
o

g

a
i

Yx

Fig, 264 Coordinates for tables In 1S 3370 Part 4.

1. Tables 1-4; Moment coefficients for slabs with various edge conditions.

2. Tables 5: Moment coefficient for rectangular water tanks with walls free at top and
hinged at bottom -

3. Table 6: Moment coefficients for rectangular tank

bottom
4, Table 7: Shear at edges ©

s with walls hinged at top and

f wall panel, hinged at top and bottom

5. Table 8: Shear at edges of wall panel, free at top and hinged at bottom
6. Tables 9-19: Forces in circular tank walls under various conditions

7. Tables 20 and 23: Forces in circular roof slabs.

Triangular loads correspond to liquid pressures, uniform load to gas pressur

load to liquids like petrol which may evaporate
unless vents are provided for the gas to escape.

e and trapezoidal

and build up a pressure above the surface
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'26.17.3 Shear Coefficients

In rectangular water tanks, the shear force along thé Edgcs of the walls is used not only to '

investigate the shear and bond characteristics but it is"also used to determine the moments

" ‘and tension in the adjacent walls. These shear “force i‘alugs'ﬁré given in Tables 7 and 8 of

IS 3370 Part 4. The shear values in the table are sheay per unit length in terms of wa®. The

use of shear coefficient is shown in Example 26.1. The effect of tension in shear is shown
© inTig 26.5 (IS 436 Clause 40.2.2 and ACI Eq. (11.9). -

=kt

Tension (f}) Compression (/)

Fig. 26.5 Modlﬁcatlbn of shear strength of concrete subjected to tension or compression.
26,17.4  Other Forces Acting on Tanks

Many forces such as the following also act on the tank:

1. Vertical moments thrust and weights from the roof of the tank

2. Earth and water pressures from the ground, depending on whether tanks are on the
ground or below the ground N

3. If the tanks rest on the ground, the weight of walls has to act though the edges of the
tank which is usually thickened. For moderate size tanks the walls are made continuous with
the base but in large tanks like swimming pools the slab and the wall are designed as separate
units. The joints are also provided with waterstops to prevent leakage from the tank.

26.18 DESIGN OF GROUND SLABS ' :

Section 16 of Handbook BS 5337 [7] gives details about joint and reinforcement in floor slabs.

IS 3370 Part 2 Clause 7 also gives constructional details. Minimum reinforcement in ground
slabs is dealt with in Chapter 2.

26.19 MINIMUM STEEL PROVIDED FOR SHRINKAGE AND TEMPERATURE

IS 3370 Pait 1 gives the minimum steel to be provided in walls, floors and roof in each direction.
The recommendations for Fe 250 steel are as follows:
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DR ey P

For section of thickness up'tol'IOO mm, provide 0.3% in both dircctions

; _ .
For section 100-450 mm, we cai Teduce percentage linegrly ‘from (r).3rf‘oi 100 mm to 0.2%

450 mm. e e i . , o .
o For section 450 mm and above, a minimum of (2% should be provided in both directions .

* The above steel’ can be reduced by 20% for Fe 415 steel.. R 1
B'S'Handbook-[?] fecémmends that with Fe 415 steel and grade .30 cuncrete,_ﬁ;e_s_;t_efe
provided m ground _slvabs-is as _fo]lows: L ) o
For slabs up to 200 mm: in the top 100 mm only at 0633/:/
up to 0 mm only at 0.3%
For slabs up to 300 mm: 12t the top 15 |
For slabs up to 400 mm: in the top 200 mm only at 0.3% and for the bottom 50 mm

at 0.3% . _

For slabs over 400 mm: in the top 250 m only at 0.3%, and at the bottom 100 mm at 0.3%.

i ' i ‘ should
In ground slabs the top part is more critical than the boitom pan.dlgowe:il;,a\::ozn ? .
remeber that the above steel is for shrinkage and temperature only, an ocs

“the foundation bearing and setilement, Such steel should. be designed separately on the
principles of design of foundations.

' tank)

E 26.1 (Analysis of 2 rectangular water _
iji:dnizgular water(tank is 10 m x 10 m in plan and in 5 m deep. It r.ests a‘g::g i;l;e n%;cl:::;l‘
with its walls hinged at the base and free at tl}@ top. Detenn\ne3t§1;0max1mlun .
and shear forces for design using the tables in Part IV of IS R

| tions
Reference Step Calculation

i Symbals in the table

g = height, b = tength, ¢ = breadth

Origin is the centre of tank on the top. X-a%i§ dowp wards., y-a_xli
along the length, z-axis is in the transverse {width} directio

(Fig. 26.4)
From the given daia find the table to be used

IS 3370 a=5m,b=l0m,c=10m,c/a=2
b
Part IV Use tables, 2= 2
¢
Table 5 In this table, took for P

3
Horizontal moment = (M, cocffywa
3
" Vertical moment = (M, coeffjwa

2 Obtain moment coefficients from Table 5 Page 3 of the code

——}

et AT

e i
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_ ' Reference: Step L Calculations N
Reference Step | " Calculations ' ‘ ' : . Ho ﬁzontai,mémem M, = 109 kNm/m ‘
TABLE 1 COEFFICIENTS FOR MOMENTS - ‘ Shear force N = 92 KN/m
' : ‘ ] ' a rtical momen!
Centre of length End of length Centre 3 Calculate vert -0
CpED z= el pw b2zl of short slab M, is maximum at xla=34andy=
c X ' . .
P— .l : z=0,y=c2 . Maximun coeffictent” = 0.036
M, M, M, MM, M, ' M, = 0036 x 9.8 x 5 = 44.1 KNmi/m :
; .20 O ) 0.045 0 ._0_091 : This valﬁe‘is to be cdmbin_Cd with the weight of the roof fOl'. design
i IS 3370 1/4 0.016 0042 -0 019 —-0094 Asiny=0 /‘\-, of steel in the vertical direction (see Example 26.5 for design).
i - - - - . L_—_____,__—f—-—__-——-——-——'_'__'_'-"_'_—"_—-—_—_
| Table 5 . _ 2 0033 0036 -00i8 -0089 (b=0)
| ¥4 0036 0024 -0013 - 0.065 : EXAMPLE 262 (Analysis by approximate method) e at the base
; 1 Bottom Hinged A rectangular water tank is 10 x 10 % 5 m deep. Assumning the tank to be fixed & ‘E »
: ' rmin ign moments by the approximate method. '
Note: The negative sign of the moment denotes tension inside the dete c the design y ]
s tank and the positive sign denotes tension -outside the tank. /"“ i ;
i ) Reference Step Calculations
b | "
; ill‘ : 1 | Determine the shear cosfficients from Table 8 1 Assume cantilever action at base
!f: . The hotizontal momenits are combined with tension produced by Sec. 26.17.1 Height of cantiloves Hi4 or 1 m whichever is larget
i shear on tlic adjacent wall. ‘As there is no thrust from the dome ST L
: p : . than 1 m. Adopt 2.5 m
_ -above, there are no fordes to be combined with the vertical moment. L/, = 2.5 m, which is farger o
; . | The weight of cover (if any) acts as vertical compression on the wall. 2 Determine the cantilever moment (et w= 10 K 4
The thickness of the wall wiil be governed by the horizontal moment . 1000+75) L g75 kN/m-
combined with shear forcés at mid-point of the ¢nd of the wall. Average pressure on cantilever =——— = °"7 0.
S w . coeffici 42 =72
IS 3370 e need shear. cocfficients at x/2 = 2 Wit _§15% (2_5)2 a4
i:]':‘ “g . {1) At mid-point of fixed edge +0375wa® Cantitever momert = 5™~ '
e .
Page 34 The positive sign shows that the shear acts in the direction of the 3 Calculate the horizontal bending moments (the frame is a square at
load. 1.5 m depth)
1 (2) At lower third point of side edge for maximum shear, cocfficient Maximum bending moment at edges
= +0.406wa? : ' 2 gox7.50
—Wi ». —
Ii ; 4 Calculation of momergt and sheqa_* M, =—a—' = "'—'——I'i"_ =~ 625 KN/m
i CT Assume w = 9.8 kKN/m® ‘ ' ' 2 2
: , At mid-height of the wall at the end of the long slab (morent is Maxisum bending ot centre My, === =™
Hd :
lj A ) . "negalw‘,') 4 Determine the dired tension on the wall due to shear
Table =— =— -
. - . M, = — 0.089 x 9.8 x §* = —109.0 kNm/m Assume the wall above the cantilever produces the pressure on the
e V= 0375 x 9.8 x 5% = 9.9 KN/m two-side wall.
i Maximum shear at the lower third point Maxitnum thrust =______'°"7:"‘° =375 KN/m
i
tEHENE Vo = 0406 % 9.8 % 5t = 99,5 kNfin //______‘__,__—-— -
afly : . . . __._.___-—-—-—-L——-—-— '
_ ; ! The thickness of the wall will be governed by the following:
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e

Reference Step Calculations

l

5 Maximum shear

- Maximum shear = Maximum tension = 375 kN/m

walls as.slabs, as can B¢ done by the use of tables) - i

EXAMPLE 263 (Design of tank wall in tension) *
Design a tank wall, which is under & tension of 300 kN’ (with

N/mm? (aHowable tension in concrete) f, = 130 N/mm? (allowable tension in steel)..

Reference Step 'Cé.!-(.‘u(élians

1 Datg . .

N= .300 kN, b = 1000 mm, £, = L3 and £, = 130 N/mm? _
As ;he whole section is in_'ter-nsion, crack cafculations are not valid,
Design the section by alternate method (IS 3370 Part 2).

2 Thickness of walls requii_'e:if... B

- N1 m-l
Eq. (26.17) h=-5-[7;__r]

Assume m = 15. Then,

300108 1 14 :
h=m—— " |10 . .
i [1.3 I30J 8 mm; say, 200 mm

3 Amount of tenston steel required

300x10°
A = 130

Provide two rows with equal steel in each row of 1150 mm?

= 2307 mm?

(16 mm at 175 mm gives 1149 mm.}

EXAMPLE 26.4 (Design of tank wall in bending and tension)

Design a scction for a water tank wall to resist a bending moment of 7.6 kNm with an axial
tension of 170 KN/m by the conventional method

Reference Step Caleulations

1 Data

Under serviceability condition: M = 7.6 kNm, N = 170 kN, cover
= 40 mm . .

: IE Caleulations o —
Reference Step

(Note: All these values are more than l_liqée obtained by analysing the -

out bending). Assume £ = 1.30"

| Alssume thickness of wlall h=300m .
. Diaméter of steel reinforcement = 20 mm

d=300_10_‘40‘=2s_0mm_

i P ~k M
2. Chec-e.—N

- T6C
Sec. 26.11.1 1 57170 o

% 250 150 = 100 mm :

e
' = he secti

is less than (d = Iu’i.f), t A

3; ecrlaé:kwidth formula is not applicable.

3 | Design of tension steel on both faces
L VI M ]
An=2i\" a0
' ' ' Ly M ] .o
Sec. 26.10.1 A,,;a-iﬁ‘- ey} '
7.6x10°

. 2
1 — =946 mm
—— e 170x10% + ]
A 'zxrso( 100

7.6x10° ) _ 2
a A =] 170x10° - o =361 mm
Fig. 26.3 2= T30

+ . - inst
€ j f ag.
f
4 Check the maximum lension o uﬂCIaCkEd section for Sq ery ainsi

cracking

M
Bending tension = ¥

V 2
| ’ WY -t @ -2
]=E’1.+(m-—l)A,|[d—-£) +{m- ) 42 2
. al tensions and check for the safety

Determine the bending and axi Example 26.5.

by the interaction formula or as in

d alternative methods)
= /2 and y = b/2). The shear on
= 415 and environment

n of tank wall by the lin_lit sts'lte an
= 109 KNm/m (at mid-height x o
{refer Example 26.1]. Assume fix = 25, fy
the IS 3370 methods.

EXAMPLE 26.5 (Desig
Design a tank wall where M,
the adjacent slab V=92 kNlm y
class B. Design by the limit state an

on is subjected to tension. Hence
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Reﬁere'ﬁce '

 Step

Caleulations

Table 26.3

Text
Table 26.4
SP to
Table 69

Method 1. Limit state (deemed to satisfy) design BS 5337
Assume dimensions

Assume & = 400 mm; also assume 20 mm steel is used.
Moment produces the tension inside: class B condition
Allowable stress = ( 130 N/mm?

d = 400 — 10 — 40 = 350 mm

Check the value of e and examine the section
d-05h=350-200=150mm
M = 109 kKNm; N =92 kN (tension)

(]
e”i‘i‘:MﬂlSSmm
N 92x10

¢ is greater than (d — 0.5k). Hence the section is mostly in bending.
Roth compression and tension occur in the section.
Determine the value of modified moment and teasion at steel level
M, = M— N(d - 05!;) = 109 -~ 92(0.15) = 95 kNm

M 95x%10° f‘i-:

bd* 10003507
Design the section

Table 26.4 gives the steel percentage = 0.68% for f, = 130.

A =E‘2‘__~_.11‘:)[(’)‘_’"_3§1= 2380 mifn?

Additional tension steel

A _E__92x10

27 130 _
Total steel = 2380 + 710 = 3090 mint

_ 707.7 mm? (ske 710 m?)

Provide 30 mm at 100 mm (3140 mm‘) RS
- 3l40x100 R
=), 9”/ Dol o
% steel = 1000x 350 e e T

(Check for ihe shear usmg workmg stress m..{hod)

. DESIGN OF STRUCTY o

Reference

Fig. 26.1

Eq. (26.2)

Step 2

Step 4
Method 1

“From the previot

" Assume spacing not t

This can also be obtained

i OF LIQUIS  auk
URES FOR STORAGH OF LIQUIE 4y

C alculauons

—__'___..—-—'—"'_'—_'——H - -j-——-—-——-
Environment class B crackwidth should not exceed 0.2 mm,
nviron

s method step 3, M, =95 Nm/m; N o= 03 kN ;

Delermine the ,;,-rcumage of steel required

M, ___?_f{ilg_._. = 0.78; cover = 40mm
TaT 1000%350°

“"02mm',(‘=40mmand ¢ =20 mm

o be greater than 300 mm.

1004, 034

Percentage of steel = “pg . . . |

[M ’l'hls is much less than the value obtained from me
ole:

Check the stress in steel
=034, p° 0.0034

mp = (15)(0.0034) = 0.05}

e Jmp@tme) = _0.051+,/0.051(2.051) = 0.27
-—m

from SP 16 Table _91. )

1- 001 w tever anm factor = jd

A jd f= M 1
Lﬁ% =T;i_i' ie fs =34t g
,__.(l-?-g—""" =252 N/mm?
1s = 5.0034x 09! _
Altcmativciy, using Table 26.5,

or 1004s 034, we have
bd
100M 9,309 20 —=0m
fs

2
1= o JooM 100%0.78 _ 5e5 pjam
F

bd? x0.309 ) '
[Hence {his method allows larger stresses in g
method.]

the ared of steel reqmred [

4 » 1000 ¥ 350 = 51190 mm

Determine
A" = 0. 003
N 95x10 _agpmm® for dir

J4"2.-,_-..----:=

22—

L 20
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Reference

Step

Caleulations

Caleulations

Table 26.3

Text
Table 26.4
SP 16
Table 69

Methed 1. Limit state (deemed to satisfy) design BS 5337
Assume dimensions _

Assume b = 400 mm; also assume 20 mm steel is used.
Moment produces the tension inside; class B condition
Allowable stress = 130 N/mmy '

d =400 - 10 — 40 = 350 mm

Check the value of e and examine the section

d = 0.5k = 350 - 200 = 150 mm

. M =109 kNm; N = 92 kN (tension)

e is greater than (d — 0.54). Hence the section is mostly in bending,
Both compression and tension occur in the section.

Determine the value of modified moment and tension at steel level
M, = M~ N(d ~ 0.5h) = 109 ~ 92(0.15) = 95 kNm

My __95x10°
bd® . 1000(350)*
Design the section
Table 26.4 gives the stec] percentage = 0.68% for f; = 130.

0.68x1000x 350

Ay — 777
100

Additional tension steel

N 92x10°
A, = 0 =707.7 mm? (take 710 mm2)

Total steel = 2380 + 710 = 3090 mm? 7
Provide 30 mm at 100 mm (3140 mm?)

3140x100
% steel = 'I_OBU:TSQ=O'9%

(Check for the shear using working siress method.}

0.78

= 2380 mm?

Method 2. BS 5337 limit state design based on crackwidth
using charts '

Determine the allowable crackwidth

& = 400 mm; diameter of the steel used = 20 mm

Reference Step
'Environmcm-class B crackwidth should not exceed 0.2 mm.
: N = 92 kN/m
From the previous method step 3, M, = 95 kNm/m; N
2 Determine the percentage of steel required
ﬁ- = ——gixﬂi—- =0.78; cover=40mm .
bd?  1000x 350" )
w = 0.2 mm; ¢ = 40 mm and § = 20 Tnm
ig. 26.1 Assume spacing not to be greater than 300 mm.
Fig. 206. ! .
Percentage of steel = -‘"—"b 7 . "
[Note: This is much less than the value obtained from method 1.}
3 Check the siress in steel
p = 034, p= 00034
mp = (15)(0.0034) = 0.051
= 2
ol J = —0.051+J0.051(2.051) = 0.27
Z oz cmp 4 Jmp 2+ mp)
d 6 Table 91
This can also be obtained from SP 16 Ta .
1- 2. =0.91= lever arm factor =jd
pAR_ M ML
Eq. (26.2) o d b o
f. 078 252 Nimm?
T 0.0034% 09
Alternatively, using Table 26.5,
1004, nave
—t =034, we hav
For ol
100M__ 309 and 5= 0272
fbd?
C100M__100x0.8 oo a2
" " w03 e i han the conventional
{Hence, this method allows larger stresses steel tha
methed.)
i d N
Step 4 Determine the arvea of steel required for M, an "
- ? for bencing
= 51190 mm
A, = 0.0034 % 1000 x 350
Method 1 " .

N _ 95%10° =377 mm? for direct tension
b2 = T Ty
Js




¥
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Reference st ep

Caleulations

Eq. (26.11) e

BS 5337

Aa+ A5 = 1190 + 377 = 1567 mny?
-5 o {!v{fzke correction for _.s'!égl arena
A.sl + A:z :

4 = = 3 . '
’ ]'—‘—-]4—0{{{’.— N ASZ d- x

Asl(j;l)? +‘452 h x
h = 400 mm, d = 350 mm
Fo . .
7 =0272x= 0.272 % 350 = 95 mm -
d-x=255Hh-x= 305
g om 1555
" |- J40x1000x 450 365 255 "820'“”’
|190x2502 1555 305
Adopt 20 mm at- 170 mm (1848 mm?).
B48x100

Percentage of steel = —_= o
B¢ of steel = Ji6ix350 ~ 0-33%

Commeits:
reduced to .53%..

is limited to 0.2 mm as in Example 20.6.
6 Check the ultimate limit state

M, = 95 kNm/m and ¥ = 92 kN/m
Assume, partial safety factor = 1.6

6.1 Find steel for ultimate moment and tension
M, = 1.6 = 95 = 152 kNm/m

N, = 1.6 x 92 = 147 kN/m

M, _ 152x10°
bd®  1000x 3507

0.369x 1000x 350
Ay =—22 R z
1 100 1291 mm

Steel for ultimate tension

147 %10
-— = 2
2" 0gTxal3 - A07mm

Total A, + 4, = 1291 + 407 =_16%8 mm?

=124 (required p = 0.369)

L. In the first method, the steel required was (,9%, and this has been

2. As a check we may calculate the crackwidth and confirm that it

This is less than 1820 mm? (provided), and hence safe.

Reference

© Step

Caléulaliqns

IS 456
Table 13

. Eq. (26.12)

Table 26.4
Table 26.8

6.2

6.3

" Check for shear - :
V.. =100, ¥, = 1.6 x 100 = 160 kM/m

M-MG Nimm?
T000x350

Al]owable shear = 0.49 Nlmml Hence safe.

Checl: for bond and anchorage :
Method 3: Design by IS 33‘.(0 method

“Assume dimensions .. . . .

Assume a larger & = 600 mm. Larger depth assumed satisfies the
interaction formula. ’ o

d='600~"10— 40 = 550 mm
d—% = 5_50 - 300 = 250 mm = 0.25 m
Find eccentricity e

‘M = 190 kNmVm, N = 92 KN/m

_ 109x10°

g T

' '1184 is greater than d/2 = 250 mm. Hence the section is in bending.

Find modified moment and tension steel (strength design)

M, = 109 — 92(0.25) = 86 kNm

My 86x10°

bd*  1000(550)°

Exposure B, f; = 130 N/mm

Required steel percentage = 0.24%

A, = 0.0024 x 550 % 1000 = 1320 mm*

9210 _ 307 7 o
130

. Additional steel A =

Total steel = 4, + A, = 2027.7 mm?

2027.7%100 _-
Percentage of steel =m—-0-l369%
Here with larger thickness of concrete, we get lesser
percentage of steel.

5 Procedures in methods 1 and 2 so far are the same. in
method 3, we make the following further checks.

Notes: 1

ety
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Reference .

“Step

dfm!mions :

- provided 20 mm rods at 170 mm spacing (1848

Table (26.5)

Table 26.1
is 3770

Part 2
See. (26.13.1)

Table 26.6

L 014 165
13 10

_ Check stress in steel dug_:o- M and N
IOOM

p = 0.368 gives va .
g values of y =0.285 an§ =0 343

S s
lOOM -

f, bendmg = ‘
Tbd® 0.343

_._ 100x86x10°
(1000)(550)2(0 343)
Direct tension in steel = 92“0, ———— = 45.4 N/imm?

2027.7
Total tension = 82.9 + 45.4 = 128 N/mm?

=82.9 N/romi®

This is less than 130 N/mm? allowed, and hence safc.

Check for cracking (assuming uncracked section)

CA imat:
s the first approximation, the moment of inertia of uncracked

section -

b A
!-w——+(m—1)KAs a’-—-"i
12 - 2]

1000600y
12

i= +14% 2024025002 = 19.77 ¢ 10° m?

109%10% x 300

Bending tension = -A!-y=——-—-—-———-=l.65 N/mm?

I 19.77x10°

Axial tension = - 92x10° ~ s
(1000x600) + 1420277 - 1> N/mm

Check for interaction near water Jace

Taking axial tension as ¢ and bending tension o
e
l
Interaction formula —-+a‘* £1
t .oy
For liquid retaining faces; i.e. where the bending moments are negative
=13 and G, = LY9-N/mm? for M25 concrete.

=0. 108+0868 0.976

This condition can be considered as satisfactory.
Check for shear and bond
As in ordinary structures.

ESIGN OF STRUCTURES FOR'STORAGE OF LIQUIDS - 499°

ackwidth with M and N} - : .
ith the following data: /i = 400 i1, area of steel

mm?) (step 5 method ), A = 109 kNm/m,

EXAMPLE 26.6 (Calculatmn of er
Calculate the crackwidth in Example 26.5 wi

N=92 kNIm, and percentage of steel = 0. 53.

Reference : Srep Calculations
i Check “whether crackwidth formula is valid
= 109 kNm/m, N = 92 kN/m
" Maodified moment M, = 95 XNm
. . T : .
Method 1 e:y— ='___109x103 =1185 mm; h=400mm; o =350 mm
N 92x10 i
Step 3 d—-g=350-200=150mm
e is larger than {d — (4/2)]. Hence the section is in bending and the’
crackwidth formula in bending applics here.
2 Determine the depth of neutral axis with m only
Table 26.5 p =051, Let m = 15, mp = 0.5} % 15 = 7.65
ipblm‘)z | Depth of natural axis with M only can be obtained from Table 26.4.
able
xid = 032, i x =032 x 350 = 112 mm
3 “Find the effect of N combined with M
This will cause a shift in the natural axis whizh can be approximated
_ to a new steel area
d
Eq. (26.13) = l"m (in terms of percentage)
Chapter 1 —os1-220__\_o38; mp = 5.7
. 1185+ 200
'g;bl;aﬁl.'l When p, = 0.38, the new value of x/d is 0.286.
Table 91 x = 0.286 x 350 = 100 mam
4 Carry out further reiteration for finding value of x
d-x/} 317
Eq. (26.14 = p e e — | = 0.5 1 - 0.39, with
4 (26.14) P p‘[ e+ (hi2) .-(xll3)] [ 1352 ] b
x,fd = 0.289. Hence x = 101 mm
As this is close to x = 100, we will assume xld = 0.289.
5 Calculate tension and strain in steel
Table 26.5 L0OM
Eq. (26.3) For p, = 0.39, we get 7’5;—.‘,—=0.353 |
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. Reference. . - Step’ - Calculations

Tension-in steel due to moment A, =95 KNm
o - .
S = IIGJXQSXEO - 220N/mm2
1000 350x 35(_}:(.0.353

‘ C 220
Strain at level of steel = é; —mﬁj—uqm]l
[ _ Strain at tensioh face

e . . 0.001{A-x)
Strain at bottom surface of steel = ————— =
400-101 _ 0.0011x299
350=101 249

7 Calculate & and a,

=0.00133

" Eq. (26.52) £ =0.0011x

- 0,7bk

———— -'=fl .
100047, (when o'=h)

Eq. (26.6) ' En =8~

0.7x1000x 4000
1848x221x 1000

: . 3 :
. a, = 502+(339) -10=88.6mm
]{ > :

8 Calenlate crackwidth

= 0.00133~ =0.00064

Eq. (26.9)

4.5a&,,

Eq. {(26.5
% (26.9) !+[2 5(ag ~ c}(h—x)}

__45xB8.6x 6.4x107*
1+[2.5(38.6 — 40)/299]

=0,185 mm

This is less than 0.2 mm; hence ac_ceptable.
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chapter 27

__Historical Develo'pl\nfent 'of- |

- Reinforced Concrete

27.1 CONCRETE IN THE ROMAN PERIOD

T .

fal::t; (frf(:;l:r:a:)lf c!(i);s;t‘m;uc.m of structures that are strong as well as durable under water was

faced from ¢ asyh wms; : uring the progress of hu_lnan civilisation. The Romans used brick dust

and voleanie ime to produce hydraulic mortar. They also used wooden formwork
ng the structural shapes. In some places, they enclosed hollow earthen pots in thris

concrete mass {o l(:dUCL thB we it 0{ the structure [ lle e were the forerunners
O et l.g,l ||
. i T l f Of IIlOdCIIl

27.2 LATER DEVELOPMENT IN CONCRETE

Portland cement, as is keown toda s - V
- , 45 it y, was however first visualised b i
' h y John Smitten wh
fogirdlr;;:ig: inl:o;:)ar ft‘orl ;22 E;Idystone light house by buraing a mixture of lime ang i?:;l?;i‘:
oul . From then onwards, rapid devel :
plac ¢ ¢ . opments took i
constricction. The following are some of the important datespin the forwa:’(;a:::a::h'concmte

1776—James Parker got a ¥ i
~Ja . patent for producing hydraulic cement by burni
;:il:;y ct;)nta.mmg veins (_)f calcareous matter. This was called natural cemelrrlt E}'rl;lél:nfs;ﬂgf(} Lllcle:k()f
m; 0 t;;:ned b)_z heating of lime modules mixed with clay and use of s(nkhi in fat 1'a 0
produce hydraulic mortar were well known in India also from very early days HowevleTetlto
. vever, the

basic Chen]istry Of the ullde X £ S€ t. f tile e y W
r-wat sefting o i i
. g S h d[aullc llmes or ﬂamral cements was not

1816—An unrei : i it :
nreinforced concrete arch bridge was built in France, with concrete in compression

1824-—Joseph Aspden of the UK patented the process to produce cement from lime and

¥ illch, h 1 ct l'esenlbled P t d stonte 1n allllea Ce, a t W PO 44
Cia W when st [4)4 laﬂ b0
ance, ﬂd hlS a_s Cdlled .?11. nd

Ty Soon the pl‘ac 1 N g

g g ncrete b € 11, teel rails was Initia f(l cven
Ve hd tice Ut siren then!n co y mb&dd 5 3
though tllc lenClpleS of theu actlon were not knﬂW’n

1850—J.L. Lambot of France bui
‘ J.L. uilt a concrete rowing b 1
iron rods, for the Paris International Exhibition.  boal, strengthened by & wesh of

502
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1854—W.B. Wilkinson of Englan& and, in 1855, Lambot of France took patents for preparing
floors of buildings by burying iron beams or a square mesh of steel rods in concrete, which
was cast on falsework. =

1861—Francis Coignet published a baok d_ésctibing the many applicatibns-uhd uses of -

reinforced concrete. .
1867—TJoseph Moniex; the owner of a nursery in Paris, devised reinforced concrete for
making flower pots. He had o knowlédge of the behaviour or design of reinforced concrete.

All these developments were made without the knowledge of the principles of action of
reinforced concrete, They were morc 0f less only intuitive methods of construction.

573 BIRTH OF REINFORCED CONCRETE

In 1872, without theoretical calculations but witha lot of engineering sense, Monier built an
R.C. reservoir of 130-cm capacity in reinforced concrete. He can be considered as the world’s
first ‘builder in reinforged concrete. Reinforced concrete was then known as the ‘Monier
System’. -

Coigner, in 1892, proposed the use of R.C. for the main drainage system in Paris. The
larger width of the structure was about 5 m and the wails. of the drainage channels were only
80 mm thick. It consisted of reinforced concrete, i.e. concrete reinforced with 2 steel mesh

made out of round bars 8 mm and 16 mm in diameter.
Systematic attempts on theoretical development took place only after the above constructions

. were successfully made. The German Engineer, Prof. E. Morsh conducted a large number of

tests to study the action of reinforced concrete. In 1887, a small book Das System Monier

+ (The Monier System) was prepared to back up the Monier’s practical method, which caught
. the imagination of the French, German and Danish engineers. '

Prof. Morsch’s work can be considered as the starting point of modern theory of reinforced
concrete design. The following three fundamental concepts of action of reinforced concrete
were clearly initiated in the publication:

1. Concrete is weak in tension so that all the tension can be assumed to be taken by steel.

2. The transfer of stress between concrete and steel takes place through the bond strength
developed between steel and conceete on setting of concrete. B

3. The volume changes in concrete and in steel due to the atmospheric change of temperature
are more or less equal, as the coefficients of expansion.of steel and concrete are approximately
the same (i.e. 10 to 13 107 for concrete and 12 % 107¢ for steel per degree centigrade).

In 1890; Neuman adopted the elastic theory of composite scctions to reinforced concrete
and pointed out the importance of the relationship between the moduli of elasticity of steel
and concrete as well as the effect of the modular ratio on the position of the neutral axis. In
1894, Coignet carried out many experiments and with Tedesco he evolved the ‘modular ratio
method’ to determine the position of neutral axis in reinforced concrete sections. This was
the birth of the elastic method, also known as modular ratio or working stress method of design
of concrete structures, which was in use in all national codes till recently.

In 1895, Considers began 2 seties of extensive tests on resistance of R.C. bzams and
columns and evolved the helically bound R.C. columns, and in 1897, he published a small
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" 504  ADVANCED REINFORCED CONCRETE DESIGN P " the British codes. The first Indian S:f;:mctio o was
T - - - - ‘ aneit n ilding L0
. o L - - ) , the aritish, ased 0 General Bt e
- . textbook o the subject of R.C. design. Jn 1900, Considere also recommended the. hooking .. . Ie“?i-?rced ;%I;:rci::: Ym' Pixin and Remforcff_lc Iﬁ;ﬁﬁ:ﬁ:w This code \‘-'351 ‘;gffgr?:‘:as
- of the ends of the steel reinforcements with a diameter five tines that of the bar. The first & {«Ode;_—n 1943, and i first revision W?S'Pm and Reinforced Concrete -n'ts haw;e boen
S teaching course in reinforced concrete design was given in Ecole J¢ Ponts et Chaussess in “b]\(‘;g‘: u:\ der the tifle «Code of Practice i:mn ") this third TeVisiod i ]; u;:;l ai)ptOﬂch i
viuie - France i 1get. ) : e L otar S e e Bhe ¢4 (1‘9’]3}-——&111(\ yevision o Hich provides a ‘rational .
. RN - T L i S t state WhIC )4 tive metho
o Thus, it is important to note that'rg:;nforced concrete as18 known: today is only about “thhe‘: 4 fmps}resses and the-foncep f c:tt:) 4 was aléoxiiﬂowe‘l ag an alt{at:; state design
.. "100 years old,-From 1900, steady development took place in-_r_c_info;ced concrete copgtruction. - nfro ue e ut workiong stress MM adia. 1t has made ¥ ;

“ In 1903, the first publication of official regulations or codes baged on Morsch’s recommendations
was issued in Prussia. In.1906, the first British Code of Practice- for reinforced concrete was

. published. In U.S.A., considerable work on R.C. was done by Prof. Talbot and his -associates’
 at the University -of Illinois. The first Americen Code was drafted by.the American Society
" of Civil Engineers in 1908 and it was published in 1916. Many revisions of these codes have
been made by ACI during the last 70 years. From 1920 to 1960, clastic methods were mostly
used for design of reinforced conerete structare which have now been replaced by limit state
methods. Many. developments, such as the use of prestressing, use of ultimate load theory in
design, methods for calculations of deflections and crackwidths in concrete structures, have
been evolved during the Jast 30 years. As the history of the recent advances in design and

such as conciete W

,7i6 EVOLUTIONOF ANINT oy sl o e BT
. memoers based o1 1S 456 (ZO?SX;i ca and Asia have also ac.Qthcd

analysis of concrete structures are well known, only a brief mention of them i8 made here. ke , Tosophy- 3
: { other developed 0“‘}:"6';“3 5t in line Wi {imit state philo wgi‘?h will be applicab'le 1o all i‘
o
27.4 RECENT DEVELOPMENTS IN REINFORCED CONCRETE DESIGN ‘}f‘d“i‘k‘;‘t’iﬁfﬁﬁmi ovolved @ sing! Zodelﬂe;:f::‘gf’ ap code is;xpec;eaﬁ;o b:i::;::d‘oz
_ K ar . 1ong a uni ’ sode il gen!
ountries. Before tures. These €0 owledgs
Much progress was made in design of reinforced concrete after the Second World War. After the mef::?,f;f meth od of design of concrete i\t:;f! mich is the world body promoting -
1960, the main progress has been made in evolving refined methods of calculations for design intern? ndations of e CEB-FIP organisati=th
_j =iof R.C. structures. Gradually, the concepis of Limit States Design have been accepted ‘_he reczﬁf stmctﬁres-
““internationally, and the present codes of practice in many countries use these concepts in their in con :
design. Concepts on durability under adverse conditions of exposure have been also developed REFERENCE .
in recent times.'Similz}rly, it‘nprovemems in grades of cement and design of concrete mixes have Federation Internati onal dela preconsﬁamh
been made during this period. Concrele Structures, :

1 CEB-FIP Model Code for

In Great Britain the first code for reinforced concrete was published in 1906. A number
i Paﬁs: 1978'

of revisions were made on this first code. CP 114 (1948) was revised in 1951, 1957 and 1969,
and was in use till 1972. This code mostly used the concepts of clastic design in the earlier
years and ‘modified load factor’ methods later. Afier the publication of the ‘International

o Recommendations for the Design and Construction of Concrete Structures’, in 1970, by the
CEB-FIP, Great Britain was the first country to follow it up with a code based on the
principles of limit state design. CP 110 (1972) replaced CP 114 (1969). CP 110 itself was revised

in 1985 as BS 8110 (1985). Itis accepted as the current code for R.C. design in UK. It is based
on the principles of limit state design. It is also a ‘unified code’, as the same code of practice \
. covers the practices in reinforced concrete, prestressed concrete and pre-fabricated structures. \
' [t is of interest to note that the first prestressed concrete bridge in India was built over the

Palar river in Tamil Nadu in 1954, just four years after the first prestressed bridge was built in
11.8.A. in Tennessee in 1950.]

57.5 DEVELOPMENTS ININDIA ' \ '
. In India, before independence, the London County Council (L.C.C.) rules and the British codes \
of practice were extensively used for design. Many structures have been built in India in ;
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APPENDIX A -

Py

Calculation of Bending and

» Bending- stiffness -

o Torsional stiffness.
Bending stiffness. is expressed by the quantity 4EN/L, and torsional stiffuess by the quantity
4GC/L, where ' :

Torsional Stiffness of

i : -y

Flanged Beams |
; A1 INTRODUCTION

i Two types of stiffness are involved in structuré]. analysis:

H
i : . . _ .
i? : -] = Moment of inertia of the section
: E = Modules of elasticity (young's modules) of material
C = St. Venants constant (torsional constant) which, like the moment of inertia,

l depends on the dimensions of the section
! ' ,
i : G = Modules of rigidity.

' . The relationship between E and G is given by

G=art
21+ 1)
If p is taken as 1/6, G = 3E/7. If pis taken as zere, G = Ef2.

| A2 - CALCULATION OF MOMENT OF INERTIA OF FLANGED BEAMS

" ' ' There are many instances where part of the slab is assumed to act with the beam, and the

moment of inertia of 1 or L beam has to be calculated. :
The following formula for the determination of the moment of inertia of 1 and L beams
is piven in Handbook of Concrete Engineering by Mark Fintel (Van Nostrand Reinhold,

New York, 1974, p- 18).
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Wherfu ST B R T

K=ty sz
with. - . I L
B = Width of flange | =
{J = Widrh of web -
H "< Total '.éeptlij .
4 = Depth of slab’
x =Blb
Th' y =hWH
e 18 publ.ication SP 16 Chart 88 i
moment of inertia of 1 i e e argos i " .
e e L
ent of inertia

of Tand L

beams lh Cal 1a
] e 011 hons be 8 € la 0 of these beam: S O d
can lmp]lfied lf th 8 b p rtion f h b
S S 1 mitte
and

the MI of the r
cctan : 1
L o T bearns fu!ar part is multiplied by a factor. The valu

= 1.8-2 (MI of the rectangular part) es commonly used are:

IU.{[ O{ L bea =1 3—15 M Of the rectan ula[ palt

The value of .
. torsional sti ;
section, e.g. Tor L COmpolsifg‘f; is GC/L. Timoshenko has shown th
rectangle to which the section ¢ Te;tangie.;s’ is given by the Summ‘ ati that the value of C for a
constant calculated. has the 1 an be divided. These rectangles aj on Of t:11(‘. value of C of each
argest value. The formula to be usrfczisi? divided that the torsional
ed for each rectangle i
gle is:

C= [1 _0.63% Xy
where x is the sho i e
rter dimenst
nsion of the rectangle and y is the longer dimensi
nsion of the rectan
gle.

A4 |
PART OF SLAB ACTING WITH BEAMS

According to AC
: 1 318(89) Cl
resistance shall not ause 11.6.1.1, the overhangi
two-way slab designf);cgzgl:lh;:el times the flange thickx?:il.n igf:?:g: width for the torsional
cludes that portion of stab on each s,idecolf:ils (;llanse 13.2.4 in
ength not exceedin
2

four times th
. e slab thi .
is greater. ckness or the projection of the beam above or bel
X or below the slab, whi
, whichever

" BA GENEHAL*ﬁE.QU\RE_MENTS.

s 1S 456 {2060) pives special
ndix. The jmportant factors to be

" The fourth revis_ioﬁ of 1S 456 de

S

signated & 'reguircmems for

durabitity of concrete. These are gummarised in this Appé

considered under durability are deseribed in

1. P‘lannin'g the shape and SiZ€ of member o be constructed
9. Choosing an adequate cement content a8 well as the maximum

to ensure low _penneability of concrete

3. Choosing the right type of cement
4, Bnsuring complete compaction of concrete _
jent hydration of cement through proper curing

5. Ensuring suffic
£ form work and supporting props

Clause 8 of 18 456 and are as follows:

free water/ceraent ratio

to suit the environment

6. Ensuring correct removal ©

gome of these are discussed below.

B.2 PLANNING SHAPE OF STRUCTURE

d constructed as to ensurs good drainage of
water, thus avol ndown of water. Extra cover shoul
be provided t i i

necessarys surface coatings $
chemicals and gases: The depth of concrete placed is great

concrete moIe than 400 kg/nr® of MOTE; measures should als

hydration of cement.

er than 600 mm especially with
o be taken to reduce the heat of

B3 CHOOSING DEPTH OF COVER

minal cover (defined 2s cover to all steels including

nly the no
BS 8110 by 1inking cover with the properties of the cover
strength of conerete, and type of exposure

gsified into five classes

The old practice of prescribing ©

stirrups) bas been replaced as in
concrete such a8 water/fcement ratio, cement content,

as shown it Table B.1. For this purpose, exposure has been cla
{Table 3 of 15 456 (2000)] as follows:
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Clqss I: Mi!d—protecu;d concrete surface B3.1 IS Requlrefnents

sm_lanfas.s" 2: Moderate—concrete permanently under water of in contact with':idﬂ-aggreSsch . LIS 456 (2000) requirements for nomina_l: covet are similar to but not the swme as in

' . oy Table B1. The IS recommendations are as follows: L : _
q"” 3 . Sever_'e_-—sub]ectgd to alternate wetting and drying: immersed in.sea water (a) The minimum nominal cover for exposure conditions 1-3 should be 20, 30, 45, 50
Class 4: Very, severe—exp o corrosive fin : ' S ~and 75 mm, respectively. However, for main steel up to 12 mm and in mild conditions of
- 1, Severe—exposure to corrosive fumes, sea-water spray, aggrgssive soils 4 “exposure; these Ealu_es g:m be reduced by 5 mm. _

the cover should mot -usually ‘be less than 40 lmﬁ cr' main War

Class. 5: Extréme . :
ss. 5: Extréme—exposure to abtasive action such as sea water carrying solids and (b) For columns,
' ) ’ 200 mm or under and where the main

flowing water wi : 4 i
y ith pH 4.5 or fess. ! : diameter. But for columns. of minimum dimension of 2(
! steel diameter does not-exceed 12 mm, the cover may be 25 mm.

o of the concrete shoul(i-c_omply with

The cover requirements in BS are given in Table B1i. We can note that the minimum
9. The minimum cement content and maximum wi/c rati

;::nz:t’r ac:)')irllitfnt Ia;l'ctlhﬂle rna?(imu;n water—-cement ratio allowed are algo of importance in cover : ;

for e )‘:e are-calrlr;i:;{m:? ;:iffite:—tc;]emcut rl?tio specified cannot, produce the required i Table B2
A ljust the mix by increasing the cement i

blended cement or otherwise)} or by usi ici otho T e aniros
y using plasticisers or other additives to give t! i

strength. According to IS 456 (2000) Clause 8.2.4.2, cemen i B ied
\ _ .2.4.2, cement contents not including p.f.a. (pulveris

fuel ash) or g.g.b.fs. (ground, granulated blast furnace slage) in excess of fs% kgf(ll':fs :;r::;g

ABLEB.2 DURABILITY OF REINFORCED CONCRETE
IS 456 (2000) Table 5]

Exposure condition

ey g

not be used in R.C. members unless speci : L
h At T pecial consideration is given to drying shrinkage in thi : : ____,_____-———————__.__.__-——-——-——'——"
;gczlggs and heat c;f;) Iéyl((iraugn in thick sections. The minimum cementd:gntegnt spcc?i‘?:dl?nt-?llx: ! Requirement Mild Moderate Gevere  Very severe  Extreme
revision is . P .
g/ (The cement content in 1:2:4 mix will be roughly 309 kglm’l) Max.wic ratio 0.55 0.50 0.45 0.45 0.40
5 Min:cement (kg/m) 300 300 320 340 - 360

Lowest grade .. M20 . M25 M30 ‘M35 - M40

TABLE B.1 NOMINAL COVER FOR 20 mm MAX. SIZE AGGREGATE
* (BS 8110)

s i

Note: The maximum size ofaggregate 20-mm; adjustmesits for other sizes of gggregate's can be'made as.-

indicated in Table B.1 item c.

Cover {(mm) for exposure conditions
: Eowest  Min. cement - Max. wic

‘ : 2 3 4 3 grade (kg/mm*) ratio i - ‘
G 20 20 25 30 B.4 CHOOSING CEMENT FOR STRUCTUHES EXPOSED TO SULPHATES
| 50 M50 400
B | 20% 0.45 . . . :
| Zg* if) 33 o 50 M43 350 0.50 The fourth revision of IS 456 has adopted a similar specification 8 in BS 8110 for measures
L 20 .35 - 30 B M40 325 0.55 to be adopted for sulphate resistance of concrete also. These contain lwo more classes of
E 25 - - - . _ M35 300 0.60 exposures than given in IS 456 (1978) Table 20. ‘The requirements are summarised in Table B.3.
*Mini — - M30 275 0.65 * Sulphates are present in most cements and in some aggregates. The total water soluble sulphate
inimum cement content is independent of grade and includes suitable additi - : - content of the concrete mix shall not exceed 4% SO, by mass of cement in the mixture.
Mot ditions specified for cements. Bt -
ole: )
(a) 1 mild; 2, moderate; 3, severe; 4, very severe; 5, extreme TABLE 8.3 CONCRETE EXPOSED TO SOLUBLE SULPHATES
E:; Acd?"ct’ may 1;_6 reduced to 15 mm using 15 mm maximum size aggregate (IS 456 (2000) Table 4 ]
u ini : —
) 401 stment of minimum cement content for aggregates other than 20 mm is as follows: Sulphate as SO, Details of cement and mix
or 40 mm g y —
content by 20 kgﬁée%::e’lxi:;n;gu:; ;er;m;: ;:omcr.t by 30 kg/m’, but we have to increasc the cement Class In 2:1 water:soil In ground Type of ~ Mim Max:
‘(d) When th gim? for 10 mm aggfegates [sce Table 6 of IS 456 (2000)] ! extract g/l water g/L cement kg/m? wic
en the wic ratio can be reduced from the above tabl '
: e, th
accor(dm%v t]? the percentage ref;luct_Ion subject 1o a makimum of. Ig‘gmem content oan siso be reduced ; <l.g o.? :i 2 8:;% %gg g;g
ceme:t)s ma;"bis:’ege;:;“f“‘ “'b“}‘f additives like p.fa. on g.g.b.fs., an inercase in the total mass of such ' 2 e . SRPC 310 0.50
| Cth theae cements gam be tain the specified grade for the cover being considered. The durability 3 1.9-3.1 1.2-2.5 SRPC 330 0.50
i < obtained can be considered as cqual to that of OPC previded the same grade as specified e o PPC 350 0.45
| 4 3.1-5.6 2.5-50 SRPC 370 0.45
5 >5.6 >5.0 SRPC with coating 400 040
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oo 1. S e Section 3,12 for Giipiation o o
. % Sea ga:;{:-cii::;:; 251:1 fo;. 55"?_ vation jofso.]ﬁ:b]e sulphates
" 3, For struclires cons uch as 2:5 /L sulphatés and sulinjty of oy ' :
nstan . Swiphales nd salifijty of ovel i
tly under sea watcr which” contain éb');h?'euo];:a?i par;s_ l;t;r thousand.
L suiphates and. ¢ orides, any

cement with C3 A from 5 16 8¢
v e T T 5 10°8% i :
 with C3 A from 8% can ed in concrete. -

'B.4'.1‘" ;iA-:Ilawable-- ek L :
) Chlorides in Concrete Materlals [IS 456 (2000),.Table 1]
' - L g R 9-_.__ _

Accord}n l0 IS 456 the Illaxl. ! -':) . [e] ul) (-] eyt [ c 3¢
g ] n murn t tal aCld 3 ]. 1 Ch ) d : @ e’ \
ioride conlei ln _Oncret ’ expl‘es.: d N

" in kg/m® shiouls
m _Ig/m stiould mot exceed 0.6 in R.C. members (2] ae co

B..4.2 Alkalt Aggregate,hé:alctlon

t . '- .
X =g_g1 g wlth alkall reac “VG €0 ents Sh()l[ld n b : d
Appresates : . 4 not be ‘:'-:-i o c-«l ) .
, ot be l-'lS__e. n normal practice without

_B5 COMPACTION OF CONCRETE

Special ste;
ps should be taken ft i :
should be com n for concreting siopin
. ) pacted . ping Surfaces. C q .
e properly. Porous ¢oncrete always leads to i:;lrcl;; :;éleys, and junctions
. g o } corrosion of steel.

'B.6 CURING | . VAL
, STRIPPING OF FORMWORK AND REMOVAL OF SUPPORTS

. The three im tr 1
o L portant steps of curi ippi
: bers e _ .urn.lg, stripping of formwork
;;_:;_j,ol_l__fl .itnhis sperations e e:;y q1stmgulshed. The time schedule as awI::}l o zVﬂ_l oD
15 struotera] action Yy un]?ortarlxt. The order of removal of i Sequenccms o ewaCh
_ tru tu. . The specifications are given in IS 456 (ZSEBI))OCHIS should Somply with
ause 11.3.

1. PC arghese Limii 7 -
. , Limit Stat i }
V ., . ale Desagn QfRBH[fO ced Concrete, 2nd ed., Prentice-Hall of India
4 i
2. IS 4560 (2000} — vision— w e |
3 B ( Fourth Revisio Burean of Indian Standards, New Delhi
. ( 85) Part I‘, British Standards Institution Londo , ’
S 8110 (19 » A n,

. APPENDIX'C

R.C. Members in Low Rise Buildings

A INTRODUCTION
This Appendix

 with Design Tables and Charts

f the methods of design of slabs, beams. cclumns and footings
the data given here should not be used as @ replacement for
the theoretical ca should be carried out for the exact design as explained in
textbooks on Reinforced Concrete (1]. These data are meant only fo serve for the beginners
as a rapid check on the results of their detailed calculations and also as a means for a quick
estimate of the steel requirements for simple buildings. ‘ :

i a revision ©

of ordinary buildings. However,
lculations that

c.2 SITE CONDlTIONS
the design:

lowing items should be clearly specified from the start of
1. Environmental conditions. Data about environment is necessary to fix the nominal
cover, grade of concrete, mininum cement content, and maximum water- cemient 1atio 10
be used for durability to the environmental conditions to which the structure will be
exposed to. Tables 3.2-3.5 of Ref. 1 or 18456 Clause 26.4 canbe used for specifying them.
2. Load gombinations. Theoretically jons should be used for design.
Dead load (DL) and live load (L.L.)are vertical loads. ds can be due t0
lowing load

wind load (W.L.) of earthquake (B.L.) effects. Generally,

combinations only.

(a) 1.5DL.* 1.5 L.L. (one case)
(vy 1.2D.L.+ 12LL. %15 WL (Four cases,
{c) 1.5 or 09LL £15 W.L. (Four cases, two
ther cight cases for carthquake loads. (E.L.)-
hich the appendix

In addition, We have ano
low rise buildings I low earihquake zones 10 W)
ign. Detailing of

However, in most ordin :
£1.5DL.+1.5LL needs to be.considered for desi
tistoreyed framed buildings,

The fol

Horizontal loa
we consider the fol

two in each X and Y planes)
in each X and Y planes)

applies, only the first case O 5 .
seinforcements i8 then carefully made 10 avoid brittle failure. Tn mu
also for wind and earthquake according to 13 codes.

1d be carried out

analysis shou
India, New Delhi, 2002.

e Varghese, Limit State Design of Reinforced Concrete, 20d ed, Prentice-Hall of
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cs DETERMlNA_TION OF DEAD AND IMPOSED LOADS

The design loads should be determined with i '
care. Dat i ixBi
The desigh loncS S epose, For roofs we ih ¢z ¢. Data given in Appeadix B in Reference 1 can

. 1. Self-weight of concrete at 25 kN/m®

- 2. Weather proofing and water proofin: :
et pre ing at 1.5 KN/m? (approx.) for bitumi
-and at .95 KN/m? (approx.) for lime concrete with tilljgs ) for bRumiets membrane

3. Live load (Table B.2 of Ref . {1]

For floors we have b

1. Seif-weight at 25 KN/m®

2. " Floor finish at 1 kN/m? or more (2 KN/m?) (approx.) for terrazzo) |
3 Partition at 1 KN/m? or more (if applicable)

4. Live loads {Table B.2 of Ref. [1])

kNIgzhcd :g:;Idia:lhgagﬁctt];zri;ﬁf:ld{oads V_gor ordinary buildings ‘work out approximately to 7-9
s : the buildings. We should also remember that for limit i

€@ " N : t

factored loads™. To ensure this conversion, one may use the symbol ;" fo: :;i;izft;swglﬁf

F = 1.5 (total characteristic loads) by IS 456 (2000).

For characterisiic load of 8 KN/m?,

F=15%8= 1-2Ei<N/m2

-5

C.4 ESTIMATION OF-'AF*PROXFMATE DIMENSIONS OF SLABS AND .BEAMS

:;o;} ;’icetgzct;g;f;on;i;lggtion:l;ve adopt the following depths for slabs and beams For slabs
of - to 1/28 of span for simply supported d 1/26 ;
continuous siabs can be. assumed. The total depth 1 ot b P to

. D) for continuou lab
1/24 to 1/28 of span. For two-wa 1 o c ¢ S s o enarally,
; . y slabs, the ratios can be based on th
,thc.-thlgkn_esses chosen are 100, 115, 120, 125, 150, 175 or Zﬁglim: sclizﬂ; i o fonﬁra“y,
e ation. , ) . for convenience in
e blior :;lar.nsl,(me total depth of L/10 to L/12 i8 ustially assumed. For a 9" brick wall construction
the b :: ” 1; ‘eit as&30 m}{n and depths are varied as 300, 450, 600, 750, 900 mm as required’
a brick wall on the beam, its dead load is also to be ’add dtol .
\ ' ed to loads from slab
;hc t;t:al loads for design of beams. The factored dead load Sfrom a 23 cm-fhick Sb;cl:c gjtl
m high can be. taken as 20 kN (approx.} per metre: length: - "

Column bxegdlhs are also usually kept as 230 mm, and depths of 350, 450, 600, etc. are

selected so that, with 2 reinforcement of 1.5% of the column, it should be able to carry the load

Alfernatively, the column size i ! i

A ize is chosen and the reinforcements can be varied to suit the

ﬁo:&?}:‘ﬁm f:;gt;:ion?ti g;? the szfe—bearing capacity to carry the characteristic load
! . with the weight of the footin, . The footi i i 7 imi

state method using factored reaction from the gmund.g © footing sab is designed b Hmit

e T

" Ref. [1) canbe used. The steel required fora T beam can also be €8

APPEN:A -

‘c5 STRUCTURAL ANALYSIS

“Table 12 of 15 45
_and shears in slabs and beams. 1n normal

6 or Tables C.1 and C.2 can be used for determination of facteved moments -
| cases, the shear at a distance equal 1© eijective depth

only needs to be considered for design. Ac_co‘rding,td 1S 456 clause 22.4.1, if Li.#3/4DL. .

we need to analyze the beam only with both D.L. and L.L. together on all the. span_s_; Otherwise,
d qqalysis has to be made. Structural analysis of .beams can- be: made by -

the pattern loa
cocfficients if spans are equal. In other cases, We use the moment distribution method. (By 15

139201 7.1.2 minimurn column size is to be 200 mm.)

.6 ESTIMATION OF STEEL REQUIREMENTS o

ncrete and Fe 415 steel, the following tables and charts can be used for

For M20 grade co
verification of design values and for easy. estimate of the steel requircments.

1. Slabs. Tables C.3-C.5 of this Appendix can be used to determine the neces
for stabs from the factored moment (M) values. (Cover 15 to 25 mm) -

2. Beams; jongitudinal bars. Table C.6 can be used for design of beams with width of
230 mm and of varying cffective depths 210-900 mm. (Cover 15 to 25 mm) ‘

However, in most ¢ases, beams behave as T beams for positive moments and as doubly

rced beams at supports. The limiting moment of capacity of T beams can be obtained by

reinfo
using Table 58 of SP.16. and for doubly reinforced bearns, Table 50 of SP.16 or Table 6.4 of
timated from the formula:

sary steel

M
A =TT
70871, (d-12)

where d is the effcctive depth and ¢ the thicknuss of slab. Steel beam theory can be uscd-for

doubly reinforced beams. B
3, Beams—shear reinforcement. Table C.7 can be used to estimate the required shear

reinforcements in beams. Itis worthwhile also to remember that design of nominal shear
o designing the steel to carry @ shear stress of 0.4 N/mm? over the

steel is equivalent ¥
rectangular section. Table C.7 assumes at teast 0.3 per cent tension steel, M?20 concrete,

shear strength variatioh with steel % not considered.

4, Column main steel and links. The breadth of column is usually kept as 230 mm and
1eel as 1.5 per cent and

the depths vary as ghown in Table C.8. Either we keep the s
tumn depth to carey the required load or we Vary the percentage of steel

vary the co
to an assumed size of the column for carrying the load. The size and spacing of links
25 to A0 mm)

can be chosen as explained in Section 13.9 of Ref. [11. {Cover

5. Strip foetings. Table C.9 gives the steel for continuous strip footings. The minimum
reinforcement of 0.12% and maximum spacing of reinforcement of 300 mm or 3d specified
ed to be checked only at mid-depths of footings as the bent

for slabs of footings ne
column bars are also available beyond this point at the root of the columns.

¢. Isolated footings. Charts 1-8 give the Jarger depth D, the size and reinforcements for

approximate design of isolated footings. It is preferab
thickness of 200 mm

le to keep a minimum edge

(d) for these footings. Cover 40 mm over 75 mm blinding concrete.
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7 Dctal]mg of steel, Appen

D of Ref [1] gwes a summary of‘ the rules for detallmg

o - Acknowledgement Tables C, 3'~- 2 jarts- | e e
© -:Zacharia Geerge, Senior Partner, M/s, Plthavadlan and Partnet Consﬁ]tmg Archltects and
- Bﬁgmecrs Chcnnal Addmonal data is: avallable in Common Bgu’dmg Frgn;g Des;gn authoredﬁ

"~ 8.No. " Member Dcﬁmtlon of effective span

Centre of support or d/2 inside f'rom face of support whichever
- is less. (see also {(b). below) .
2. Continwous supports . (). If width of support < 1/12 clear. span, take span from
: ' centre of support or 4/2 from face
" (b) If width of support >1/12 clear span, take span from edge
" of support. -
(a) Simple cantilever _
L = clear span +1/2 (effective depth o)
(b) Cantilever of continuous beams
L = clear span +1/2 {centre of support from face)
4. Column (unsupported  Clear distance from face of support
length}

1 Simple supports

3. Cantilevers

B. Structural Analysis

S.No. Member - Recommended method of anaiysis

. 1. One way slabs BS 8110 clause 3.5.2.3 atlows analysis for single loading if
(a) L.L/D.L.ratio» 1. 25
(b) LL.3» 5 kN/m?
(c) "Each bay (not span) « 30 m®
2 Beams and columns
in frames {a) B.S 8110 allows continuous beam analysis for beam and
- empirical analysis of column.

{b) IS Clause 22.4.1 requires subframe analysis with centre-
to-centre distances.

(c) IS allows analysis with single load and all spans loaded

_ if the imposed load does not exceed % dead load.
3 Two-way slabs (a) LS. and B.S. codes use the table of cocfficients (Table
. . 26 of 13 456) for two-way slabs on rigid beams.

(b) For two-way slabs on flexible beams, the ACI methods -
of Direct Design Method or equivalent frame method for
design of two-way slabs can be used.

(Mote: ACT has discontinued the use of Table of coefficients.)

N’o!e 1 FOYIS specl

At outer support
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e —
__'_._——--——'—‘—'_"_‘

_.__—n—f————'—-_’—d_——_—_'—- CONTINUOUS BEAMS AND

T CORFFICIENTS FOR
TA_BLE C2 BM.ANDSF. ONE-WAY SLABS

£Ref. 1 pr 18 456
2. 3 of Ref 1or Table

2001 Table 12 and 13,
ifications, s€¢ Table 1L.1.0 T 456).

~way slabs, use Table 1

For B M. in two
' ‘2 * ! = (coeﬁ")(FLz) and SF= c;ocff (FL) -

453600 for beams

BS 8110 Tuble 3. I3 and slabs

BS :.5_’,110 Table 3.6 for” for slabs_

beams

Beam support 1/24

0.0%
W ' . 0086 9
Near middle of er_xd . ((:}{:91) AN " _
span (Positive) _ w 2 o
At first interior -0.11 0.60. -0.08§ 110
support (Negative) (1/9) 0063 o
0.07 .
terior span 159
i}’to:‘iltfvc) (114.3) (-0 . oo i
At interior span (I%ggs) 055 (1/.15‘8) _
(Negative) .
d 15%
tion of spans should not excec
potess :lar::l:;nof spans should be at least three. 4 redistibution
Ay BuS 8110 coefficients for slabs, assume 20% T
?4 Use factored load F for calculations. SS
CINGS AND SLAB THICKNE

SPA
LEC3 M, FOR BAR
TAB (Cover 15 mm; fox

= 20 and Fe = 415)
in mm; M, in KiNm

- D = Total slab thickness
Reinforcement . - = —
e

D;fgo ‘:1'.1356 ' é2157 ;d%% 1019 1220 (<:)TIZ)

¥8 @{;35 m (06.28273) 423 914 1050 1141 1367 (::1-3:)
Y8 (%,)2 ® (07275;) 933 1037 1193 1296 1556 (:)E.;{:t;)
ys(;@o)l'fS (09?(?57) 076 1210 1390 1520 1830 (%).11_291)
l{8((;"/?:)150 (?‘03_33’ L3 1B 1600 1750 2110 (%Z.gi)
v (%0)1 z © 402) g8 1550 793 1055 2360 2765

{0.224)



5t APPENDIX.C - e ) APPENDIXC ' 7519
- _ TABLECS (Cont) IABLECS ESTIMATION OF STEELFOR RECTANGULAR BEAMS FOR A, VALUES
Reinforcement , D = Total slab thickness in mm; M, in kNm (see page 517) (Width 230 am and varying depths; M, values in kNm L
- ) - - o ai i . Two ot three negative bays of less
ro@iso - 13.05 1588 17.77 2061 250 2722 3195 Note: At least two posiive hars afe kept continuous. 2 ! s, O
(%) - (0.523) : ' (0.262) diameter are continued as hanger bars (M20 concrete Fe 415 steel are assumod in able) .
Y10 @ 125 15.18 1859 2086 2427 2654 3222 3789 , - d ety
(re@irsy - 0630 (0315) e o mm | Area of | Placed as aced as -
A . Mufo(,;i'!:‘z’;-hﬂ;)kam) ] steel posiil've, steel | negative steal Type )
13 N . - B adii
(V12 @150) 1722 2130 2402 2310 3082 3762 4443 ! L Afen) in span at suppores o
o L ©754) : (0377) o330 300 . 350 450 | required nE S _
e Y12@ 125 — — 2782 RT3 98 M7 235 ! T w s B | 24 2712 2712 1
- (0452) | : : : 2712 2
— - - - . i o) E7) 37 48 3136 Nz
Example: M, = 6,16 kNm; Slab thickness 100 mm — Provide steel Y8@ 225 (per cent of steel = 0.223). i : o 408 2¥16 or . aY1Y 3
. . 5. 3 45 L =
TABLE C4 RECOMMENDED SPACING OF SECONDARY STEEL IN SLABS ' ‘ ; iz ,
— —— ' 48 75 520 JY16+1Y12  2Y12+1120 4
- Slab thickness Recommended spacings in mm 3% _ A 2720 of :
(mm) ¢ = 6 mm* 8 mm © 10mm 12 mm Lo 90 612 - 2Y12 +2Y16 3
: : _ — 1 ¥ 68 : 3Y16
i 100 230 C 400 L
' : . . 2716+ 1Y20 2Y12 + 2Y16
2 I g o — @ w s 02 Y2yginsib - 6
4 130 180 0 i 272041116 -
: t —_— Y12 +2Y20 7
s, 140 160 00 R ' I S ¥: | 816 - “TAT16 2
6. 150 150 s 400 ' '
7. 175 130 . 25 350 e 139 | 942 3Y20 2Y124 2¥20
8 200 110 200 300 ‘ + 278 u} slab
9 25 w 2B 400 s w2 | o106 2YI6 42120 AYIZ+2Y20 9
10. » 0% 150 250 350 e | uw 2720+ 1725 - 2Y16+2Y20
Notes: 1, Maximum spacing of secondary steel is 5d or 450'mm (IS 456: 2000 C1.26.3.3) : ' + 278 in slab 10
2. Minimum amount of stee] in either direction for slabs using Fe 415 = 0.12% of total cross . : 2725 +1¥16 - :
sectional area of slab (IS 456:2000 C1.26.5.21) is assumed. ’ _ 185 1186 il 2Y16 -+ 2720
3. Maximum spacing of main steel in slabs is 34 or 300 mm (IS 456:2000 C1:26.3.3) - - < or 4Y20 , Y
4. *6 mm steel is not recommended for Toofs and wet areas. . + 4Y8 in slab
TABLEC.S RECOMMENDED MAIN STEELSPACINGS FOR SLABS _ 20 | 1204 2y25+1020 2¥i6+2V20+2112 12
Area : Spacing o Area Spacing : . . . 214 1.3.86 Y25 +2Y16 . av2s5+ 2Y1§ 13
(mnt’) ‘ ¢ (mm); s(rzn) (md) - ¢(mm); s(mm) - me 14,67 3Y25 2516 + 2Yl25b N
67 8@ 300 a T @3 _ + 28 in sh
201 8 @ 250 92 10 @ 200 o 16.06 2y25+2Y20  2Y16+2Y25 )
23 8 @ 225 448 10 @175 T T , L‘__/’_____j}_”f_,___.l’_ﬂ
251 10 @ 200 452 12 @ 250 T - ’
261 10 @ 300 502 12 @225
287 8@175 523 10 @ 150
314 10 @ 250 565 12 @200
335 ' 8@ 150 646 12@ 175
349 10 @ 225 754 12 @ 150
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" M, for depth of beam mm 'Ar'éh of | - _qui?éd as . o4 . Plated as.
“(dand M, kNm) . sieel positive steel . | . negative: steel |- Type
§ T 1 A, (em?) - in span at supports | -
‘1:600 759 X0 requirerd L ]
P d0 - 408 . 2Y1Gord4Y1Z-. a2 3
00 1300 166 520 2ne+IYIZ.  2Y12%1N20-~ 0 - 4
s -:1'50 190 e a0 .2}-’12--}-?'2}’16 : 5
‘ T oravie U
40 178 226 722 2Y16 + 1120 2¥12+ 2120
" ' , + 2¥8 in slab 6
- 2Y20+1Y16 . '
157 210 266 8.6 2rao+irie 2¥12+ 2120 7
or 4Y16
183 233 295 942 C 3120 2712+ 2¥20
' ' +2Y8 in slab 8
01 . 256 325 1036 2Y16 + 2120 4Y12 + 2120 9
26 25 M5 1117 2Y20 + 1125 2Y16 + 2Y20
’ + 278 in slab 10
00 29 365 11.86 2Y25+1116 2¥16 + 2120
s ' or.4Y 20
+ 4Y8 in stab 1
250 § 319 400 - 1294 2¥25 + 1720 2¥16 + 220
: +2Y12 2
20 1 30 430 13.86 2125 + 2116 2Y25 +2Y16 13
286 365 | 460 14.67 325 2Y16 + 2125
: + 278 in slab 14
33 400 | 505 16.06 2¥25+2Y20  2Y16+2R25 +2Y12 15
61 468 5% 18.84 6120 2Y16 +2¥25 +2¥16 16
81 486  61S . 19.63 4125 2Y16+ 2125 +2Y20 17
3Y25+2Y20
Tyt +
408 521 660 2095 5515720 2y2:o+ 1r25+2r25 18
435 554 700 2234 42042725 2720+ 172542120 19
3Y25+3Y20
469 598 755 24.09 e 2Y20 + 1Y20+3¥25 20
A 5725
— 610 810 25.84 4Y25+2Y20  2Y20+1125+3¥25 21
— 685 865 21.59 5¥25+ 1720 2Y20 + 4125
: + 2Y8 in slab 22
- m 90 29.34 6725 2Y20 + 4¥25
+4Y12 in slab B

Example |:

Example 2: b = 230 mm, d = 450 mm,
(a) In span as T beam 2¥25 + 1Y20. _
{b) ‘At support as reciangular bears 2¥16 + 2Y20 + 2Y12.

(8 mm t\ﬁo-legge

- (thick line):

. (Beam needs compression s
" ssteel 2Y 20]. :

(b) At suppott as rectangular.

M,,-ZDO KNm _(-Stcel-'e;r_ré:igémcnt- type 12.)

"APPENDIX € 521

b =230 ram, d = 450 mn, M, 7120 kN (Stee! atrangement type 7.)
(a) In span‘as T beam 4Y16. Lo o '

TABLEC7 STIRRUP SPACING FOR BEAM SHEAR
d stirrups are used unless denoted by *where 8§ mm four, legged stirrups

bcam 2:Y12: 12 Y20 (s'ﬁ:lg]}:':rqi‘nfc')rced) {as it is above

teel also as it is below the thick line) Add compression

or cquivalent of higher diameter and corresponding spacings are to be used)
(Breadth of beam = 230 mm)

Factored

Depth of beam and spacing of above stirrups in m
shear -

{kN) 230 300 350 450 €0 750 900
50 150

Y] 125 200

70 00 175 05

80 — 200* 200 250 300

QO — - 200* 175 25 00

100 — 200%* 150 200 300

120 LC. 175 125 175 s

140 150* 200* 125 175 300

160 125* 175* 225* 150 250 300
180 LC 150* 200* 125 200 275
200 125% 175* 225* 175 225
220 LC. 150* 200* 150 200
240 125* 175% 125 175
260 LC. 150* 250% 150
280 150% 225% 125
300 150* 225% 125
320 125* 225* 2234
340 125% 175%* 225+
360 10@175*  150* 200*
380 10@ 150* 10@250%  200*
400 LC 10@225% 175+
450 10@ 150*  150%
500 10 @ 225*
550 L.C. 10 @ 200*

Notes 1. L.C. = Limiting capacity, For per cent tension stee} < 0.3, the allowable shear = 0,39 N'mum’,
2. For four legged stirrups we need at least 3 bars to hang them.
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CHART 1 DESIGN OF COLUMNS AND I?_OOTINGS

~ Example 1: Colurn: Load 45 tons, Column size 230 % 230 mm. Steel as in Table €8, .
Footing size 255 x 240 cm, D = 600 mm, Steel 16 X 14 Y 10.
Example 2: Column: Load 50 tons, Column size 300 x 300 mm,

Example I: Design shear steel for factored shear = 60 kN; depth = 230 mm; 3 ' \
b =230 mm; use 8 mm two-legged stirrups at 125 mm spacing.
Example 2: Design shear steel for factored shear = 90 kN; d = 300 mm; b = 230 mm; use

§ mmi four-legged stirrup at 200 mm spacing. : L -
[Note: Nominal shear steel design is equivalent to design.of section for a shear : Footing size 270 x-zfo_cm’ D610, Sted 18x16Y 10.
stress of 0.4 N/mm? [see Eq. {7.9) of Ref. 1]. ‘ S o REINFORCEMENT ,
TABLE C.8 ULTIMATE CAPACITY OF COLUMNS (kN) : . Columns to be used o T
© [1S456 CL39.3] P, = 0.4fd,. + 0,67 fid, [L0aAD (1ONS) | COLUMNSIZE (v > 8 olg .l
: : - o Upts 45 | 230 x 230 2 a SiEd
Size (mm)  Area cm’ Capacity (in kN) with per cent Fe 415 steel as below ‘ 46 — B0 | 230 x 450/300 x 300 it E X E o oa
of = o S = 20 N/mm? : \ 81— 110 | 230 x 600 é s, § ] "
Column  Column | 08% 1.0 % 15% 20% ~ 58 & Qg7
230 x 230 529 540 570 . 670 750 em | = h ol
230 x 450 1035 1058 1115 1310 1470 343 s T 77
230 % 600 1380 1410 1530 1750 1960 i 3301 w oo © W 475t
20x750 1125 | 160 19200 2190 2450 : s % % e = |
300 % 300 90 | 018 1000 14 1280 * % X x 3 0
A © 300x 600 1800 1836 2000 2280 2560 360 - =2 2N pra (R
: : 300 x 750 2250 2295 2500 2850 3200 ' 255 - o W e & oo
450450 2025 | 2065 20 2560 2880 | ‘ 53 (Charactertstlc Loads)
: - . . 504 -
TABLE C$  DESIGI OF STRIZ FOOTINGS AFTER FINDING SIZE _ : - BT : : 431
. ‘- 240 - e 40
i_l‘_i ‘ - 225 - s
e 4 R - 4
Fig. C.1 t _ _ 195 - A5t
Overhang . Safe bearing capacity of foundation Ast 2 ‘ 180 201
! on each 10.T/m? - 15 T/m? 20 Tm* (on each : 1651 : :
side = A - - : ' side) . : 300 450 600 750,
() Ast} D Astl Drd Astl DA : i 150 ' : '
p g T DEPTH (D
i 375 gmm 300 Smm 300  8mm 300 | 3of8mm | 1354 « Cro >
| _ @00 50 @200 150 @00 150 . 120
i 200 § mm 300 8 mm 300 gmm 375 :
{ @00 s @00 (5o @50 350 4 of 8 mm .- 1031
K 600 | 8mm - 375 3 mm 375 8 mm 450 o T T T
: @200 150 @150 150 @125 150 5 of 8 mm 90 10S 120 135 150 165 180 195 210 225 240 255 270285 300315330 345 cm
‘ 750 10mm 450 10 nm 450" 10mm 600 o .
@75 55 . @25 5 2 @150 Ts5g 4 of 10 mm | secIsve?
900 10mm : 12 12 . : _ .
@125 Eg @;I;;' izq : @;231 800 6 of 10 mm Nates (Charts 1 to 8. As SP34 Section 6:3 recommends the diameter of main reinforcing bars in foundation should
. 150 200 . 200 be not less than 10 mm, equivalent can be used. 15456 clause 34.5 states minimum steel and spacing to be as

Ast 1: Transverse steel through width. Ast2: Longitudinal steel on either side in overhang. in sofid slabs. In footings more than 250 cm curtailment at midlength should be examined.
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CHART 2 DESIGN OF COLUMNS AND FOOTING e CHART 3 DESIGN-OF COLUMNS AND FOOTINGS
e > REINFORCEMENT F
L - L e ; 1.
LOAD (TONS) | " COLUMMN SIZE (mun) N - LOAD (TGH5) COLOMN SI1ZE (i
Up 1645 | 230 x 230 =) 5 Ele Up to 45 | 230 %230 ;

- . FOER : B L y - ; )
46,80 - f 230  450/300 x 300 s o2 2lER 46— 86 | 230 %.450/300 X 300 . T
81+ 110~ | 230 X 600 _ e 2 2 > &lda e — o R

111 2150 | 3007% 6007230 % 750 = - B I~ 811194 230 % 600 . . C T 2
S i - oxo&ooxe 2l 111 = 156 | 300 x 6001230 %750 - A 5 o e mlgd
. 2 T 2 C|8s . SE R = = NlEQ
o s ~ = =~ §|¢ 151103 | 300 x 750/450 x 450 AN
. 2272 ¢ g L og 4§ RN
hed = : cm . S K X %
< = > s n @2 5 2 ~ e g = alt
= — — . . .
cm = x 2 ' 345 4 e T2 2 a5 e
P - 2 ,_.’; S . = R g 52 09 3
345 - o x o 8 2 e T 330- ~ =X m oo 1201
1 : x 2 X o E T g Cox =2 x X X
. 330 ——— : " t = 100t ' 318 : E : E E E /|20
! 2 & n ) i Fiey =
— e — — o~ b - ™ [=]
! 21s , 551 93 300 . 2= = =« TR AL
) oo o
. L 19 -
300 . 75 T80 185t C28s 2 " e 95
. ° x x o
285. o 55 70 270+ X ¢ w B 901t
0w, S S
270 650 > ©n

- . 255 f——we = = = 75

255 : 554
50 240 55 70
240
, 45 225 601
- 55 4. (Characteristic
225 . (Characteristic Loads) 210 . . - 50 Lozds)
210 401 '
: 195 . 15145
195 35 ‘
30 180 3s

180 25

165 30t
165 -

150 25
150 20t

135-
135

300 4350 600 750 120 20t |
120 - 300 450 600 750/ 900) 1050
105 - « DEFH () mip , 1057 Y HEPTH (D) |mm R
T T T T
[ T LR 255 270 285 300 315 330 345 cm
90 105 120 135 150 165 180 105 210 225 240 255270 285 300 315 330 345 cm 90 105120 135 150 165 180 195 210 225 240
SBC 12.5 tm?
SBC 10.0 v
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CHART 4 DESIGN OF COLUMNS AND FOOTINCS ) . CHART 5 DESIGN OF CO_LUMNS AND FOOTINGS

et

L REINFORCEMENT v : . ,
: L . L REINFORCEMENT IR
LOAD (TONS) COLUMNSIZE (mmy) - 5 : ' _ _ Tt
Up to 45 230 X 230 o 2 LOAD (TONS) | -~ COLUMN SIZE (mm)
16— 80 | 230 x 450/300 x 300 & S|~ Up 10 45 | 230 x 230
: 81— 110 | 230 x 600 T i g g a6 - 80 | 230 x 450 300 x 300 e ‘ .
' - . L ;D N . - " - B
; 11 - 150 | 300 x 600/230 x 750 E-E E PEEIN *| 8t -110 | 236 x 600 o E o o w- 2|8
¢ B . 2] . P L . 1
1 151 - 195 | 300 x 750/450 % 450 ol % o SpXE 11 - 150_| 300 x 600230 x 750 g E S e T Eg
\ = 2 % B é" 151 = 195 | 300 % 750, 450 % 450 X o x84 oq ow Y g
; S N oS Above 195 | 300 x 830 i e T 2 x x 2 oglx#g
i = g 2 > & > O om - i e Y k-
S T ™ m H R o . : =IO - & bl &
: v 5 5B : - 345 o e 5 & & & 8
i cm a 7 % & o > > '
4 i x w ox % IR S o
i 345 s % e 2 30 s = o & 770 1180
! =5
y 330 - :; E : : 315 — é put ; 160
' 2 = 8 3 2 5 L s = ,
i o o & = ] - e <
315 % S B 15t 300 P SR S B 140 |10t
L [ _>~ [ S E o g @ gN-. )
; 300 > 2 o =T —tot s 285 ——— ~ .3 ———1130
: x » X o o ki ] : 3 -
N i T o [--3 — — - : C—
¥ BT~ N 100 110 [t1st M2 x = 1201
b 270 —2 = 2. a9 8 S e X lej -
! : - = 90 255 4— - 5 .2
i - z % o 100
255 S o
85 - 240 = e 95
1, : , 85 10"
1 - R
i 240 70 175150 225 + — 75 : (Characteristic
i 225 65 (Characteristic Loads) . Loads)
| ’ 2'0 . N ’0:
| . . 65
% 210 35 60t .
% _ . ' 195 60
/ 55
! 195 a5 Y50 : o . _
; 180 50 t -
; 45
i 120 40
165 —4 40
‘ . \ : 35
I 165 5 35t .
§ ; 150 301
"i 150 :
! 135 1351
1
! TREL ) |
120 120 25t i
300 454 -|s00] . fis0 ~ |900 ) 1050 105 300} - 1450 600 750 900 1050 1200
{i 105 . DHPTH} (D) thm . . <+ — - - _DEP'[IH (D) mm —+
H B I - T —— g * ! T = } —i- T
] g T T T . cm
00 105 120 135 150 165 180 195 210 225 240 255 270 285 300 315 330 345 cm 90 105 120 135 150 165 180 195 210 225 240-255 270 285 300 315 330
' SBC 150 tm?2 | ' : SBC 17.5 Um?
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_ CHANT 6 “DESIGN OF COLUMNS AN FOOTINGS . o ' 'CHART 7 DESIGN OF COLUNMNY AND FOGTINGS
EE ' REINFORCEMENT o . ,
L REINFORCEMENT TR . o I"" L e +
EOAD (TONS) |__- . COLUMN SIZEGnny | o ' i
Up to 45 | 230 x 210 L > - s ) . : i
- ] (v} N [—— — .
45— 80", | 230 x 450 4-300 % 300 = _ o - [LorD (TONS) | COLUMK SI2E (warg
81110 | 230 me00 - . 2 ol Up 1o 45 | 230 x 230~ _ g
111 — 150" | 360 x 600 / 230 % 750 > ~|E . 46 - 80 |-230 x 450/ 300 x 300
1 [ST795 | 300 % 750 / 450 x 430 RPRRIPRR Y e | B 81 - 110 | 230 x 600 ‘
: Above 195 | 300 x 330 ] Ja oD oal®a 111 — 150, | 300 x 600 / 230 x 750°
- - . - Sy @4 : -
' : e ‘o o » @ g x gf‘, : 151 ~ 195 | 390 x 750 / 450 x 450 :
o 5 2 x x 297 . Above 195 | 300 % 830 S o «a =2
S m ot e n oo 2 82 RE ' ' - - = oo R e =
e B BT 8 LN ~x 8 2 2 moa 3 & ™
cm X X X m~ %= o 8 23 37 -~ 8 8 & x x 8§
o o = ; & f)‘: cm S 2 9— 2 .‘:‘ [n] o
345 - v o o= 3 og L 345 - L2 5 2 3 g ¥
8% S« & g " = '
330 = = = 1951 330 ~o ' 2201
> o :
1 w2 s 200
TR .5 o 175 | 185 : = 190
00l—8 2 % = 300 : __ 2 o
X o » X 1551 165 - 170
[=3 -
i 8512 o o« o 145 285 : {5577 te0
3 g > 8 = ' ' 270
& 4R o - - - 14
270 207128 1351 130 0
255 2 =2
255 95 115 I S 120
240 2 =
240 90 1 tog p gt
225 o e = 2 |
225 85 (Characteristic ; LT ]
Loads) . 1l 2 8= = (Characteristic L.oads)
210 ra il 210 ' o190
o0
195 551 70 195+ > 70
180 51 60 1 180 = 60 1
165 45 : 165 50
150 40 50
_ 150 40
135 351 :
135 %o
t20 75 170 - 120-
105 20 :
450 600 750 990 50 20
0 BERTH a 1200 1051500 450 600 750{900) 1050 . 1200,
1' 90 105 120 135 150 165 195 210 225 zqf);m ; 15 330 3. ) +DF (D) :
180 0 255 270 285 300 315 330 345 cm ' P T
, 345 90 105 120 135 150 165 180 195 210 225 240 255 270 285 300 315 330 cm
SBC 20.0 tm?
% : SBC 22.5 v
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prmn

CHART 8 DESIGN. OF COLUMNS AND FOOTINGS

o REINFORCEMENT y
1< : ~
LOAD (TONS} COLUMN SIZE ()
Up to 45 230 x 230
46 — 80 | 230 x 450 / 300 x 300
81 - 110 | 230 % 600 .
111 ~ 150 | 300 x 600 / 230 x 750 o “H
151 - 195 [ 300 % 750 / 450 x 450 C > o
Above 195 | 300 x 830 § o« 2 8§ o =~|[E
R & T & ~ |E B
—_— £ — S 1 ]
t~ o O
X % o X oo Xign
. o o o F o o ]
cm = - = = X e = X e qXm
- N L om0 a gl
345 noe 3 2 8 2 8§ > 82
= [ oy =) ™~ = — — vy
& >- — - - - o ~ (3]
304 L, o L= or X
P - X =~ =
> o~ Eo S
smst—g2 2 38 2 st
w 22 = 5 w ¥ %
3004~ % x o ~= = T 7 Ms
RN X
285‘-2 N« :-c. 185 195
s o=
270+ 6,175
255 TTEITE TS5 Y
240 125
225 - 1201
Jt1o 2
210 551109 7
(Characteristic Loads)
&
195 70175 85‘,
180 65" -
165
50 155 |90t
150 b 45
135 151401
120 30
oo 750 900 1050 1200
25
1051 _A450
50 DEPTH (D} mm
T L] T L] T ¥

90 105-120 !35 150 165 180 195 210 225 240 255 270 285 300 315 330 345 cm

SBC 25.0 thm*-

e e e e e e - -

~ Index

Acceptance tests, 466
Additionai eccentricity, 298
Additives, 451

Affinity theorem, 428
Aggregate grading, 445
Anchorage of bars, 363

Baker's method, 402
Bar spacing
beams, 44

. flat slabs, 189, 221

. walls, 304
Beams
columa joinis, 357
decp, 50
deflection, 1
- moment curvature, 44, 396
Bearing strength concrete, 6]
Bend$ in bars, 362
Boundary elements, 344
Buildings
engineered, 329
natural frequency, 318
nonengineered, 329
preengineered, 329

Cantilever method, 150
Carbonation, 319

. Carry-over factors (COF), 245

Cast-in-situ joints, 357
Cement

content, 437

grade, 435
Coefficient of variation, 461
Collapse load analysis, 391
Columns

capital, 161

equivalent, 245

joint, 357

shear, 359

strength, 359

strip, 171

Compiiance test, 466
Concrete
confinement, 364
creep, 7
curing, 441
fire resistance, 287
shrinkage, 30 . :
Construction loads, 117
Contraflexure points, 40
- Core testing, 469
Cotner joints, 366
Corrosion of steel, 77, 426
-Cover, 287, 509 o
Cracking mechanisr, 25
‘Crackwidth, 27
Creep coefficient, 7
Current margin, 462
Curvature, 44, 396

Daiping, 320

- Dead loads, 96

" Deep beams
. detailing, 62

with holes, 58
lever aim, 52
shear, 53
simple type, 51

Deflection
beams, 1
contilever, 14
imposed loads, 2
long-term, 7
reqhirements, ¢
short-term, 1, 3
shrinkage, 8

Deiailing of steel

© column joint, 365
corner joint, 367
deep beam, 50
fabricated shear hond, 224
flat slabs, 189, 222
grids, 89
shear walls, 346

531
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Development length, 362
‘Drop panel, 161
Ductile detaiting, 377
_ Ductility, 398
Durabllny of concrctc, 436, 473 508

Barly thermal cracking, 31, 36
. Earthquake
-+ distribution, 315

forces, 316, 326

magnitude, 312

columin, 188
Effective
ftange width, 176, 507
length of wall, 296
Equivalent
column stiffness, 245
.. frame analysis, 240
‘Bxposure classification, 447, 509
. External columns, 187

ifield cured specimen, 467
.-F:rc
- ¢lassification, 282
effect on concrete, 284
éffect on member, 284
effect on steel, 283
spalling, 285
standard, 281, 282
Flat slabs and plates
design of reinforcements, 185
detailing, 189, 190
direct design, 17t
equivalent column, 245
maximum steel spacing, 186
minimum thickness, 162
moment in columns, 186
Nicholas method, 174
pattern loading, 180
transverse distribution, 182

Gap gradings, 447
Grade
cement, 435
concrete, 443
Grading curves, 445
Grid slabs, 84
Ground slab, 488

High-strength concrete, 449 7
~ Hill and ridge, 109

Hillerborg's sirip miethod, 424
Historical development, 502 .

Importance factor, 311, 3I7':f_ )
Imposed loads, 97 -
Inetastic analysis, 391 -~ ..

response spectrum, 316 .77 o
. Integrity bars, 191

Internal ties, 274

. Johansen, 424

Joints
beam column, 357
in concrete, 118
confinement, 364
corner, 367
detailing, 369
in frames, 358
shear strength, 365

Kemp, 424
Knee joints, 367

Laboratory-cured specimens, 465
Lateral
load analysis, 147
ties, 274
Liquid storage structures, 472
Load paths, 425
Loads
bottom loading, 50
buildings, 97
construction, 117
dead, 96
deflection curve, 2
earthqguake, 316
live, 97
top loading, 5¢
wind, 101
Load test, 468
Local failure, 52, 61
Longitudinal distribution, 177
Lower bound value, 424

Middle strip, 172
Minimum steel
ground slab, 488
water tank, 472, 489
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ix design, 442

" Modal anulysis, 325 -

iodified strip methad, 426

Momeni

curvajure, 44, 396
distribution, 39, 41, 252
“envelope, 43
of incrtia, 300
redistribution, 19, 39, 42
transfer, 214

Monier systems, 503

Natural frequency of buildings, 321’

Neutral axis depth, 13
Nominal mix, 442

Openings

in flat slab, 226

in strip methed, 427
Operating curves (OC), 466
Crdinary grade concrete, 442

Partial safety factor, 2, 326
Permeability of concrete, 437

‘Plane concrete walls, 294

Plastic hinges, 393, 403
Plasticisers, 443
Plate theory, 85
Points
of contraflexure, 40
of inflexion, 427
Polymer concrete, 441
Portal method, 148
Probability integral, 461
Punching shear, 213

Quality control, 458

Raft slab, 240
Redistribution of moment, 39
Reinforced concrete walls, 294
Reinforcements
‘spacings (see bar spacing)
types, 395
Ribbed slabs, 73
Richter scale, 312
Rigidity, 183
Rotation, 401, 402

) Samphng frequency, 465 .

Shear with compression, 488
in flat stabs, 211
with tension, 488
.in walls, 300
Shear-heads, 224
Shear walls
“boundary elements, 345
design, 337-
detailing, 346
moment of resistance, 347
Shores, 118
Short-term detlection, 8
Shrinkage steel, 488
Simpson’s rule, 400
Skew slabs, 427
Slab beams, 243
Space model, 249
Spalling of concrete, 286
Spandrel beams, 262
Strain hardening, 359
Stress-strain curve
concrete, 393
steel, 395
Strip method, 424, 426
Substitute frames, 129
Sulphate disintegration, 440, 510
Superplasticisers, 443

Tall buildings, 152
Target strength, 463
T beams, 164, 506
Temperature steel, 31
Tension stiffening, 10, 398
Thermal cracking, 31, 36
Ties in buildings, 274
Top loading, 50
Torsion

in buildings, 327

in edge beams, 264
Tsunami, 309, 313
Two-way slabs, 171

Ultimate strength of cancrete, 392
Unshored construction, 117

Variance, 460

Variation coefficient, 461
Vibration, 451

Voided construction, 73
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Walls

" detailing, 304, 346

empirical design, 298

openings, 354

slenderness, 296
Watcr-cement ratio, 437
Water tanks, 472

Wind load
analysis, 112
cyclones, 115 _
gust effects, 102,114
Wind speeds, 98, 104

Yield-line theory,, 424
Yield of steel, 395, 397

¥




