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DESIGNOFCONCRETESTRUCTURES

Introduction
Reinforced concrete, as a composite material, has occupied a special place in the

modernconstruction of different types of structures due to its several advantages. Due to its
flexibilityin form and superiority in performance, it has replaced, to a large extent, the earlier
materialslike stone, timber and steel. Further, architect's scope and imaginations have
widened to agreat extent due to its mouldability and monolithicity. Thus, it has helped the
architects andengineers to build several attractive shell forms and other curved structures.
However, its rolein several straight line structural forms like multistoried frames, bridges,

foundations etc. isenormous.

Concrete
Concrete is a product obtained artificially by hardening of the mixture of cement, sand,

gravelandwaterinpredeterminedproportions.

Depending on the quality and proportions of the ingredients used in the mix the properties

ofconcrete varyalmostas widelyas differentkinds ofstones.

Concrete has enough strength in compression, but has little strength in tension. Due to
this,concrete is weak in bending, shear and torsion. Hence the use of plain concrete is
limitedapplications where great compressive strength and weight are the principal

requirements andwhere tensile stresses are eithertotallyabsentorare extremelylow.

PropertiesofConcrete
Theimportant propertiesofconcrete,whichgovernthedesignofconcretemixareasfollows

(i) Weight

The unit weights of plain concrete and reinforced concrete made with sand, gravel of
crushednaturalstoneaggregate maybe takenas24KN/m3and25KN/m3respectively.

(i) CompressiveStrength

With given properties of aggregate the compressive strength of concrete depends primarily
onage,cementcontentandthewatercementratioaregivenTable20flS456:2000.Characteristic
strength are based on the strength at 28 days. The strength at 7 days is abouttwo-thirds of that
at 28 days with ordinary portland cement and generally good indicator
ofstrengthlikelytobeobtained.

(ili) Increaseinstrengthwithage




Thereis normally gain of strength beyond 28 days. The quantum of increase depends uponthe

grade andtype ofcementcuringandenvironmentalconditionsetc.
(iv) Tensilestrengthofconcrete

The flexure and split tensile strengths of various concrete are given in IS 516:1959 and
1S5816:1970 respectively when the designer wishes to use an estimate of the tensile
strengthfromcompressivestrength,the followingformula canbe used

Flexuralstrength, fo=0.7VfuaN/mm?

(v) ElasticDeformation

Themodulus of elasticity isprimarily influencedby the elastic properties of the aggregateand
to lesser extent on the conditions of curing and age of the concrete, the mix proportionsand
the type of cement. The modulus of elasticity is normally related to the

compressivecharacteristic strengthofconcrete

Ec=5000VfxN/mm?

Where Ec= the short-term static modulus of elasticity in
N/mm?fe=characteristic cubestrengthofconcreteinN/mm?

(vi) Shrinkageofconcrete
Shrinkageis the time dependent deformation, generally compressivein nature. The constituentsof

concrete, size of the member and environmental conditions are the factors on which the
totalshrinkage of concrete depends. However, the total shrinkage of concrete is most influenced
by thetotal amount of water present in the concrete at the time of mixing for a given humidity
andtemperature. The cement content, however, influences the total shrinkage of concrete to a
lesserextent. The approximate value of the total shrinkage strain for design is taken as 0.0003 in
theabsenceof testdata(cl.6.2.4.1).

(vi) Creepofconcrete
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Figurel.1: Stress-straincurveofconcrete
Creep is another time dependent deformation of concrete by which it continues to
deform,usually under compressive stress. The creep strains recover partly when the stresses
arereleased.Figurel.2.2showsthecreeprecoveryintwoparts. Theelasticrecoveryisimmediate

andthecreeprecoveryis slowinnature.

Thus, the long term deflection will be added to the short term deflection to get the

totaldeflectionofthestructure. Accordingly,thelongtermmodulusEortheeffectivemodulus
ce

ofconcretewillbeneededtoincludetheeffectofcreepduetopermanentloads. The

relationship betweenEandE isobtainedasfollows:
ce c

SC:fclEc
Where,ec=short termstrainat theage ofloading at astressvalueoff.

.. €
O=creepco-efficient=""

Ec

€cr =ultimatecreepstrain

th th th
Thevalues ofbon7,28and365 dayofloadingare2.2,1.6and1.1respectively.

) f
Thenthetotalstrain=g¢+&cr= :
ECE

Where,E
ce

=effectivemodulusofconcrete.Fromtheabov

eEquation, wehave




E = fe Ec Ec

ce - -

EctEcr EctEcr 1+0

The effectivemodulusofE ofconcrete is usedonlyinthe calculationofcreepdeflection.

ce
It isseenthatthevalueofcreepcoefficientfisreducingwiththeageofconcreteatloading. It
may also be noted that the ultimate creep gcrdoesnot includeshorttermstraingc. The

straincreepofconcreteisinfluencedby

» Propertiesofconcrete

+  Water/cementratio

«  Humidityandtemperatureofcuring
» Humidityduringtheperiodofuse

« Ageofconcreteatfirstloading

» Magnitudeofstressanditsduration

» Surface-volumeratioofthemember

(HThermalexpansionofconcrete

The knowledge of thermal expansion of concrete is very important as it is prepared
andremains in service at a wide range of temperature in different countries having very hot
orcold climates. Moreover, concrete will be having its effect of high temperature during
fire. Thecoefficient ofthermalexpansiondependsonthenatureofcement,aggregate,cement

content,relativehumidityandsizeofthesection.1S456stipulates(cl.6.2.6)thevaluesof
0
coefficientofthermalexpansionforconcrete/ Cfordifferenttypesofaggregate.

WorkabilityandDurabilityofConcrete

Workability and durability of concrete are important properties to be considered.
Therelevantissuesarediscussedinthefollowing:
The workability of a concrete mix gives a measure of the ease with which fresh concrete
canbe placed and compacted. The concrete should flow readily into the form and go around
andcover the reinforcement, the mix should retain its consistency and the aggregates should
notsegregate. Amixwithhighworkabilityisneededwheresectionsarethinand/orreinforcement  is
complicated and congested. The main  factor affecting  workability is

thewatercontentofthemix. Admixtureswillincreaseworkabilitybutmayreducestrength. The




sizeof aggregate,itsgradingandshape,theratioof  coarsetofineaggregateandtheaggregate-to-
cementratioalsoaffectworkabilitytosome degree.

Measurementofworkability

(@) Slump test

Thefresh concrete is tampedintoa standard cone which islifted off after filling and theslump is
measured. The slump is 25-50 mm for low workability, 50-100 mm for mediumworkability
and 100-175 mm for high workability. Normal reinforced concrete requires
freshconcreteofmediumworkability. Theslump testistheusualworkabilitytestspecified.

(b) Compactingfactortest
Thedegreeofcompactionachievedbyastandardamountofworkismeasured. Theapparatus consists
of two conical hoppers placed over one another and over a cylinder. Theupper hopper is filled
with fresh concrete which is then dropped into the second hopper andinto the cylinder which
is struck off flush. The compacting factor is the ratio of the weight ofconcrete in the cylinder
to the weight of an equal volume of fully compacted concrete.
Thecompactingfactorforconcreteofmediumworkabilityisabout0.9.

Durabilityofconcrete

A durable concrete performs satisfactorily in the working environment duringits
anticipatedexposure conditions during service. The durable concrete should havelow permeability
withadequatecementcontent,sufficientlowfreewater/cementratioandensuredcompletecompactionof

concrete byadequate curing.For moreinformation, pleaserefer tocl.80f1S456.

Designmixandnominalmixconcrete

In design mix, the proportions of cement, aggregates (sand and gravel), water
andmineral admixtures, if any, are actually designed, while in nominal mix, the proportions
arenominally adopted. The design mix concrete is preferred to the nominal mix as the
formerresults in the grade of concrete having the specified workability and characteristic
strength(vide cl.90flS456).

Batching

Mass and volume are the two types of batching for measuring cement, sand, coarse
aggregates,admixtures and water. Coarse aggregates may be gravel, grade stone chips or other
man madeaggregates. The quantities of cement, sand,coarse aggregates and solidadmixtures shall
bemeasured by mass. Liquid admixtures and water are measured either by volumeor by
mass(cl.100f 1S456).

Propertiesofreinforcingsteel




Steelreinforcementusedinreinforced concretemaybeofthefollowing types

(a) 1. MildsteelbarsconformingtolS432(part-1)

2. HotrolledmildsteelconformingtolS1139

(b) 1.Mediumtensile steelconformingtolS432(part-1)
2.Hotrolledmediumtensilesteel.

(¢c) 1.Hotrolled HighYieldStrengthDeformed(HY SD)steelconforming tolS1139.
2.Cold-worked steelHY SDbarssteelconforming tolS 1786.

(d) 1.Harddrawnsteelwirefabric conforming to 1S1566.
2.Rolledsteelmadefromstructuralsteelconformingtols226.

1 the most important characteristic of a reinforcing bar is its stress strain curve and

theimportantpropertyyieldstressor0.2%proofstress,asthe casemaybe.
2. ThemodulesofelasticityEforthesesteelis2x10°N/mn?.
3. Mildsteelbarshaveyieldstrengthof250N/mm?2andhenceitisknownasFe250.

4. HYSD bars may be hot rolled high yield strength bars or cold rooked steel high
strengthdeformed bars. The latter are also known as cold twisted deformed bars or Tor steel

and areavailableindifferentgrades

i) Fe 415 ii) 500 iii) Fe 550 having 0.2% proof stress as 415N/mm?, 500N/mm?2and
550N/mm?

5. Thereinforcingbarsshouldhavesufficient%ofelongation.
6. Itscoefficientsofthermalexpansionshouldbemoreorlessequaltothecementconcrete.

Stress-straincurvesforreinforcement
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Figurel.3:Stress-straincurvefor coldworkeddeformbar

Figures 1.2 and 1.3 show the representative stress-strain curves for steel having definite
yieldpointandnothavingdefiniteyieldpoint,respectively. Thecharacteristicyieldstrengthfof
2

steelisassumedastheminimumyieldstressor 0.2percentofproofstressforsteelhavingno

definiteyield point. Themodulusofelasticityofsteelistakentobe200000 N/mm.

y

Formildsteel, thestress

isproportionaltothestrainuptotheyieldpoint. Thereafter,postyieldstrainincreases faster

whilethestress isassumedtoremainatconstantvalueoffy.




Forcold-workedbars(Fig.1.3),the stressisproportionaltothestrainuptoa stressof0.8f.

Thereafter,theinelasticcurveisdefinedasgivenbelow:

Stress Inelasticstrain
0.801 Nil
y

0.85fy 0.0001
0.90fy 0.0003
0.95fy 0.0007
0.975fy 0.0010
1.00fy 0.0020

Linearinterpolation is to be done forintermediate values. The two grades of cold-workedbars
used as steel reinforcement are Fe 415 and Fe 500 with the values of fy as 415

N/mm2and500N/mmz2,respectively.

MethodofRCC design
Areinforcedconcretestructureshouldbedesignedtosatisfythefollowingcriteria-
i)Adequatesafety,initemsstiffnessanddurability

iii)Reasonableeconomy.

Thefollowingdesign methodsareused forthedesignofRCCStructures.

a) Theworkingstress method(WSM)

b) Theultimateload method(ULM)

¢) The limitstatemethod(LSM)

Working StressMethod(WSM)
This method is based on linear elastic theory or the classical elastic theory. This

methodensured adequate safety by suitably restricting the stress in the materials (i.e. concrete
andsteel) induced by the expected working leads on the structures. The assumption of
linearelastic behaviour considered justifiable since the specified permissible stresses are kept
wellbelow the ultimate strength of the material. The ratio of yield stress of the steel
reinforcementor the cube strength of the concrete to the corresponding permissible or working

stress isusuallycalledfactorofsafety.

TheWSMusesafactorofsafetyofabout3withrespecttothecubestrengthofconcreteandafactor

ofsafetyofaboutl.8withrespecttotheyieldstrengthofsteel.

Ultimateloadmethod(ULM)




Themethod is based on the ultimate strength of reinforced concrete atultimate load isobtained
by enhancing the service load by some factor called as load factor for giving adesired margin
of safety .Hence the method is also referred to as the load factor method or theultimate
strengthmethod.

In the ULM, stress condition at the state of in pending collapse of the structure is
analysed,thus using, the non-linear stress — strain curves of concrete and steel. The safely
measure inthe design is obtained by the use of proper load factor. The satisfactory strength
performanceat ultimate loads does not guarantee satisfactory strength performance at ultimate
loads doesnot guarantee satisfactoryserviceabilityperformance atnormalserviceloads.

Limitstatemethod(LSM)

Limit states are the acceptable limits for the safety and serviceability requirements of
thestructure before failure occurs. The design of structures by this method will thus ensure
thatthey will not reach limit states and will not become unfit for the use for which they
areintended. It is worth mentioning that structures will not just fail or collapse by
violating(exceeding) the limit states. Failure, therefore, implies that clearly defined limit

states ofstructuralusefulness has beenexceeded.
Limitstatearetwotypes

i) Limitstateofcollapse

ii) Limitstateofserviceability.

Limitstatesofcollapse

The limit state of collapse of the structure or part of the structure could be
assessedfrom rupture of one or more critical sections and from bucking due to elastic
bending, shear,torsion and axial loads at every section shall not be less than the appropriate
value at thatsection produced by the probable most unfavourable combination of loads on the

structureusingtheappropriatefactorofsafely.

Limitstateofserviceability

Limit state of serviceability deals with deflection and crocking of structures under
serviceloads, durability under working environment during their anticipated exposure

conditionsduringservice,stabilityofstructures asawhole,fire resistanceetc.

Characteristicanddesign valuesandpartialsafetyfactor




1.Characteristicstrengthofmaterials.

The term _characteristic strength® means that value of the strength of material
belowwhich not more than minimum acceptable percentage of test results are expected to fall.
I1S456:2000 have accepted the minimum acceptable percentage as 5% for reinforced
concretestructures. This means that there is 5% for probability or chance of the actual
strength beinglessthanthecharacteristicstrength.

>

Frequency of strength f

\

J Strength f =P
[+ 1.646 —

f, = Mean strength
f.. = Characteristic strength
O = Standard deviation

Figurel.4: Frequencydistributioncurvefor strength

Figureshowsfrequencydistributioncurveofstrengthmaterial(concreteorsteel). ThevalueofKcorr
espondingto5%areaofthecurveis 1.65.

The design strength should be lower than the mean strength
(fm)Characteristic strength = Mean strength —K x standard
deviation orfk=fm-KSq
Where,fk=characteristicstrengthofthe
materialfn=meanstrength
K=constant=1.65
Sq=standarddeviationforasetoftestresults.

Thevalueofstandard deviation(Sgq)isgivenby




S¢= DX
n-1

Where, d=deviation of the individual test strength from the average or mean strength of
nsamples.

n=numberoftestresults.
1S456:2000hasrecommendedminimumvalueofn=30.
Characteristicstrengthofconcrete

Characteristic strength of concrete is denoted by fu« (N/mm?) and its value is different
fordifferent grades of concrete e.g. M 15, M25 etc. In the symbol _M* used for designation

ofconcretemix,referstothemixandthenumberreferstothespecifiedcharacteristiccompressivestre
ngthof150mmsize cube at28daysexpressedinN/mm?

Characteristicstrengthofsteel

Until the relevant Indian Standard specification for reinforcing steel are modified to
includetheconceptofcharacteristicstrength,thecharacteristicvalueshallbeassumedastheminimu
myieldstressor0.2%proofstressspecifiedintherelevantindianStandardspecification. The
characteristic strengthofsteeldesignatedbysymbolfy(N/mm?)

Characteristicloads

The term _Characteristic load* means that values of load which has a 95% probability
ofnotbeingexceededduringthatlife ofthestructure.

‘ F,

Frequency of load

A

J Load F =P
<+ 1.640 —

F,. = Mean load
F., = Characteristic load

¢ = Standard deviation




Figurel.5: Frequencydistributioncurveforload

Thedesignloadshouldbemorethanaverage loadobtainedfromstatistic,wehaveFk=Fm+KSq
Where, Fx=characteristic

load;Fnm=meanloadK=

constant=2.65;

Sd=standarddeviationfortheload.

Since data are not available to express loads in statistical terms, for the purpose of
thisstandard, dead loads given in IS 875(Part-1), imposed loads given in IS 875(Part-2),
windloads. Given in IS 875 (Part-3), snow load as given in IS 875(Part-4) and seismic forces
giveninlS1893shallbeassumedas the characteristicloads.

Designstrengthofmaterials

Thedesignstrengthofmaterials(fq)isgivenby

f
fo= K—
m

Where, fi=characteristicstrengthofmaterial.

ym =partialsafetyfactorappropriatetothematerialandthelimitstatebeing
considered

Designloads

Thedesignload(Fq)isgivenby.Fq=

Fr.ys
y=partialsafetyfactorappropriatetothenatureofloadingandthelimitstatebeingconsidered.

Thedesignloadobtainedbymultiplyingthecharacteristicloadbythepartialsafetyfactorforloadis
alsoknownasfactoredload.

Partialsafetyfactor(ym)formaterials
Whenassessingthestrengthofastructureor structuralmemberforthelimitstateofcollapse,the

valuesofpartialsafetyfactor,ymshouldbe takenasl.15forsteel.

Thus,inthelimitstatemethod,thedesignstressforsteelreinforcementisgivenbyfy/yms=f,/1.15=0.8 _
7fy.




According to IS 456:2000 for design purpose the compressive strength of concrete in
thestructure shall be assumed to be 0.67 times the characteristic strength of concrete in cube

andpartial safety factor ymc =1.5 shall be applied in addition to this. Thus, the design stress

inconcrete is givenby

0.67fek/Ymc=0.67fc/1.5=0.446f

Partialsafety factorforloads

Thepartialsafetyfactorsfor loads,asperlS456:2000aregivenintablebelow

Load LimitStateofcollapse LimitStateofServiceability
combination | DL LL WL/EL DL LL WL/EL
DL+IL 15 15 - 1.0 1.0

DL+WL 1.50r0.9* | - 1.5 1.0 - 1.0
DL+IL+WL | 1.2 1.2 1.2 1.0 0.8 0.8

(* This value is to be considered when stability against overturning or stress reversal

iscritical)
Limitstateofcollapseinflexure

The behaviour of reinforced concrete beam sections at ultimate loads has been explained
indetail in previous section. The basic assumptions involved in the analysis at the ultimate
limitstateofflexure(Cl.38.10ftheCode)arelistedhere.

@) Plane sections normal to the beam axis remain plane after bending, i.e., in an

initiallystraightbeam,strainvarieslinearlyoverthedepthofthesection.
b) Themaximumcompressivestraininconcrete(attheoutermostfibre)0.00 g shallbetakenas
35inbending.

¢) Therelationshipbetweenthecompressivestressdistributioninconcreteandthestrainin

concretemay be assumed tobe rectangle,trapezoid,parabola  orany othershape
whichresultsinpredictionofstrengthinsubstantialagreementwiththeresultsoftest. Anacceptablestr
ess-straincurveisgivenbelowinfigurel.6.Fordesignpurposes,thecompressive strength of
concretein the structure shall be assumed tobe 0.67 times

thecharacteristicstrength. Thepartialsafetyfactory,=1.5shallbeappliedinadditiontothis.




PARABOLIC Tek
CURVE

0674,

STRESS —=

o S'.F‘:k}fm

0-002 0-003%
STRAIN —=

Figurel.6Stress-straincurvefor concrete

d Thetensile strengthofthe concreteisignored.
e) The stresses in the reinforcement are derived from representative stress-strain curve for
thetype of steel used. Typical curves are given in figure 1.3. For design purposes the

partialsafetyfactorymequaltol.15shallbeapplied.

f) Them%ximumstraininthetensionreinforcementinthesectionatfaiIureshalInotbeless
than: ’
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Figurel.8Rectangularbeam underflexurexy=Xu,max
Based on the assumption given above, an expression for the depth of the neutral axis at

theultimatelimitstate,x,,canbeeasilyobtainedfromthestraindiagraminFig.1.8.Consideringsimila

rtriangles,
Xu_ 00877 (1)
d 0.0035+  7+0.002
Es

AccordingtolS456:2000cIno38.1(f) ,whenthemaximumstrainintensionreinforcement

87f
isequalto Y4+0.002,thenthe valueofneutralaxis willbe

Xu,max-
Es
X
Therefore, ™ 110.0035
_ 0.87°f
d  0.0035+ Y+0.002
s v
Thevaluesoft Xu,maxfordifferentgradesofsteel,obtainedbyapplyingEq.(2), arelistedin
able.
TablelLimiting depthofneutralaxisfordifferentgradesofsteel
SteelGrade Fe250 Fe415 Fe500
Xy max/d 0.5313 0.4791 0.4791

The limiting depth of neutral axis xumax corresponds to the so-called balanced section, i.e.,
asection that is expected to result in a _balanced* failure at the ultimate limit state in flexure.

Iftheneutralaxisdepthx,islessthanxu max,thenthesection isunder-reinforced(resultingin
a_tension‘failure);whereasif Xyexceedsxu,max, itisover-reinforced(resultingina

_compression‘failure).




AnalysisofSinglyReinforcedRectangularSections
Analysis of a given reinforced concrete section at the ultimate limitstate of flexure impliesthe
determination of the ultimate moment Myrof resistance of the section. This is

easilyobtainedfromthecouple resultingfromtheflexuralstresses(Fig1.9).

—b 2 0.0035 0447 £, (3M14)x,  0.447f

A i-
\ + =0.416 x.
(317)x, T X u
T 0002 § WM =~ : = B CoCi+C
Xy o
@/ T A
| (5/8)x(4! T)x C.=0.362 £ b %,
%
L —r— e
BEAM SECTION STRAINS STRESSES

(truncated)

Fig.1.9Concretestress-blockparameters incompression
Myr-Cy.2=T,.Z ©)
where Cu,and Tyare the resultant (ultimate) forces in compression and tension
respectively,andzis theleverarm.
Tu=fst.Ax (4)
Wherefs=0.87f,forxy<Xymax

and theline ofactionofT, correspondstothe levelofthe centroidofthe tensionsteel.
ConcreteStressBlockinCompression

In order to determine the magnitude of C, and its line of action, it is necessary to analyse
theconcrete stress block in compression. As ultimate failure of a reinforced concrete beam
inflexure occurs by the crushing of concrete, for both under- and over-reinforced beams,
theshape of the compressive stress distribution (_stress block®) at failure will be, in both
cases, asshowninFig.1.9.ThevalueofCycanbecomputedknowingthatthecompressivestressin

concreteisuniformat0.447f fora depthof3x /7,andbelowthisitvariesparabolically
ck u

overa depthof4x /7tozeroatthe neutralaxis[Fig.1.9].
u

Forarectangularsectionofwidth b,

C=0.447f . F?xu |(|2 4, |
u c +H aX
(70— )

Therefore,Cy =0.361fckbxu (5)




Also,theline ofactionofC, isdetermined bythecentroid ofthestressblock, locatedata

distance X fromtheconcretefibressubjectedtothemaximumcompressivestrain.

Accordingly,consideringmomentsofcompressiveforcesC,CandC[Fig.1.9]aboutthe
u 1 2

maximumcompressivestrainlocation,

(0.362b)0(0.4471bx uﬂ ﬁ/_lfxu\ﬂ( 2 x Gyl .
AV ) U A J]

Solvingx=0.416x, (6)

DepthofNeutralAxis

Foranygivensection,the depthofthe neutralaxisshould besuchthat C,=Ty,satisfying
equilibriumofforces.EquatingC,=T,, C.and T,givenbyEg.(5)and
withex7pressionsforEq.(4) respectively.

0.87fyAst  valid onlyifresultingx<x (7)

U 0.361fckb uooumax

UltimateMomentofResistance

TheultimatemomentofresistanceM ofa givenbeamsection isobtainablefromEq.(3).
uR

Theleverarmz,forthecaseofthesinglyreinforcedrectangularsection[Fig. 1.8, Fig. 1.9]isgivenby
7=0d-0.416x, (8)
Accordingly,intermsoftheconcretecompressivestrength,

Mur=0.361fbx,(d—0.416x,) forallx, 9)
Alternatively,intermsofthesteeltensilestress,

Mur=fstAst(d—0.416xy) forallxy (10)
Withfs=0.87f,forxy<Xumax

LimitingMomentofResistance

Thelimitingmomentofresistanceofagiven(singlyreinforced,rectangular)section,accordingtothe
Code(C1.G—1.1),correspondstothecondition,definedbyEq.(2).FromEq.(9),itfollowsthat:

Muylim:0.36 fckbxlx?ax(d—o.416)(u,max) (11)
M=0.361f Xumax I 0.416X,; max | (11a)
u lim okl 1= Ibd?

R G R

LimitingPercentageTensileSteel




Correspondingtothelimitingmomentofresistance My iim,thereisalimitingpercentage

tensilesteelpt,lim=100XAstiim/ bd.Anexpressionfor PriimisobtainablefromEq.(7)with:

Xu:Xu,max-
Xymax 0.87fy Pt lim
—d— 0361f 100
(14 Xy max) (12)

=P i = 41.61| o |
Ly )

Thevaluesof ptiimand My

o (inMPaunits)for,differentcombinationsofsteeland

concrete grades are listed in Table 2. These values correspond to the so-called

_balanced‘sectionfora singlyreinforcedrectangularsection.
g™
Table2Limitingvaluesofp ¢ )im an WforsingIyreinforcedrectangular beamsections for

variousgradesofsteelandconcrete.

@ primvalues

M20 M25 M30 M35 M40

Fe250 1.769 2.211 2.653 3.095 3.537

Fe415 0.961 1.201 1.441 1.681 1.921

Fe500 0.759 0.949 1.138 1.328 1.518
M

ulim

(@) —j;q2— values(MPa)

M20 M25 M30 M35 M40
Fe250 2.996 3.746 4.495 5.244 5.993
Fe415 2.777 3.472 4.166 4.860 5.555
Fe500 2.675 3.444 4.013 4.682 5.350

SafetyatUItimateLimitStateinFlexure

The bending moment expected at a beam section at the ultimate limit state due to the

factoredloadsiscalledthefactoredmoment M ,.Forthe considerationofvariouscombinationsof




loads(deadloads, live loads,wind loads,etc.),appropriate loadfactorsshould beappliedto
thespecified_characteristic‘loads,andthefactoredmomentMisdeterminedbystructural

u

analysis.

The beam section will be considered to be _safe®, according to the Code, if its
ultimatemoment ofresistanceM isgreaterthanor equaltothefactoredmomentM.Inotherwords,

uR u

for such a design, the probability of failure is acceptably low. It is also the intention of
theCodeto ensurethatat ultimatefailureinflexure,thetypeoffailureshouldbeatension(ductile)
failure.Forthisreason,theCoderequiresthedesigner toensurethat

Xu<Xu,max, W
herebyitfollowsthat,forasinglyreinforcedrectangularsection,thetensilereinforcement

percentagepsthouIdnotexceed puimandtheultimatemomentofresistanceM zshouldnot

exceedMylim.

Modesoffailure: Typesofsection

A reinforced concrete member is considered to have failed when the strain of concrete
inextreme compression fibre reaches its ultimate value of 0.0035. At this stage, the actual

straininsteelcanhavethe followingvalues:

0.87f
(@) Equalto failure strainofsteel( Y+0.002)corresponding tobalancedsection.
Es

(b) Morethanfailurestrain,correspondingtounderreinforcedsection.

(c) Lessthanfailurestraincorrespondingtooverreinforcedsection.

X . .
Thusforagivensection,theactualvalued — canbedeterminedfromEq.(7). Threecases

mayarise.

X Xu,max. :
Case-1:"" _ equaltothelimitingvalue :Balancedsection.
d d

.XU
Case-2: l lessthanlimitingvalue:under-reinforcedsection.

C 3XU
ase-o. i morethanlimiting value:over-reinforcedsection.




In balanced section, the strain in steel and strain in concrete reach their maximum
valuessimultaneously. The percentage of steel in this section is known as critical or

limiting steelpercentage. Thedepthofneutralaxis(NA)isXu=Xu,max-

Under-reinforcedsection
An under-reinforced section is the one in which steel percentage (pt) is less than critical

orlimiting percentage ( ptiim). DuetothistheactualNA isabovethebalancedNAandXy<Xy max-

Over-reinforcedsection

In the over reinforced section the steel percentage is more than limiting percentage due

towhichNAfallsbelowthebalanced NAand Xu>Xu,max.Becauseofhigherpercentageof

steel,yielddoesnottakeplaceinsteelandfailureoccurswhenthestraininextremefibres

inconcretereachesits ultimatevalue.

ComputationofMy

Mcanbeobtainedbymultiplyingthetensileforce TorthecompressiveforceCwiththe
u

lever arm. The expressions of C, lever arm and T are given in Egs. (4) and (3)
respectively.Previoussectiondiscussesthat
therearethreepossiblecasesdependingonthelocationofx.

ThecorrespondingexpressionsofMaregivenbelowforthethreecases:
u

(i) Whenx <x

u u,max

Inthiscase theconcretereaches0.0035,steelhasstartedflowing showing ductility(Strain>

—740.002 ).So,thecomputationofM isto bedoneusingthetensileforceofsteelin
Es u
thiscase.
Therefore,M =T(leverarm)= 0.87f A (d-0.42x )
y st u

(i) Whenx = x

u,max

0.87f
Inthiscasesteeljustreachesthevalueof Y+0.002and concretealsoreachesits
Es

maximum value. The strain of steel can further increase but the reaching of limiting strain

ofconcrete should be taken into consideration to determine thelimiting M as M . here. So,we

have




M =C(leverarm)
u,li
Subsr,;itutingtheexpressionsofC
X
M =036 "™ _0.42’(””‘“"X\fbo|2

u,lim | |\1 JCk
(i) Whenx >x
u u,max
Inthiscase,concretereachesthestrainof0.0035,tensilestrainofsteelismuchlessthan(
0.87f

Y +0.002)andanyfurtherincreaseofstrainofsteelwillmeanfailure ofconcrete,
Es

0.87f
whichistobe avoided.Onthe otherhand,whensteelreaches ¥10.002.the strainof
Es

concretefarexceeds0.0035.Hence, itisnotpossible. Therefore,suchdesignisavoidedandthe

sectionshouldberedesigned.
However,incase ofanyexistingreinforcedconcretebeamwherex>x ,themomentof

u u,max

resistanceMforsuchexisting beam iscalculatedbyrestrictingxtox onlyandthe
u

u u,max

correspondingMwillbeasperthe casewhen x= x

u u u,max

NumericalProblem
Find the moment of resistance of a singly reinforced concrete beam of 200 mm width
400mmeffective depth, reinforced with 3-16 mm diameter bars of Fe 415 steel. Take M20

grade ofconcrete.

Solution
T
A=3X . (16)°=603.19mm?
603.19

%p=100x 0.754%

20px400° 0754 415
—2417p  2417x  x  =0.378

T Yo 100 20

Xu

I XU,maX
)

NowforFe415gradeofstee  —0.479

ence the beam is under-
reinforced. Themomentofresistanceis
givenby




M= ( fyAst\ |

. 0.87f yAud| Kl_ﬁbd

ck
) |, 415x603.19)|
=0.87x415x603.19x400' | 1= o0 200

\ )
=73.48KN-m.

DesignTypeofProblems
The designer has to make preliminary plan lay out including location of the beam,its spanand

spacing, estimate the imposed and other loads from the given functional requirement ofthe
structure. The dead loads of the beam are estimated assuming the dimensions b and dinitially.
The bending moment, shearforce and axial thrustare determined after estimatingthe different
loads. In this illustrative problem, let us assume that the imposed and other loadsare given.
Therefore, the problem is such that the designer has to start with some initialdimensions and
subsequently revise them, if needed. The following guidelines are helpful toassume

thedesignparametersinitially.

(i) Selection ofbreadth ofthebeamb

Normally, the breadth of the beam b is governedby: (i) proper housing of reinforcing barsand
(i) architectural considerations. It is desirable that the width of the beam should be lessthan
or equal to the width of its supporting structure like column width, or width of the
walletc.Practicalaspectsshouldalsobekeptinmind.lthasbeenfoundthatmostof  therequirements
are satisfied with b as 150, 200, 230, 250 and 300 mm. Again, width to

overalldepthratioisnormallykeptbetween0.5and0.67.

(i) Selectionofdepthsofthe beamdandD

The effective depth has the major role to play in satisfying (i) the strength requirements
ofbendingmomentandshearforce,and(ii)deflectionofthebeam. Theinitialeffectivedepthof  the
beam, however, is assumed to satisfy the deflection requirement depending on the spanand
type of the reinforcement. IS 456 stipulates the basic ratios of span to effective depth
ofbeamsforspanuptol0mas (Clause23.2.1)

Cantilever7

Simplysupported20
Continuous26

For spans above 10 m, the above values may be multiplied with 10/span in metres, except

forcantileverswherethedeflectioncalculationsshouldbemade.Further,theseratiosaretobe




multiplied with the modification factor depending on reinforcement percentage and
type.Figures 4 and 5 of IS 456 give the different values of modification factors. The total
depth Dcanbe determinedbyadding40to80mmtothe effectivedepth.

(i) Selectionoftheamount ofsteelreinforcementA
st

Theamountofsteelreinforcementshouldprovidetherequiredtensileforce Ttoresistthe
factoredmomentM  ofthebeam.Further, itshouldsatisfytheminimumandmaximum

u
percentagesofreinforcementrequirementsalso. TheminimumreinforcementAisprovided
S

for creep, shrinkage, thermal and other environmental requirements irrespective of

thestrengthrequirement. TheminimumreinforcementAtobe providedinabeamdependson
N

thefofsteelanditfollowstherelation:(cl.26.5.1.1a0flS 456)
y

As_0.85

bd fy

The maximum tension reinforcement should not exceed 0.04 bD (cl. 26.5.1.1b of IS
456),whereDis thetotaldepth.

Besides satisfying the minimum and maximum reinforcement, the amount of
reinforcementofthe singlyreinforcedbeamshouldnormallybe75t080%ofp

.Thiswillensurethat
t,lim

0.87f
straininsteelwillbemorethan( y+0.002)asthedesignstressinsteelwiIIbeO.87f.

Es y

Moreover, in many cases, the depth required for deflection becomes more than the
limitingdepthrequiredtoresistM . Thus, itisalmostobligatorytoprovidemoredepth.Providing

u,lim

moredepthalsohelpsintheamountofthesteelwhich islessthanthat requiredforM .
u,lim

Thishelpstoensureductilefailure. Suchbeamsaredesignatedasunder-reinforcedbeams.
(iv) Selectionofdiametersofbaroftension reinforcement

Reinforcementbarsareavailableindifferentdiameterssuchas6,8,10,12,14,16,18,20,

22, 25, 28, 30, 32, 36 and 40 mm. Some of these bars are less available. The selection of
thediameter of bars depends on its availability, minimum stiffness to resist while persons
walkover them during construction, bond requirement etc. Normally, the diameters of main

tensilebarsarechosenfrom12,16,20,22,25and32mm.

(v) Selectionofgradeofconcrete




Besidesstrengthanddeflection,durabilityisamajorfactortodecideonthegradeofconcrete. Table5of
IS456recommendsM20astheminimumgradeundermildenvironmentalexposureandothergradeso

fconcreteunderdifferentenvironmentalexposures also.

(vi) Selection ofgradeofsteel

Normally, Fe 250, 415 and 500 are in used in reinforced concrete work. Mild steel (Fe 250)
ismoreductileandispreferredforstructuresinearthquakezonesorwheretherearepossibilitiesofvibr

ation,impact,blastetc.

FailureModesdue toShear
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Figurel.10 (b) Flexuralcompression

Bending in reinforced concrete beams is usually accompanied by shear, the exact analysis
ofwhichisverycomplex.However,experimentalstudiesconfirmedthefollowingthreedifferent
modes of failure due to possible combinations of shear force and bending moment ata

givensection:

(i) Webshear(Fig.1.10a)

(i) Flexuraltensionshear(Fig.1.10b)

(iii) Flexuralcompressionshear(Fig.1.10c)

Web shear causes cracks which progress along the dotted line shown in Fig. 1.10a.
Steelyields in flexural tension shear as shown in Fig. 1.10b, while concrete crushes in
compressionduetoflexuralcompressionshearasshown in Fig.1.10c.Anin-

depthpresentationofthe




three types of failure modes is beyond the scope here. Only the salient points needed for
theroutine designofbeamsinshearare presentedhere.

ShearStress

The distribution of shear stress in reinforced concrete rectangular, T and L-beams of
uniformand varying depths depends on the distribution of the normal stress. However, for the
sake ofsimplicitythenominalshear stresszisconsideredwhichiscalculatedasfollows(1S456,cls.

v

40.1 and40.1.1):

7
..'—’_' l\i 4’_'

T '\"T-— Curve line
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Note:

(i) Actual distribution
(i) Average distribution

(a) Rectangular beam
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Note:

(i} Actual distribution
(if) Average distribution

Figurel.11:Distributionofshear stressandaverageshear stress

() Inbeamsofuniformdepth(Figs.1.11aandb):
1= 4 (13)
Y bd

whereV =shearforceduetodesignloads,
u

b=breadthofrectangularbeams andbreadthofthewebb forflangedbeams,and




d=effectivedepth.
(i) Inbeamsofvaryingdepth:

VJ_rM“tanB
u

d (14)

W= bd

wherenv, VU, borbwand d arethesameasin(i),
M.=bending momentatthesection,and

= angle betweenthe topandthe bottomedges.

ThepositivesignisapplicablewhenthebendingmomentMdecreasesnumericallyinthe
u

samedirectionastheeffectivedepthincreases,andthenegativesignisapplicablewhenthebendingmom

entMincreasesnumericallyinthesamedirectionastheeffectivedepth
u

increases.

DesignShearStrengthofReinforcedConcrete

Recentlaboratoryexperimentsconfirmedthatreinforcedconcreteinbeamshasshearstrengthevenwithouta

ny shearreinforcement. Thisshearstrength(z)dependsonthegradeofconcrete
C

and the percentage of tension steel in beams. On the other hand, the shear strength of

reinforcedconcretewiththereinforcementisrestrictedtosomemaximumvaluezdependingonthe
cmax

grade of concrete. These minimum and maximum shear strengths of reinforced concrete (IS

456,cls.40.2.1 and 40.2.3, respectively) aregivenbelow:

Designshearstrengthwithoutshearreinforcement(15456,cl. 40.2.1)

Table 190flS456stipulates the designshearstrengthofconcretezfordifferentgradesof
C

concrete with a wide range of percentages of positive tensile steel reinforcement. It is
worthmentioning that the reinforced concrete beams must be provided with the minimum

shearreinforcementaspercl.40.3evenwhenrislessthanzgiveninTable 3.
\ c
2

Table 3Designshearstrengthofconcrete,z inN/mm
C
100A¢/bd Gradeofconcrete
M20 M25 M30 M35 M40
andabo
ve
<0.15 0.28 0.29 0.29 0.29 0.30
0.25 0.36 0.36 0.37 0.37 0.38
0.50 0.48 0.49 0.50 0.50 0.51
0.75 0.56 0.57 0.59 0.59 0.60




1.00 0.62 0.64 0.66 0.67 0.68
1.25 0.67 0.70 0.71 0.73 0.74
1.50 0.72 0.74 0.76 0.78 0.79
1.75 0.75 0.78 0.80 0.82 0.84
2.00 0.79 0.82 0.84 0.86 0.88
2.25 0.81 0.85 0.88 0.90 0.92
2.50 0.82 0.88 0.91 0.93 0.95
2.75 0.82 0.90 0.94 0.96 0.98
23.00 0.82 0.92 0.96 0.99 1.01

InTable3,Aistheareaoflongitudinaltensionreinforcementwhichcontinuesatleastone
S

effectivedepthbeyondthesectionconsideredexceptatsupportwherethefullareaoftensionreinforce

mentmaybeused provided thedetailingisasper 15456,cls.26.2.2and26.2.3.
Maximumshearstressz withshearreinforcement(cls.40.2.3,40.5.1and41.3.1)

cmax

Table200flS456stipulatesthe maximumshearstressofreinforced concrete inbeamsz

cmax

asgivenbelowinTable6.2. Undernocircumstances,thenominalshearstressinbeamsz

shallexceedz giveninTable6.2 for differentgradesofconcrete.

cmax
2

Table4Maximumshearstress,z inN/mm
cmax
Grade M20 M25 M30 M35 M 40
ofconcre andabo
te ve
Te maxN/mm? 2.8 3.1 3.5 3.7 4.0

CriticalSectionforShear
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Figurel.12Supportconditionforlocating factoredshearforce




Clauses22.6.2and22.6.2.1stipulatethecriticalsectionfor shearandareas follows:

For beams generally subjected to uniformly distributed loads or where the principal load
islocated further than 2d from the face of the support, where d is the effective depth of
thebeam,the critical sections depend on the conditions of supports as shown in Figs.1.12
a,bandcandarementionedbelow.

() When the reaction in the direction of the applied shear introduces tension (Fig. 1.12a)
intothe end region of the member, the shear force is to be computed at the face of the support
ofthe memberatthatsection.

(i) When the reaction in the direction of the applied shear introduces compression into
theend region of the member (Figs. 1.12b and c), the shear force computed at a distance d
fromthe face of the support is to be used for the design of sections located at a distance less
than dfrom the face of the support. The enhanced shear strength of sections close to
supports,however,maybe consideredasdiscussedinthefollowingsection.

MinimumShearReinforcement(cls.40.3,26.5.1.5 and26.5.1.60flS 456)
Minimumshear reinforcementhastobeprovidedevenwhenrzis lessthanzgiveninTable3
v C

as recommended in cl. 40.3 of IS 456. The amount of minimum shear reinforcement, as
givenincl.26.5.1.6,is givenbelow.

Theminimumshear reinforcementintheformofstirrupsshallbeprovidedsuchthat:

= Ga, 9
where A=totalcross-sectionalareaofstirruplegseffectiveinshear,
s:stirru;;pacingalongthelengthofthemember,
v b=breadthofthebeamorbreadthofthewebofthewebofflangedbeamb,and
W
f=characteristicstrengthofthestirrupreinforcementinN/mm 2 whichshall notbe

y
2

takengreaterthan415N/mm.
Theaboveprovisionisnotapplicableformembersofminorstructuralimportancesuchaslintels
where the maximum shear stress calculated is less than half the permissible
value.Theminimumshearreinforcementisprovidedforthe following:
() Anysuddenfailureofbeamsispreventedifconcretecover
burstsandthebondtothetensionsteelislost.
(i) Brittleshearfailureisarrestedwhichwouldhaveoccurredwithoutshearreinfo

rcement.




(i) Tensionfailureispreventedwhichwouldhaveoccurredduetoshrinkage,therm
alstressesandinternalcrackinginbeams.
(iv) Toholdthereinforcementinplacewhenconcreteispoured.
(v) Sectionbecomeseffectivewiththetieeffectofthecompressionsteel.
Further, cl. 26.5.1.5 of IS 456 stipulates that the maximum spacing of shear
reinforcementmeasuredalongtheaxisofthemembershallnot

bemorethan0.75dforverticalstirrupsand

0

dforinclinedstirrups at45 ,wheredisthe effective depth of the
section.However,thespacingshallnotexceed300mminanycase.
Design ofShearReinforcement (cl.40.40f1S456)

WhenrzismorethanzgiveninTable6.1,shear reinforcementshallbeprovidedinanyof
\ c

thethree followingforms:

(a) Verticalstirrups,

(b) Bent-upbarsalongwithstirrups,and

(¢) Inclinedstirrups.

Inthecaseofbent-up bars,itistobeseenthat thecontributiontowardsshearresistanceof
bent-upbarsshouldnot bemorethan fiftypercent ofthat
ofthetotalshearreinforcement. Theamountofshear
reinforcementtobeprovidedisdeterminedtocarryashearforceV

equalto
VUSZVU_Tde (16)

wherebis thebreadthofrectangularbeamsorbinthe case offlangedbeams.
w

ThestrengthsofshearreinforcementV forthethreetypesofshearreinforcementareas
us

follows:
(a) Verticalstirrups:

0.87f yAsds
Vig =————+ (17)

(b) Fﬁ@ﬁ;ﬂg\%t|rrupsoraserlesofbarsbent-upatd|fferentcross-sect|0ns:

= (sino+cosar) (18)
VUS _

Sv

(c) Forsinglebarorsinglegroupofparallel bars,allbent-upat thesamecross-section:

Vis=0.87fyAs/dsinal (19)

us




whereA=totalcross-sectionalareaofstirruplegs orbent-upbars withinadistances,

sV \

s=spacingofstirrupsor bent-up barsalongthelengthofthemember,

n=nominalshearstress,
v

n =designshearstrengthofconcrete,
c

b =breadthofthememberwhich forthe flanged
beamsshallbetakenasthebreadthofthewebb,

w

f =characteristic strengthofthestirruporbent-upreinforcementwhichshallnotbe

y
2

takengreaterthan415N/mm,
a=anglebetweentheinclined stirruporbent-up bar and theaxisofthemember,not

0

lessthan45 ,and
d=effectivedepth.
Thefollowingtwopointsaretobenoted:

() The total shear resistance shall be computed as the sum of the resistance for
thevarious types separately where more than one type of shear reinforcement
isused.

(i) The area of stirrups shall not be less than the minimum specified in cl.
26.5.1.6.Curtailment of Tension Reinforcement in Flexural Members (cl. 26.2.3.2 of IS
456)Curtailment of tension reinforcement is done to provide the required reduced area of
steelwith the reduction of the bending moment. However, shear force increases with the
reductionofbendingmoment. Therefore, itisnecessarytosatisfyanyoneoffollowingthreecondition
swhile terminatingtheflexuralreinforcementintensionzone:

() Theshear stressnatthecut-offpointshouldnotexceed two-thirdsofthepermittedvalue
y

whichincludestheshear strengthofthewebreinforcement.Accordingly,

(2 13)(te+Vaslbd)
0 rVusZ(l . 5Tv—Tc) bd

(i) Foreachoftheterminatedbars, additionalstirrupareashouldbeprovidedoveradistanceofthree-

fourthofeffectivedepthfromthecut-offpoint. Theadditionalstirrupareashallnot

belessthan0.4bs/f,wherebisthebreadthofrectangularbeamsandisreplacedbyb .the
y w

breadthofthewebforflanged beams,s:spacingofadditionalstirrupsandfyisthe

2
characteristicstrengthofstirrupreinforcementinN/mm. Thevalueofsshallnotexceedd/(8




B),wherefisthe ratioofareaofbarscut-offtothe totalarea ofbarsatthatsection,anddis
b b

theeffectivedepth.

(i) For bars of diameters 36 mm and smaller, the continuing bars provide double the
arearequired for flexure at the cut-off point. The shear stress should not exceed three-fourths
thatpermitted. Accordingly,

TW<(3/4)(tc+Vus/bd)

orVus>(1.33ty—1¢)bd
Intheaboveexpressionbisthebreadthoftherectangularbeamswhichwillbebinthecase

W

offlanged beams.

Bond

The bond between steel and concrete is very important and essential so that they can
acttogether without any slip in a loaded structure. With the perfect bond between them, the
planesection of a beam remains plane even after bending. The length of a member required
todevelop the full bond is called the anchorage length. The bond is measured by bond
stress. Thelocalbondstressvariesalong amemberwiththevariationofbendingmoment.

Thus, a tensile member has to be anchored properly by providing additional length on

eithersideofthepointofmaximumtension,whichis knownas _Developmentlengthintension®.

Similarly,forcompressionmembers also,wehave_DevelopmentlengthLincompression®.
d

Accordingly,IS
456,cl.26.2stipulatestherequirementsofproperanchorageofreinforcementintermsofdevelopmen

tlengthLonlyemployingdesignbondstressn.
d bd

Designbondstress—values
TheaveragebondstressisstillusedintheworkingstressmethodandlS456hasmentioned
about it in cl. B-2.1.2. However, in the limit state method of design, the average bond

stresshasbeendesignatedasdesignbondstressn — andthevaluesaregivenincl.26.2.1.1.The
bd

sameisgivenbelowasareadyreference.
Table5:mfor plainbarsintension
bd

Gradeofconcrete M20 M25 M30 M35 M40anda

bove
DesignBondStress 1.2 1.4 1.5 1.7 1.9
Todin N/mm2

FordeformedbarsconformingtolS1786,thesevaluesshallbeincreasedby60per

cent.Forbarsincompression,thevaluesofbondstressintensionshall beincreasedby25percent.




DevelopmentLength
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Figurel.13Developmentlengthofbar

Figurel.13shows thefreebodydiagramofthesegmentABofthebar.AtB,thetensileforceT
2
tryingtopulloutthebarisofthevalue T=(z6(/4),wherebis thenominaldiameterofthebar
S
and(isthetensilestressinbaratthesectionconsideredatdesignloads.Itisnecessarytohave
N

theresistanceforcetobedevelopedbyn forthelengthLtoovercomethetensileforce. The
bd d

resistanceforce=n0(L )(n).Equatingthetwo,weget
d  bd

2

HG(L)(§)=(£9C/4) S (19)
Equation(19),thusgives

_pos
S (20)

The above equation is given in cl. 26.2.1 of IS 456 to determine the development length
ofbars.
The example taken above considers round bar in tension. Similarly, other sections of the

barshould have the required L, as determined for such sections. For bars in compression,
thedevelopment length is reduced by 25 per cent as the design bond stress in compression n,

is25 per cent more than that in tension (see the last lines below Table 6.4). Following the
samelogic, the development length of deformed bars is reduced by 60 per cent of that needed
forthe plain round bars. Tables 64 to 66 of SP-16 present the development lengths of

fullystressed plain and deformed bars (when { = 0.87 fy) both under tension and compression.

It isto be noted that the consequence of stress concentration at the lugs of deformed bars has
notbeentakenintoconsideration.

CheckingofDevelopmentLengthsofBarsinTension

Thefollowing arethestipulationofcl.26.2.3.30flS 456.

(i) At least one-third of the positive moment reinforcement in simple members and one-
fourthof the positive moment reinforcement in continuous members shall be extended along

thesamefaceofthememberintothe support,toalengthequaltoL /3.




(i) Such reinforcements of (i) above shall also be anchored to develop its design stress

intension at the face of the support, when such member is part of the primary lateral

loadresistingsystem.

(ilf) Thediameterofthepositivemomentreinforcementshallbelimitedtoadiametersuch

thatthe L gomputed for( :fs inEdq.(ZO) doesnotexceed thefollowing:

o M @
dwhencs=fq VAR

whereM;=momentofresistanceofthesectionassumingallreinforcementatthesectiontobe

stressedtofd,

fa=0.871y,

V=shearforceatthesectionduetodesignloads,
L=sumoftheanchoragebeyondthecentreofthesupportandtheequivalent

0

anchorage value of any hook or mechanical anchorage at simple support.
Atapointofinflection,Lislimitedtotheeffectivedepthofthememberor

0

120,whicheverisgreater,andd

=diameterofbar.

Ithasbeenfurther stipulatedthatM/Vintheaboveexpressionmaybeincreasedby30per
1

centwhentheendsofthereinforcementareconfinedbyacompressivereaction.

icalproblemofdesian ofsinalvreinforced |

A reinforced concrete beam is supported on twowalls 250mm thick, spaced atacleardistance
of 6m. The beam carries a super-imposed load of 9.8 KN/m. design the beam
usingM20concreteandHY SDbars ofFe415grade.

Solution
Theminimumdepthofbeamisbased onlimitstateofserviceabilityrequirements.

Asper 1S456:2000cIno23.2.1(a),for
simplysupportedbeaml/d=20andforbalancedsection, ptiim 0.96%

AlsoforFe415steel, fs=0.58x415=240N/mm?
AsperlS456:2000 clno23.2.1(c)and fig 4 0flS456:2000 modification

factor=1.Therefore,l/d=20x1:=d =I/20=6000 /20 =300

Thisistheminimum valueofd.actualvalueofd,basedonbendingmaybemorethanthis.




Nowfromexperience,assumed=1/15=400mm

Therefore, overall depth= effective depth+ clear cover + diameter of stirrup +0.5(diameter

ofmainreinforcement)

=400+25+8+0.5x20=443mm = 450mm

Assumeb=250mm
Therefore,tryatrialsectionofdimension250x450.Loa
dCalculation

Self-weight of beam (DL)= 0.25x0.45x1x25=2.8125
KN/mSuper-imposedload(LL)=9.8KN/m

Therefore, total load, w =(DL+LL)=(2.8125+9.8)=12.6125
KN/mDesignload,w,=1.5xw=18.9187KN/m

Calculationofeffective span

AsperlS456:2000,cIno22.2(a),the effectivespanofasimplysupported beamislesserofthe

followingtwo.

Clear span+theeffectivedepthofbeamorslabOr

centre to centre distance between

supports.Clearspan=6m
Effectivedepthofbeam,d=450-25-8-0.5x20=407mm

Therefore, clear span + effective depth of
beam=(6+0.407)m=6.407mCentretocentredistancebetweensupport=(6+
0.25/2+0.25/2)m=6.25mLesseroftwo=6.25m
Therefore,effectivespan=6.25m

CalculationofBM andSF

wyl?_18.9187x6.252 B
MaximumBM = B __92376KN m
8 8

MaximumSFzW_”I :18.9187X6.25

2 2

=59.12KN




Computationofeffective depth,d

ForM20gradeofconcreteandFe415gradeofsteel

M,=0.138fbd 2

6
Therefore,d= \/m =365.89mm

0.138x20x250
Nowassumeddepthwas=407mmT herefore
yFequired< @ssumed
So,thesectionassumedissafefrombendingmomentpointofview.

Sincetheavailabledepth(407mm)isgreaterthan

requireddepth(365.89mm).Sothesectionisunderreinforced.
Calculationofsteelreinforcement

Thereinforcementfor anunder-reinforcedsectionisgivenby

0.5fd 4 6M ] o.5x20r
Ast= 1- ~ " lbd= 1-1 |(250x407)
fba? [|-419 20%250x4072

As=740.88mm?
740.88

%pt=100" =0.728%<p
250x407 tlim
: : : 740.88
Therefore,using20mmdia,noofbarsrequired= =2.35 ,
)
4

Provide 3nos 20 diameter

bar.ShearReinforcement

As per IS 456:2000 CI. No. 22.6.2, the critical section for shear is at a distance of _d‘ from
thefaceofthesupport.

So, shearforceatthatdistance, V,=59.12-18.9187(0.25/2+0.407)=49.05KN.

r=V” 49.05x10° 2
—==10.482N/mm
Nominalshearstress, bd  250x407




T 2

3x(20)
9bpratsupport=100x——4—=0.926%
250x407
AsperlS456:2000,table 19,the designshearstrengthofconcrete, tc for %pt=0.926and

M20gradeofconcrete, 1¢=0.61N/mm?

Since tv <Tc, no shear reinforcement is necessary. However, minimum shear

reinforcementasperclno26.5.1.60flS456:2000shouldbe provided.

IASV>M:> v :2 . 175Asvfy

As per cl no 26.5.1.5 of IS 456:2000, maximum spacing of shear reinforcement least of
thefollowing

(2)0.75dor(b)300mm
Henceprovide 2--8mmdiameter@300mmc/c throughoutthe lengthofthe

beam.CheckforDevelopmentlength

Asperclno26.2.10flS456:2000,the developmentlengthLgisgiven by

Lo
d4Tpg

Tod=1.2N/mm?for M20gradeofconcrete.

Fordeformedbarsconformingtols1786thesevaluesshallbeincreasedby60%.

4 (41tpg)x1.6 4x1.2x1.6

Now as per cl no 26.2.3.3 (c) of IS 456:2000, at a simple support and at points of
inflection,positive moment tension reinforcement shall be limited to a diameter such that Lg

computedforfqdoesnotexceed
M
_ Tty

0

M
Thevalueof '1___ intheaboveexpression maybeincreasedby30%whentheendsofthe

V
reinforcementareconfinedbyacompressivereaction.




L£1.3M1+L
d v 0

3barsareavailableatsupports.

X:0-87fyAst“ _0.87x415x(3x314.15)_
0.36f«b 0.36x20x250

189mm

M 1:0 . 87fyAst(d—O416Xu)

=0.87x415x(3x314.15)(407-0.416x189)
=111.73KN-m

V=59.12KN
Lo=greatestofeffective depthofmemberor12¢
=407mm

1.3M_1+L:2.863m v
0

Therefore, Ls1.3M1+L

d v O
/2-10 2--8 @300c/c
%
Z
| g |
| | I450mm
N
N\ >
3-20 6m
/\
2-10
—2--8 @300c/c
\l/

ReinforcementDetailing
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One-wayandTwo-waySlabs

™~
N\
“_Constant deflection ajong long span
i =
L~ TLoads carried by beam 2-3

"~_Loads carried by beam 1-2

Parabolic deflection along shost span

Figure2.1(a)One-wayslab(ly/1x>2)

| \‘-x\Palabolic deflection along long span

f T—_Loads carried by beam 2.3

T~ Loads carried by beam 1-2

. .{7
T~ Parabolic deflection along short span

Figure2.1(b) Two-wayslab(ly/Ix<=2)

Figures2.1laandbexplaintheshareofloadsonbeamssupportingsolidslabsalongfouredgeswhenvertic

alloadsareuniformlydistributed.Itisevidentfromthefiguresthatthe

shareof loadsonbeamsintwoperpendiculardirectionsdependsupontheaspectratiol /lof
y X

the slab, | being the shorter span. For large values of Iy, the triangular area is much less
thanthe trapezoidal area (Fig. 2.1a). Hence, the share of loads on beams along shorter span

willgradually reduce with increasing ratio of Iy/IX. In such cases, it may be said that the loads

areprimarily taken by beams along longer span. The deflection profiles of the slab along
bothdirections are alsoshown in the figure.The deflection profileisfound to be
constantalongthelongerspanexceptneartheedgesfortheslabpanel ofFig.
2.1a.Theseslabsaredesignatedas one-way slabs as they spanin one direction (shorter one) only

fora large partoftheslabwhen | /1 >2.
y X

On the other hand, for square slabs of Iy /l, =1 and rectangular slabs of Iy 1, up to 2,

thedeflectionprofilesinthetwodirectionsareparabolic(Fig.2.1b). Thus,theyarespanningin




two directionsandtheseslabswithl/lupto 2 aredesignated astwo-wayslabs,when
y X

supportedonalledges.

It would be noted that an entirely one-way slab would need lack of support on short

edges.Also,evenforl/I<2,absence ofsupportsintwoparalleledgeswillrenderthe slabone-
yX

way. InFig. 2.1b,theseparatinglineat45degreeistentativeservingpurposeofdesign.Actually,this

angleisafunctionofl/l.
y X

Design ofOne-waySlabs

The procedure of the design of one-way slab is the same as that of beams. However, the
amountsof reinforcing bars are for one metre width of the slab as to be determined from either
thegoverningdesignmoments(positiveornegative)orfromtherequirementofminimumreinforcement.

Thedifferentstepsofthedesignareexplainedbelow.
Stepl:Selectionofpreliminarydepthofslab
Thedepthoftheslabshallbeassumedfromthespan toeffectivedepthratios.
Step2:Designloads,bendingmomentsandshearforces

The total factored (design) loads are to be determined adding the estimated dead load of the
slab,load of the floor finish, given or assumed live loads etc. after multiplying each of them with
therespective  partial safety factors. Thereafter,the design  positive andnegative
bendingmomentsand shear forces are to be determined using the respective coefficients given in
Tables 12 and 130flS456.

Step3:Determination/checkingoftheeffectiveandtotaldepthsofslabs

Theeffectivedepthoftheslabshallbedeterminedemploying.

2
M =R bd

u,lim Jdim

The total depth of the slab shall then be determined adding appropriate nominal cover (Table
16and 16A of cl.26.4 of IS 456) and half of the diameter of the larger bar if the bars are of
differentsizes. Normally, the computed depth of the slab comesout to bemuch less than the
assumeddepth in Step 1. However, final selection of the depth shall be done after checking the

depth forshearforce.

Step 4:Depthoftheslabforshearforce
Theoretically, the depth of the slab can be checked for shear force if the design shear strength

ofconcreteisknown.Sincethis dependsuponthepercentageoftensilereinforcement,thedesign




shear strength shall be assumed considering the lowest percentage of steel. The value of T shallbe

modified after knowing the multiplying factor k from the depth tentatively selected for the
slabinStep 3.If necessary,thedepthoftheslab shallbemodified.

Step5:Determinationofareasofsteel
Area of steel reinforcement along the direction of one-way slab should be
determinedemployingthefollowingEg.
M= 0.87fAd{1—(A)(N/(f)(bd)}
u yst sty ck

The above equation is applicable as the slab in most of the casesis under-reinforced due
totheselectionofdepthlargerthanthecomputedvalueinStep3. Theareaofsteelsodetermined
shouldbe checked whetherit is atleast the minimum area of steel as
mentionedincl.26.5.2.10flS456.

Step 6: Selection of diameters and spacings of reinforcing bars (cls.26.5.2.2 and 26.3.3
0f1S456)

Thediameterand spacing ofbarsareto be determined aspercls.26.5.2.2and 26.3.30flS
456. As mentioned in Step 5, this step may be avoided when using the tables and charts
ofSP-16.

Designthe one-waycontinuousslabofFig.8.18.6subjectedtouniformlydistributedimposed

2 2
loadsof5kN/m usingM20andFe415.Theloadoffloor finishis 1IkN/m.Thespan

dimensionsshowninthefigureareeffectivespans. Thewidthofbeamsatthesupport=300mm.

.

GSH

¢ B000 . 3000 | 3000 |

Stepl:Selection ofpreliminarydepthofslab

Thebasicvalueofspantoeffectivedepthratiofortheslabhavingsimplesupportattheendandcontinu
ousattheintermediateis(20+26)/2=23(cl.23.2.10flS456).




2
Modificationfactor withassumedp=0.5andf =240 N/mmisobtained asl1.18fromFig.4

S

0flS456.

Therefore,theminimumeffectivedepth=3000/23(1.18)=110.54 mm.Letustaketheeffective
depthd= 115mmandwith25mmcover,thetotaldepthD= 140mm.

Step2:Designloads, bendingmomentandshearforceDead
loads of slab of 1 m width = 0.14(25) = 3.5
kN/mDeadloadoffloorfinish=1.0kN/m

Factored dead load = 1.5(4.5) = 6.75

kN/mFactored live load = 1.5(5.0) = 7.50
kN/mTotalfactoredload=14.25kN/m

MaximummomentsandsheararedeterminedfromthecoefficientsgiveninTables12and130fl S456.
Maximumpositivemoment=14.25(3)(3)/12=10.6875kNm/m

Maximumnegativemoment=14.25(3)(3)/10=12.825kNm/mMa
ximumshearV=14.25(3)(0.4)=17.1kN
u

Step3:Determination ofeffectiveandtotaldepthsofslab

2 2 6 0.5
FromEq.M =R bd whereR ” is2.76N/mm.So,d= {12.825(10)/(2.76)(1000)}

u,lim Jlim m

68.17 mm

Since, the computed depth is much less than that determined in Step 1, let us keep D =
140mmandd=115mm.

Step 4:Depthofslabforshearforce
2
Table190flIS456givestc =0.28 N/mmforthelowestpercentageofsteelintheslab.

Furtherforthe totaldepthof140 mm,letususethe coefficientkofcl.40.2.1.10flS456as
2
1.3to gettc=ktc=1.3(0.28)=0.364N/mm.
VU
) 1= bdVuv/=n=

¢max =2 8N/mm.Forthisproblem v
, bd

17.1/115=0.148N/mm.Since,ac Tv<Tc<Tcmax,theeffectivedepthd=115mmis

Table20 oflS 456givest

ceptable.

Step5:Determinationofareasofsteel




It isknownthat
M= 0.87fAd{1-(A)(f)/(f)(bd)}
u yst sty ck

() Forthemaximumnegative bendingmoment
12825000=0.87(415)(A)(115){1-(A)(415)/(1000)(115)(20)}
st st

or-5542.16A2stA +1711871.646=0
st
2

Solvingthequadraticequation,wehavethenegativeA =328.34mm
st

(i) Forthemaximumpositivebendingmoment
10687500 =0.87(415)A(115){1(A)(415)/(1000)(115)(20)}
st st

0r-5542.16A2stA +1426559.705=0

st
2

Solvingthequadraticequation,wehavethepositiveA =270.615mm
st

Distribution steelbarsalonglongerspanl

y
2

Distributionsteelarea = Minimumsteelarea = 0.12(1000)(140)/100= 168mm.Since,both

positiveand negativeareasofsteelarehigherthantheminimumarea,weprovide:

(a) Fornegativesteel:10mmdiameterbars@230mmc/cforwhichA =341mm
st

giving p =0.2965.
N

(b) For positivesteel:8mmdiameter bars@180mmc/cfor whichA =279mm
st

givingp=0.2426
N

(c) Fordistributionsteel:Provide8Bmmdiameterbars@250mmc/cforwhichA
st

2
(minimum) =201mm.

Step6:Selection ofdiameterandspacingofreinforcingbars

The diameterandspacingalready selectedin step5formainanddistributionbars
arecheckedbelow:

For main bars (cl. 26.3.3.b.1 of IS 456), the maximum spacing is the lesser of 3d and 300
mmi.e., 300 mm. For distribution bars (cl. 26.3.3.b.2 of IS 456), the maximum spacing is

thelesser of5d or450 mmi.e.,450 mm.Provided spacings,therefore,satisfytherequirements.

Maximumdiameterofthebars(cl.26.5.2.20f1S456)shallnotexceed140/8=17mmisalsosatisfiedwi

ththebardiameters selectedhere.
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Two-waySlabs

Two-way slabs subjectedmostly touniformly distributedloads resistthem primarily bybending
about both the axis. However, as in the one-way slab, the depth of the two-way slabsshould
also be checked for the shear stresses to avoid any reinforcement for shear.
Moreover,theseslabsshouldhavesufficientdepthforthecontroldeflection. Thus,strengthanddeflec

tionaretherequirements ofdesignoftwo-wayslabs.

HQ\ A
e
/ ‘\:‘q\ \‘\L
-/“‘.41" Jﬁx\ o -}‘ L2
N S Y ey 4

Figure2.2stripsforshear

Computationofshearforce

Shear forces are computed following the procedure stated below with reference
toFig.2.2.

Thetwo-wayslabofFig.2.2isdividedinto two trapezoidaland twotriangularzonesby

drawing lines from each corner at an angle of 4:)5 . The loads of triangular segment A will
betransferred to beam 1-2 and the same of trapezoidal segment B will be beam 2-3. The
shearforces per unit width of the strips aa and bb are highest at the ends of strips. Moreover,
thelength of half the strip bb is equal to the length of the strip aa. Thus, the shear forces in

bothstripsareequalandwe canwrite,




V=W (1/2)

where W=intensityoftheuniformlydistributedloads.
Thenominalshearstressacting ontheslabisthendeterminedfrom

Computationofbending moments

Two-way slabs spanning in two directions at right angles and carrying uniformly
distributedloads may be analysed using any acceptable theory. Pigeoud‘s or Wester-guard‘s
theories arethe suggested elastic methods and Johansen‘s yield line theory is the most
commonly used
inthelimitstateofcollapsemethodandsuggestedbylS456inthenoteofcl.24.4. Alternatively, Annex
D of IS 456 can be employed to determine the bending moments in thetwo directions for two
types of slabs: (i) restrained slabs, and (ii) simply supported slabs. Thetwomethods
areexplainedbelow:

(i) Restrainedslabs

Restrained slabs are those whose corners are prevented from lifting due to effects of
torsionalmoments. Thesetorsionalmoments,however,arenotcomputedastheamountsofreinforce
mentare determinedfrom the computedareas of steel due topositivebendingmoments
depending upon the intensity of torsional moments of different corners. Thus, it
isessentialtodeterminethepositiveandnegativebendingmomentsinthetwodirectionsof
restrainedslabsdepending onthevarioustypesofpanelsand theaspectratiol/l.

y X
N e t /8 Edge strip
™
L Middie strip>+a' Edge 1\ 144 -, \;/u_ A
strip Middle strip e
¥ { -a. { Ra 15 Edge strip
1/8 3!,.'-3 L8 - »|
e A
le l, o
i
Figure2.3(a):ForSpanly Figure2.3(b):ForSpanly

Restrained slabs are considered as divided into two types of strips in each direction: (i)
onemiddlestripofwidthequal  tothree-quartersoftherespectivelengthofspanineitherdirections,
and (ii) two edge strips, each of width equal to one-eighth of the respective lengthof span in

either directions. Figures 2.3 (a) and b present the two types of strips for spans Ixandly

separately.

Themaximumpositiveandnegativemomentsperunitwidthinaslabaredeterminedfrom




I\/I)/:(IyWIX2 (2)
whereoxandayarecoefficientsgiveninTable260flS456,AnnexD,cl.D-1.1.Total

designloadperunitareaiswandlengthsofshorterandlongerspansarerepresentedbyland

I,respectively. Thevaluesof o
y
panelshaving eightaspect ratiosofl /I fromonetotwoatanintervalof0.1.Theabove

yX
maximumbendingmomentsareapplicableonlytothemiddlestripsandnoredistributionshallbemad

« anday,given inTable26 oflS 456,arefor ninetypesof

e.
Tensionreinforcingbars forthepositiveandnegativemaximummomentsaretobeprovidedin the

respective middle strips in each direction. Figure 2.3 shows the positive and

negativecoefficientsoxandoy .

Theedgestripswillhavereinforcingbarsparalleltothatedgefollowingtheminimumamountas
stipulatedinlS456.

(ii) Simplysupportedslabs
The maximum moments per unit width of simply supported slabs, not having

adequateprovision to resist torsion at corners and to prevent the corners from lifting, are

determinedfromEgs.(1) and (2),wherecixand

ayaretherespectivecoefficientsofmomentsasgiven in

Table270flS456,cl.D-2.ThenotationsM ,M,w,landlarethesameasmentioned
X y X y

belowEQgs.(1) and(2)in(i) above.
DetailingofReinforcement

The detailings of reinforcing bars for (i) restrained slabs and (ii) simply supported slabs
arediscussedseparatelyforthebarseitherforthemaximumpositiveornegativebendingmomentsort

osatisfytherequirementofminimumamountofsteel.

() Restrainedslabs

Themaximum positiveandnegativemoments perunitwidth of theslab calculatedbyemploying
Egs. (1) and (2) are applicable only to the respective middle strips (Fig.2.3). Thereshall be no
redistribution of these moments. The reinforcing bars so calculated from

themaximummomentsaretobe placedsatisfying the followingstipulationsoflS456.
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Figure2.4 Reinforcementoftwo-wayslab(excepttorsionreinforcement)
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Figure2.4(c)
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Figure2.4 Reinforcementoftwo-wayslab(excepttorsionreinforcement)

e Bottom tension reinforcement bars of mid-span in the middle strip shall extent in
thelower part of the slab to within 0.251 of a continuous edge, or 0.15] of a
discontinuousedge (cl. D-1.4 of IS 456). Bars marked as B1, B2, B5 and B6 in

Figs.2.4 a and b arethese bars.

« Top tension reinforcement bars over the continuous edges of middle strip shall
extendin the upper part of the slab for a distance of 0.151 from the support, and at least
fiftyper cent of these bars shall extend a distance of 0.31 (cl. D-1.5 of IS 456). Bars
markedasT?2,T3,T5andT6inFigs.8.19.5aandbarethesebars.

« To resist the negative moment at a discontinuous edge depending on the degree
offixity at the edge of the slab, top tension reinforcement bars equal to fifty per cent
ofthat provided at mid-span shall extend 0.1l into the span (cl. D-1.6 of IS 456).
BarsmarkedasT1landT4inFigs.2.4aandbarethesebars.

« The edge strip of each panel shall have reinforcing bars parallel to that edge
satisfyingthe requirement of minimum reinforcement. The bottom and top barsof the

edgestripsareexplainedbelow.

- Bottom bars B3 and B4 (Fig. 2.4 a) are parallel to the edge along |, for the edge strip

forspanIy,satisfyingtherequirementofminimumamountofsteel(cl.D-1.7of|S456).




+ BottombarsB7and B8 (Fig.2.4 b)areparalleltotheedgealonglfortheedgestripfor
y

spanl,satisfyingtherequirementofminimumamountofsteel(cl.D-1.70flS456).
X

* TopbarsT7and T8(Fig.2.4a)areparalleltotheedge alongl forthe edge stripforspan

| ,satisfyingthe requirementofminimumamountofsteel(cl.D-1.70fIS456).
y

» TopbarsT9andT10(Fig.2.4b)areparalleltotheedgealonglfortheedgestripfor
y

spanl,satisfyingtherequirementofminimumamountofsteel(cl.D-1.70flS456).
X

(ii) Simplysupportedslabs
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Section 2-2

Figure2.5 Simplysupportedtwo-wayslab,cornersnot held down

Figures 2.5 a, b and c present the detailing of reinforcing bars of simply supported slabs

nothaving adequate provision to resist torsion at corners and to prevent corners from

lifting.ClauseD-2.1stipulatesthatfiftypercentofthetensionreinforcementprovidedatmid-span
shouldextend tothesupports. Theremainingfiftyper centshouldextendto within 0.1lor

0.1lofthesupport,asappropriate.
y

NumericalProblem

Design a R.C. slab for a room measuring 5mx6m size. The slab is simply supported on all

thefour edges, with corners held down and carries a super-imposed load of 3 KN/m2inclusive

offloorfinishetc.UseM20gradeofconcrete andFe 415gradeofsteel.

Solution

Computationofloadingandbend

ingmoment




From deflection point of view 1/d=20 for simply supported slab. Let us assume p:= 0.2%
foranunder-reinforcedsection.Hencefromfigure4ofl S456:2000,wegetmodificationfactor
=1.68.

Hencel/d=20x1.68=33.6

andd=1/33.6=
5000/33.6=148.8mmProviding20mmnomonalc
overand8mmbarD=148.8+20+8=172.8mm
Henceassumeanoveralldepthof180mmforthe purposeofcomputing deadload
(i) Selfweightofslabperm?=0.18x1x1x25 =4.5KN/m?

(i) Super-imposedload @3KN/m? =3
KN/m?Totalloadw =7.5KN/m?
Hence wy =1.5x7.5 = 11.25
KN/m?Takinganeffectivedepthof150
mm.Effectively=6+0.15=6.15mEffect

ively=5+0.15=5.15m

6.15

y
Therefore =  =1.2<2
Ik 5.15

Fromtable 270f1S456:20000x =0.072ando.,=0.056

M ux=0uW, 1,2=0.072x11.25x5.15%=21.483KN-m

Muy=0L,Wd?=0.056x11.25x5.15?=16.709 KN-m

3
For shortspan,widthofmiddlestrip= 3 x6.15=4.61m

y=
4 4
Widthofedgestrip=0.5x(6.15-4.61)=0.77m
3
For longspan,widthofmiddlestrip = | =3_x5.15=3.87m
4 4

Width of edge strip = 0.5x(5.15-3.87) =
0.64mComputationofeffectivedepthandtotalde

pth




6
e My _ [21.483x10 _88.2mm
Rub 2.761x10°
However,fromtherequirementofdeflectionkeepD=180 mm.

Therefore , d=180-20-4=156 mm and that for long span d=156-8=148

mmComgfationofsteelreinforcementforshortspan
nmCoIe f P

=403.2mm?
- 76V O
stx 1 -
fl | fobd? | |
1000x50.3
Spacingof8mmbarS= =124.7mm
X 403.2

However, use8mmbars@2120mmc/cforthemiddlestripofwidth4.61m.Edge

stripoflength=0.77m

Thereinforcementintheedgestrip :0'12X180X1000:216mm2

100

Providespacing8mmz225c/c.

Computationofsteelreinforcementfor longspan

Asty=327.9 mm?

Spacing of8mmbarSy,=153.4mm

Provide8Bmmbars
@150mmc/cforthemiddlestripofwidth3.87m.Foredgestripofwidth=
0.64m,Aq=216mm?

Henceprovidespacing 8mm@225 c/c.

Torsionalreinforcementatcorners

. . I, 5.15
Size oftorsionmesh="="""=1.03m fromthecentreofsupportor1.03+0.08=1.105
5
fromthe edge oftheslab.
3 3 )
Areaoftorsionalreinforcement= A = x403.2=302.4mm
Z Stx Z

Requiredspacing8mm@166mm




Providespacing 8mm@150 c/c.

DoublyReinforcedBeam

Compression steel A, A
s | ~
| i

“‘iip:"l‘ S s
Al Additional tensm? Y". l,-'ll'f
steel A, / Jﬁ/ Buth,,
— b —»
(i} (if} iii)
Forli) » M.=M_..

For(ii) » M, =Duetos, and A,
Forfiii) » M, =M_, +M_

Figure2.6 Doublyreinforcedbeam

Concrete has very good compressive strength and almost negligible tensile strength.
Hence,steel reinforcement is used on the tensile side of concrete. Thus, singly reinforced
beamsreinforced on the tensile face are good both in compression and tension. However,
thesebeamshavetheirrespectivelimitingmomentsof resistancewithspecifiedwidth,depthand

gradesofconcreteandsteel. TheamountofsteelreinforcementneededisknownasA .
st,lim

Problem will arise, therefore, if such a section is subjected to bending moment greater than

itslimitingmomentofresistance as a singlyreinforcedsection.

There are two ways to solve the problem.First, wemay increase the depth of the beam,which
may not be feasiblein many situations. In those cases,it is possible to increase
boththecompressiveandtensileforcesofthebeambyprovidingsteelreinforcementincompression
face and additional reinforcement in tension face of the beam without increasingthe depth
(Fig. 2.6). The total compressive force of such beams comprises (i) force due toconcrete in
compression and (ii) force due to steel in compression. The tensile force also hastwo

components: (i) the first provided by A_,. which is equal to the compressive force ofconcrete

st’lim
in compression. The second part is due to the additional steel in tension - its forcewillbe

equaltothe compressiveforce ofsteelincompression.Suchreinforcedconcrete




beams having steel reinforcement both on tensile and compressive faces are known as
doublyreinforcedbeams.

Doublyreinforcedbeams,therefore,havemomentofresistancemorethanthesinglyreinforced
beams of the same depth for particular grades of steel and concrete. In manypractical
situations, architectural or functional requirements may restrict the overall depth ofthe beams.
However, other than in  doubly reinforced beams compression  steel
reinforcementisprovidedwhen:

() Somesections ofacontinuous beamwithmovingloads
undergochangeofsignofthebendingmoment
whichmakescompressionzoneastensionzoneorviceversa.

(i) Theductilityrequirementhastobefollowed.

(i) Thereductionoflongtermdeflectionisneeded.

BasicPrinciple

H—--b—»l‘_c';_ 503;‘

LS g ¢ R AR

B Il
D d
1 ——

= g\&?z‘/‘ o8,

ERS R
e e . > -,-
i 4D At
l (D-d)
— L
T.,=0.87f A.us T.=0.87F Au

(iii ) (iv)

(I) Beam cross section

(it) Strain diagram

(iii) Force diagram of beam of M.,
(iv) Force diagram of beam of M..

Figure2.7 Stress,strainandforcediagramsofdoublyreinforcedbeam

The moment of resistance M, of the doubly reinforced beam consists of (i) M . —of
singlyreinforced beam and (ii) M , because of equal and opposite compression and tension
forces(C,and T,) due to additional steel reinforcement on compression and tension faces of

thebeam(Figs.2.6 and7).Thus,themomentofresistanceM ofadoublyreinforcedbeam is




Mu = My imtMu2 (3)

X X
=0.36 “’max(_o.42 “’max\fb i @
M tim _d_kl d_)|ck
Also,M,  canbewritten
ulim
Mu,iim=0.87Ast limfy(d—0.416Xu max) ()
TheadditionalmomentM canbeexpressedintwoways(Fig. 2.7):considering(i)the

u2
compressiveforceCduetocompressionsteeland(ii) thetensileforceT duetoadditional
2 2

steelontension face.Inboththe equations,theleverarmis(d -d*). Thus,wehave
M u:Asc(fsc_fcc)(d_d ) (6)
M=A«(0.87f,)(d—d) (7

where A=areaofcompressionsteelreinforcement
sC

f=stressincompressionsteelreinforcement
SC

f =compressivestressinconcreteat thelevelofcentroid ofcompressionsteelreinforcement
cc

A =areaofadditionalsteelreinforcement
st2

SincetheadditionalcompressiveforceCisequaltotheadditionaltensileforceT,wehave
2 2

A (f -H)=A (0.87f) (8)
scsc cc st2 y
Anytwoofthe threeequations(Eqs.6-8)canbe employed todetermineAand A.
sC st2
ThetotaltensilereinforcementAisthenobtainedfrom:
st
As=Ast1+Ast2 9)
A =p bd My, lim (10)

him1 000,87 (0-0.42Ke mar)

Determinationof f andf
SC cc

It is seen that the values of f_ and f_ should be known before calculating A . The
followingprocedure may befollowed todetermine the value of f and f for the design

typeofproblems(andnotforanalysingagivensection).Forthedesignproblemthedepthofthe




neutralaxismaybe takenasx asshowninFig.2.7.From Fig.2.7,thestrainatthelevel

u,max

ofcompressionsteelreinforcementemaybewrittenas
SC

([ d )
€ =0.0035) 1~ | (11)
K Xu,max)
fscforCold worked barsFe415 and Fe500
Table2.1Valuesoffande
Stresslevel Fe415 Fe500
Straing StressT Straine StressT
sc 2SC sc 2SC
(N/mm) (N/mm)
0.801 . 0.00144 288.7 0.00174 347.8
0.85t y 0.00163 306.7 0.00195 369.6
0.90 y 0.00192 324.8 0.00226 391.3
0.95f y 0.00241 342.8 0.00277 413.0
0.9751 y 0.00276 351.8 0.00312 423.9
1o y 0.00380 360.9 0.00417 434.8
Designtypeofproblems
Inthedesigntypeofproblems,thegivendata areb,d,D,gradesofconcrete and
steel. ThedesignerhastodetermineAandAofthe beamfromthegivenfactoredmoment.
SC st
Stepl:Todetermine M andA fromEqs.4and10,respectively.
u,lim st,lim
Step 2:TodetermineM ,AA andAfromEgs.3,5,8and9,respectively.
u2 sc st2 st
Step 3:To selectthe numberanddiameterofbarsfromknownvaluesofA andA.
SC st
Analysistypeofproblems
Inthe analysistype ofproblems,the datagivenareb,d,d’,D,f,f, AandA . Itisrequired

cky sC st

todeterminethemomentofresistanceM ofsuchbeams.
u

Stepl:Tocheckifthebeamisunder-reinforcedorover-reinforced.




X
Firstx  isdeterminedassumingithasreached limitingstageusing *™*

u,max

—_ coefficientsas

givenincl.38.1, NoteoflS456. Thestrainoftensilesteele iscomputedfrom

st

:Sc(d—Xu,max)

Eqt ” andischeckedife  hasreachedtheyieldstrainofsteel:

u,max st

Ty

Thebeam isunder-reinforcedorover-reinforcedifeislessthanormorethanthe yieldstrain.
st

Step2:Todetermine M fromEqg.4andA fromthep

u,lim st,lim t,lim.

Step3:Todetermine A andA fromEgs. 9and8,respectively.

st2 sc

Step4:Todetermine M and MfromEqs.6 and3,respectively.
u2 u

NumericalProblem

Determine the moment of resistance of an existing beam having the following data:
b=350mm;d=900mm;d'=50mm.Tensionreinforcement:5-

20mmHY SDbars(Fe415);compressionreinforcement2-20HY SDbars
415);gradeofconcreteM15.

Solution
T
A, 5% (20
s =1570.8mm?:4
A _2xZ (202 2
sC 4 628.3mm

T=0.87fyAst=0.87x415x1570.8 =567120N
Cu:O . 36fcqu b+f5cA5c_0 . 446fckA3c

=1890x,+628.3f;,-—4203

Letassumex=230mm;hence 3x:98.6mm>d'
u Ve

_0.0035(x~d)_0.0035(230-50)_q 31574
X, 230

g
sC

Hencefromstress-straincurve, wegetfs:=351N/mm?

(Fe




Cu= 1890x230+ (628.3x351)-4203=651030N
ThisismuchmorethanT =567120N.Hencetakex,=190mm.

_0.0035(x~d)_0.0035(190-50)_g noeg
% 190

Hencefsc=347N/mm?

€
sC

Cu=572919N _ T
Therefore, My=1890x190x(900-0.416x190) +(628.3x347-4203)x(900-50)

476.5KN-m




T—beamsandL—beams

BeamshavingeffectivelyT-sectionsandL-sections(calledT-beamsandL-beams)arecommonly
encountered in beam-supported slab floor systems [Figs. 2.8]. In such situations, aportion of
the slab acts integrally with the beam and bends in the longitudinal direction of thebeam. This
slab portion is called the flange of the T- or L-beam. The beam portion below theflange is
often termed the web, although, technically, the web is the full rectangular portion ofthe beam
other ~ than the overhanging parts of the flange. Indeed,in  shear

calculations,thewebisinterpretedinthismanner.

When the flange is relatively wide, the flexural compressive stress is not uniform over
itswidth. The stress varies from a maximum in the web region to progressively lower values
atpoints farther away from the web. In order to operate within the framework of the theory
offlexure, which assumes a uniform stress distribution across the width of the section, it

isnecessarytodefineareducedeffectiveflange.

The _effective width of flange‘ may be defined as the width of a hypothetical flange
thatresists in-plane compressive stresses of uniform magnitude equal to the peak stress in
theoriginal wide flange, such that the value of the resultant longitudinal compressive force is
thesame (Fig.2.8).

' effective flange

| width b
e S1 . S2 | Ll
43 T
BEAM-SUPPORTED FLOOR SLAB SYSTEM
1
bed (si+s2)2
; |
I 2
=
] d
flange -y - .o
—f p, — b I
L-BEAM T-BEAM
Actual distribution of Assumed uniform
compressive stress \ / distribution
(total foce = C) ___—*" ———_ (lotal face = C)
. Equivalent ‘lange
! width

Figure2.8T-beamsandL-beams inbeam-supportedfloorslabsystems




The effective flange width is found to increase with increased span, increased web width
andincreased flange thickness. It also depends on the type of loading (concentrated,
distributed,etc.)andthesupportconditions(simplysupported,continuous,
etc.).Approximateformulae

for estimatingthe_effectivewidthofflange‘b (le.23. 1.20fCode) aregivenasfollows:

J l/6-+b,+6 D1 forT—Beam (12)
f

|l¥12+by+3DforL—Beam

whereb, isthebreadthoftheweb, D.isthethicknessoftheflange[Fig2.8],andloisthe

-d stancebetweenpo intso fzero mo mentsinthebeam(whichmaybeassumedas0.7t imes
theeffectivespanincontinuousbeamsandframes).Obviously,bcannotextendbeyondthe
f

slabportiontributarytoabeam,i.e.,theactualwidthofslabavailable.Hence,thecalculated
bshouldberestrictedtoavaluethatdoesnotexceed(s+s)/2inthecaseofT—beams,and

f 1 2

s/2 + b/2 inthecaseofL—beams,wherethespanssands oftheslabareas markedinFig.
1 w 1 2

2.8.

Insomesituations,isolatedT-beamsandL—beamsareencountered,i.e.,theslabisdiscontinuous at
the sides, as in a footbridge or a _stringer beam‘ of a staircase. In such

cases,theCode[Cl.23.1.2(c)]Jrecommendstheuse ofthe followingformula toestimatethe

_effectivewidthofflange* b:
i

[ lo +b forisolatedT—Beams

[tofod— v

b= 0 0.5l (13)
—+b for isolatedL—Beam
s

whereb denotestheactualwidthofflange;evidently,thecalculated valueofb shouldnot
f

exceed b.

AnalysisofSinglyReinforcedFlangedSections
Theprocedureforanalysingflangedbeamsatultimateloadsdependsonwhethertheneutralaxisisloc
atedinthe flange region[Fig.2.8(a)]orinthe webregion[Fig.2.8(b)].

If the neutral axis lies within the flange (i.e.,x, < Dy), then as in the analysis at serviceloads

all the concrete on the tension side of the neutral axis is assumed ineffective, and the T-

section may be analysed as a rectangular section of width band effective depth d

[Fig.2.8(a)].Accordingly,Eq.(7)andEq.(9)areapplicable with b replacedbyb.




Ifthe neutralaxisliesinthewebregion(i.e.,x >D ),thenthe compressivestressiscarried
u f

by the concrete in the flange and a portion of the web, as shown in Fig. 2.8(b). It
isconvenienttoconsiderthecontributionstotheresultantcompressiveforceC,fromtheweb
u
portion(bxx)and theflange portion(widthb — b )separately,andto sumup theseeffects.
w

w u f

EstimatingthecompressiveforceC inthe_web‘anditsmomentcontributionM iseasy,

uw uw

asthefullstressblockisoperative:

b, >| 0.0035 0.447f5
D ? P | N o Xu =
d
Ag _ fa
A + oo = —
IMAGINARY |< >| STRAINS STRESSES
RECTANGULAR bw
SECTION Drx D

STRESSES IN STRESSES
WEB IN FLANGE

STRAIN

(b) neutral axis outside flange x, > D,

3x
= -p,
/
/
/
!
/

0.0035 _ 0.447fk

f<r>l
[~}

>

7

>

n A A
Dr 0.002 ' % ==
v X Z . [E‘ — |
‘ dxy ¥r = 0.15%,+0.650,

0D v = \ 4 P i

STRAINS STRESSES IN FLANGE

|«

FLANGE

Figure2.9Behaviourofflangedbeamsectionatultimatelimitstate

However, estimating the compressive force C in the flange is rendered difficult by the

factthat the stress block for the flange portions may comprise a rectangular area plus a
truncatedparabolicarea[Fig.2.8(b)].Ageneral expressionforthetotal areaof
thestressblockoperative in the flange, as well as an expression for the centroidal location of
the stress block,is evidently not convenient to derive for such a case. However, when the

stress  block over theflange  depthcontainsonlya  rectangulararea  (havinga

uniformstress0.447f,),which




3 . . _— .
occurswhen x=D, anexpressionforCanditsmomentcontributionM caneasily be
74 f uf uf

formulated.Forthecase,1<xu/Ds <7/ 3,anequivalent rectangular
stresshlock(ofarea0.447fy) canbeconceived,for convenience,with
anequivalentdepthy<D,asshownin

ck f foof
Fig.2.8(c).The expressionforygivenintheCode(CL.G—2.2.1)isnecessarilyan
f

approximation, because it cannot satisfy the two conditions of _equivalence®, in terms of
areaofstressblock aswellascentroidallocation. Ageneralexpressionforymaybespecifiedfor
f

anyx>D:

u f
Vi :%[0.15Xu+0.65fo0r1<Xu/Df<7/3 (16)

| Dt forD7/3
Theexpressions forCandM areaccordinglyobtainedas:

uf uf

Cyr =0.447fw(br —bw)ys  for xu>Ds (17)
Mys =Cu(d-yt  /2) (17a)

Thelocationoftheneutralaxisisfixedbytheforceequilibriumcondition(withyexpressed
f

interms ofx [EQ.17]).
u

CurtCur=fstAst (18)

wheref = 0.87fforx<x .Wherex>x ,thestraincompatibilitymethodhastobe
st y u u,max u u,max

employedtodeterminex.
u

SubstitutingEg.14andEq.17 inEqg.18,andsolvingforx,

X fstAst—0.447f (b -bw)yr  forx>D (19)
v 0.361focbw uof
ThefinalexpressionfortheultimatemomentofresistanceM isobtainedas:
uR
MuR=Muw+Muf (20)

= M uR:0 . 36 1fckwau(d—O.416Xu)+O.447fck(bf—bw)yf(d—yf/2) (2 1)




LimitingMomentofResistance

ThelimitingmomentofresistanceM isobtainedforthe conditionx=x ,wherex

u,lim u u,max u,max

takesthe valuesof0.531d,0.479dand0.456dforFe 250,Fe 415andFe
500gradesoftensilesteelreinforcement.The conditionx /D>7/3inEq.4.69,forthetypicalcase ofFe

415,
f

u
worksout,forx=x as0.479d/D >7/3i.e.,Ddf<0205..TheCode(CL.G—2.2)

u u,max

suggestsasimplifiedconditionofco  d/ Di<0.2forallgradesofsteel— to representthe

nditionx/D> 7/3.

u f
Eq.(21)and Eq.(16)takethefollowingforms:
Mu,lim:0.36 1fckwau’max(d—O.416Xu'max)

+0.447f (b -b)y(d—y /2)forx >D (22)
ck f w f f u,max f
Vi :%[0.15xu,max+0.65fooer/d>O.2 (23)
| Dt forD#/d<0.2
TheadvantageofusingEg.(23)in lieu ofthemore exactEg.(16)(withx=x ) isthatthe
u u,max
estimationofyismadesomewhatsimpler.Ofcourse,forx <D(i.e.,neutralaxiswithin
f u,max f
theflange),
Mu,limzo.361fckbeu,max(d—0.416Xu,max)f0rXu,maxSDf (24)

Asmentioned earlier,whenitisfound by analysisofagivenT-sectionthatx>x,then

u u,max

thestraincompatibilitymethodhastobeapplied. Asanapproximateandconservativeestimate, Mma
ybe takenas M,givenbyEq.(23)/(24).Fromthe point ofview of
ur u,lim

design(tobediscussedinChapter5), Mprovidesameasureoftheultimatemoment
u,lim

capacitythatcanbe expectedfroma T-sectionofgivenproportions.Ifthe

sectionhastobedesignedforafactoredmomentM>M ,thenthiscallsforthe provisionofcompression
u u,lim

reinforcementinadditiontoextratensionreinforcement.

DesignProcedure

In the case of a continuous flanged beam, the negative moment at the face of the
supportgenerally exceeds the maximum positive moment (at or near the midspan), and hence

governstheproportioning ofthebeamcross-section.Insuchcasesofnegativemoment,iftheslab is




located on top of the beam (as is usually the case), the flange is under flexural tension
andhence the concrete in the flange is rendered ineffective. The beam section at the support
istherefore to be designed as a rectangular section for the factored negative moment.

Towardsthemidspanofthebeam,however, thebeambehaves as aproperflangedbeam(withthe
flangeunderflexuralcompression).AsthewidthofthewebbandtheoveralldepthDare

already fixed from design considerations at the support, all that remains to be determined
isthe area of reinforcing steel; the effective width of flange is determined as suggested by
theCode.

The determinationofthe actualreinforcementina flangedbeamdepends onthelocationof
theneutralaxisx,which,ofcourse,shouldbelimitedtox.IfMexceedsuMfora

u u,max

singlyreinforcedflangesection, thedepthofthesectionshouldbesuitablyincreased;otherwise,a

u,lim

doublyreinforcedsectionis tobe designed.
NeutralAxiswithinFlange(x ~ <D):
u f

This is,byfar,themostcommonsituationencounteredinbuildingdesign.Becauseofthe

verylargecompressiveconcreteareacontributedbytheflangeinT-beamandL-
beamsofusualproportions,theneutralaxislieswithintheflange (x<D ), wherebythe section
u f

behaveslikearectangular sectionhavingwidthbandeffectivedepthd.
f

i

Asimplewayoffirstcheckingx<D isbyverifying Me<(Mir)x —pWhere(Mwr)x, _p
u f u v

isthelimitingultimatemomentofresistancefortheconditionx,=Drandisgivenby
(Mur)x, =0.361fbrDs(d-0.416Dy) (25)

Itmaybenotedthattheaboveequationismeaningonlyif Xumax>Ds .Inraresituations

involving very thick flanges and relatively shallow beams, X, max may be less than Ds. in

suchcases,My,imisobtainedbysubstitutingx  inplaceofDinEq.(25).
f

u,max

Neutral AxiswithinWeb(x>D ):
u f

WhenM,>(Mur)x -p ,uitfofllowsthat Xu>Dr. The accuratedeterminationof x,canbe
laborious. ThecontributionsofthecompressiveforcesCyy andCuyrinthe_web‘and_flange*

maybeaccountedforseparatelyas follows:

MuR:Cuw(d—O.416Xu)+Cuf(d—yf /2) (26)




Cuw=0.361fbuX, (27)
Cu=0.447fex(brbw)ys (28)

and theequivalentflange thicknessysisequaltoorlessthanDdepending

onwhetherx,exceeds7D+/3ornot.

Forx > 7D /3 thevalueoftheultimatemoment ofresistance M )

u,max f URx=,7D/3¢
correspondingtox,=7D#3andy=Dsx maybefirstcomputed.Ifthefactoredmoment
Mu>(Mugr)x,=7Dx /3, it follows that x,>7Ds/3 and  ye=Dx. Otherwise,
Dt<xu>7Ds/3for(Mur)x=bD f <Mu<(MuR)x:7D/3aﬂdf
y=0.15x,+0.65Ds¢ (29)

Inserting theappropriatevalue— Dfortheexpression forysinEq.(29),inEq.(26),the

resulting quadratic equation (in terms of the unknown xy ) can be solved to yield the
correctvalueofx,..CorrespondingtothisvalueofxthevaluesofC and Ccanbecomputed[Eq.

uw uf

u,
(27),(28)]andtherequiredAobtainedbysolvingtheforceequilibriumequation.
st
Tu:0.87ffAstZCuw+Cuf

=(A) CowtCur (30)

strequired W

NumericalProblem

A continuous T-beam has the cross-sectional dimensions shown in figure below. The
webdimensions have been determined from the consideration of negative moment at support
andshear strength requirements. The span is 10 m and the design moment at midspan
underfactored loads is 800 kNm. Determine the flexural reinforcement requirement at

midspan.ConsiderFe415steel. Assumethatthebeamissubjectedtomoderateexposureconditions.

Solution
DeterminingapproximateAst

Effectiveflangewidthbs
Actualflangewidthprovided =1500mm;D=100mm; byw=300mm

Maximumwidthpermitted =(0.7x10000)/6 +300+(6x100)=2067
mm>1500mmT herefore,b=1500mm

Assuming d=650mmand aleverarmz equaltolargerof0.9d= 585mm

Andd- Df/2=600mmi.e. z=600mm

800x10°
(Ast)required: =3693mm

0.87x415x600




¢ regd ~ \l. /T,v" 4

e Providing 4 bars, =343 mm, i.e. 36 mm

As 4-36¢ bars cannot be accommodated in one layer within the width b,, = 300
m, two layers are required.

Assuming a reduced d ~ 625 mm. z = 625-100/2 =575 mm.

00

=(As)rega = 3693 x - =3854 mm’,
)

o Provide 5-32¢ [4; = 804 x 5 =4020 mm’] with 3 bars in the lower layer plus 2
bars in the upper layer, with a clear vertical separation of 32 mm — as shown in
Fig. 5.11(b). Assuming 8 mm stirrups and a clear 32 mm cover to stirrups.

4 | v
=d=700-32-8- —[(3x16)+2%(32+32+16)]
5
=700-40-41.6=618 mm
! 1500 M
EEe————— 1 (= =
100
700 d=618
centroidof 49
\/tension steel S 5-329
=% = I
& g b

(a) given section

(b) proposed reinforcement

Figure: Reinforcement ofT-beamofExampleProblem
Determiningactual Ast

X =0.479%x618=296mm

u,max
AS Xumax>Ds=100mm, the condition
Xu=Drsatisfies

« Assuming M25concrete, f=25MPa
ck

(Mug)x,-0=0.362x25x1500x100%(618-0.416x100)
6
= 782.5x10NMM<M _gookNm
u

XuSXu,max

=x>DandM=C(d-0.416x)+C (d-yi/2)
u uf

u f u uw

whereC  =0.362f b =0.362x25x300x=(2715x)N
uw ckwu u

andC=0.447f(b—b)y=0.447x 25x (1500 —300)y =(13410ys)
uf f f

ck f w

Considering x,=7D{/3 =233mm(< X, ..,=296mm),y,=D,;=100mm

u,max




= (Mur)xr03=(2715x233)(618-0.416x233)+(13410x100)x(618-100/2)
u f

=1091.3x108Nmm>M,= 800KNm

7
Evidently,D <x < D forwhichy=0.15x+0.65D

f u -~ f f u f
3
C=13410(0.15x.65% 100)=(2011.5x + 871650)N
uf u
M= 800x 10°= (2715x)(618—0.416X)
u u u

+(2011.5xu+871650)x[618-(0.15xu+65)/2]
= -1280.3x%+2790229.5x+510.35x 106
u

u
Solvingthisquadraticequation,
x=109.3mm< x =296m

u u,max

=y= 0.15x + 65=81.4mm
f

u

ApplyingT= 0.87fA=C +Cs
u y st uw
A 2715x109.3)+(13410x81.4 2
( ztrequired o 0'2375(415 )2?845mm

The reinforcement (5-32®; As=4020 mm?, based on appropriate estimate of A [Fig.]
isevidentlyadequateandappropriate.




DesignofStaircase
The staircase is an important component of a building, and often the only means of

accessbetween the various floors in the building. It consists of a flight of steps, usually with
one ormore intermediate landings (horizontal slab platforms) provided between the floor
levels. Thehorizontal topportionof astep(where
thefootrests)istermedtreadandtheverticalprojection of the step (i.e., the vertical distance
between two neighbouring steps)is calledriser [Fig. 2.10]. Values of 300 mm and 150 mm are
ideally assigned to the tread and riserrespectively — particularly in public buildings.
However, lower values of tread (up to 250mm) combined with higher values of riser (up to
190 mm) are resorted to in residential andfactory buildings. The width of the stair is generally
around 1.1 — 1.6m, and in any case,should normally not be less than 850 mm; large stair
widths are encountered in entrances topublic buildings. The horizontal projection (plan) of an
inclined flight of steps, between thefirst and last risers, is termed going. A typical flight of
steps consists of two landings and onegoing, as depicted in Fig. 2.10(a). Generally, risers in a
flight should not exceed about 12 innumber. The steps in the flight can be designed in a
number of ways: with waist slab, withtread-riser arrangement (without waist slab) or with

isolated tread slabs — as shown in Fig.2.10(b),(c),(d)respectively.
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Figure2.10Atypicalflightinastaircase

TYPESOFSTAIRCASES
GeometricalConfigurations

Awidevarietyofstaircasesaremetwithinpractice.Someofthemorecommongeometricalconfigura
tionsare depictedinFig.2.11.Theseinclude:

« straightstairs(withorwithoutintermediatelanding)[Fig.2.11(a)]

* quarter-turnstairs[Fig.2.11(b)]

« dog-leggedstairs[Fig.2.11(c)]




» openwellstairs[Fig.2.11 (d)]
* spiralstairs[Fig.2.11(e)]
* helicoidalstairs[Fig.2.11(f)]

v
(a) straight stairs {b) quarter-turn stairs
i
T
upr »
| _‘f_ v
y uP 4
(c) dog-legged stairs (d) open-well stairs
precast__ 1
treads 8 a
l\ \
PLAN VIEWS
~/
post
{e) spiral stairs (f) helicoidal stairs

Fig.2.11Commongeometricalconfigurationsofstairs

StructuralClassification
Structurally,staircasesmaybeclassifiedlargelyintotwo
categories,dependingonthepredominantdirection

inwhichtheslabcomponentofthestairundergoesflexure:

1. Stairslabspanningtransversely(stairwidthwise);

2. Stairslabspanninglongitudinally(alongtheincline).
StairSlabSpanningTransversely
The slab component of the stair (whether comprising an isolated tread slab, a tread-riser
unitor a waist slab) is supported on its side(s) or cantilevers laterally from a central support.
Theslab supports gravity loadsby bending essentiallyin a transverseverticalplane,with

thespanalongthewidthofthe stair.




In the case of the cantilevered slabs, it is economical to provide isolated treads
(withoutrisers).However,thetread-
risertypeofarrangementandthewaistslabtypearealsosometimes employed in practice, as
cantilevers. The spandrel beam IS subjected to
torsion(_equilibriumtorsion®),inadditiontoflexureandshear.

When the slab is supported at the two sides by means of _stringer beams® or masonry walls,
itmay be designed as simply supported,but reinforcementat the top should be provided
nearthe supports to resist the _negative‘ moments that may arise on account of possible
partialfixity.

StairSlabSpanningLongitudinally

In this case, the supports to the stair slab are provided parallel to the riser at two or
morelocations, causing the slab to bend longitudinally between the supports. It may be noted
thatlongitudinal bending can occur in configurations other than the straight stair
configuration,suchasquarter-turnstairs,dog-leggedstairs,openwellstairsandhelicoidalstairs.

The slab arrangement may either be the conventional _waist slab‘ type or the _tread-
riser‘type. The slab thickness depends on the _effective span‘, which should be taken as the
centre-to-centre distance between the beam/wall supports, according to the Code (Cl. 33.1a,
c).Incertain situations, beam or wall supports may not be available parallel to the riser at
thelanding.Instead,theflightis supportedbetweenthelandings,whichspantransversely,parallel to
the risers.In such cases, the Code(Cl.33.1b)specifies that the effective span forthe flight
(spanning longitudinally) should be taken as the going of the stairs plus at each endeitherhalf
thewidthofthe landingorone metre,whicheverissmaller.

NumericalProblem

Design a (_waist slab‘ type) dog-legged staircase for an office building, given the
followingdata:

« Heightbetweenfloor=3.2m;

* Riser=160mm,tread=270mm;

 Widthofflight= landingwidth= 1.25m
2
* Liveload =5.0kN/m

2
« Finishesload =0.6kN/m

Assume the stairs to be supported on 230 mm thick masonry walls at the outer edges of
thelanding, parallel to the risers [Fig. 12.13(a)]. Use M 20 concrete and Fe 415 steel.

Assumemildexposureconditions.




Solution

Given:R=160mm,T=270mm=+RT22
= 314mmEffectivespan= c/c distancebetweensupports= 5.16m[Figbelow].

» Assume a waist slab thickness =120 = 5160/20 = 258 —260
mm.Assuming20mmclearcover(mildexposure)and126mainbars,ef
fective depthd=260-20-12/2= 234mm.

Theslabthickness inthelandingregions maybetakenas200mm,

asthebendingmomentsarerelativelylow here.

Loadson going[fig.below]onprojectedplan area:

2
(1) self-weightofwaistslab@25x 0.26x 314/270=7.56kN/m

2

(2) self-weightofsteps @25%(0.5x0.16) =2.00kN/m

(3) finishes(given) =0.60kN/m 2
(4) liveload(given) =5.00kN/m 2
Total =15.16kN/m :

=Factoredload=15.16x1.5=22.74kN/m

« Loadsonlanding
2
(1) self-weightofslab@25x 0.20= 5.00kN/m
2

(2) finishes @0.6kN/m
2
(3) liveloads @ 5.0kN/m
2
Total =10.60kN/m

2
=Factoredload=10.60x1.5=15.90kN/m

« DesignMoment[Fig.below]
ReactionR= (15.90x1.365)+(22.74x2.43)/2=49.33kN/m

Maximummomentatmidspan:
M=(49.33%2.58)—(15.90x 1.365)x (2.58-1.365/2)
u

2
(22.74)%(2.58-1.365)/2

= 69.30kNm/m

» Mainreinforcement
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Introduction
Compression  members are  structural elements primarily subjected to axial

compressiveforcesandhence,theirdesignis guidedby
considerationsofstrengthandbuckling.Examplesofcompressionmember pedestal, column,

wallandstrut.
Definitions

(a) Effectivelength:Theverticaldistancebetweenthepointsofinflectionofthecompressionmembe
rinthebuckledconfigurationinaplaneistermedaseffectivelengthlofthat

e

compression member in that plane. The effective length is different from the
unsupportedlength | of the member, though it depends on the unsupported length and the type
of endrestraints. The relation between the effective and unsupported lengths of any

compressionmemberis

1=k | 1)

e

Where k is the ratio of effective to the unsupported lengths. Clause 25.2 of IS 456
stipulatesthe effective lengths of compression members (vide Annex E of IS 456). This

parameter isneededinclassifyinganddesigningthecompressionmembers.

(b) Pedestal:Pedestalisaverticalcompressionmemberwhoseeffectivelengthldoesnot
€

exceedthreetimesofitsleasthorizontaldimensionb(cl.26.5.3.1h,Note). Theotherhorizontaldimens

ionDshallnotexceedfourtimes ofb.

(¢) Column: Column is a vertical compression member whose unsupported length | shall

notexceedsixtytimesofb(leastlateraldimension),ifrestrainedatthetwoends.Further, its
2
unsupported length of a cantilevercolumn shall notexceed 100b /D,where Disthe

largerlateraldimensionwhich isalsorestricteduptofourtimesofb(vide cl.25.30fIS456).
(d) Wall: Wall is a vertical compression member whose effective height H _ to thickness t

(leastlateral dimension) shall not exceed 30 (cl. 32.2.3 of IS 456). The larger horizontal dimension
i.e.,thelengthofthewallLismorethan4t.




ClassificationofColumnsBasedonTypesofReinforcement

Ties

. Longitudinal bars

Figure3.1(a)TiedColumn

| SR %

Figure3.1(b)Columnwithhelicalreinforcement

._

Figure3.1(c)Compositecolumn(steelsection)

Steel pipe

Figure 3.1(d) Composite column (steel
pipe)Figure3.1Tied,helicallyboundandcompositecolumn
S
Based on the types of reinforcement, the reinforced concrete columns are classified into

threegroups:




() Tied columns: Themainlongitudinal reinforcementbars are enclosed within
closelyspacedlateralties(Fig.3.1a).

(i) Columnswithhelicalreinforcement: Themainlongitudinalreinforcementbarsareenclosed
within closely spaced and continuously wound spiral reinforcement. Circular

andoctagonalcolumns aremostlyofthis type(Fig.3.1b).

() Composite columns: The main longitudinal reinforcement of the composite
columnsconsists of structural steel sections or pipes with or withoutlongitudinal bars (Fig.
3.1c andd).

Out of the three types of columns, the tied columns are mostly common with different
shapesof the cross-sections viz. square, rectangular etc. Helically bound columns are also

used forcircularoroctagonalshapes ofcross-sections.

ClassificationofColumnsBasedonLoadings
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Figure3.2(a)Axialloading(concentric)Figure3.2(b) Axialloadingwithuniaxialbending
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Figure3.2(c)Axialloadingwithbiaxialbending
Columnsare classifiedintothe three followingtypesbasedonthe loadings:

() Columns subjectedtoaxialloadsonly(concentric),asshowninFig.3.2a.

(i) Columnssubjectedtocombinedaxialloadanduniaxialbending, asshowninFig. 3.2b.
(i) Columns subjectedtocombinedaxialloadandbi-axialbending, asshowninFig.3.2c.

ClassificationofColumnsBasedonSlendernessRatios
Columnsareclassifiedintothefollowingtwotypesbasedontheslendernessratios:

() Shortcolumns

(i) Slenderorlong columns
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Figure3.3 Modesoffailure ofcolumns

Figure 3.3 presents the three modes of failure of columns with different slenderness
ratioswhen loaded axially. In the mode 1, column does not undergo any lateral deformation
andcollapses due to material failure. This is known as compression failure. Due to the
combinedeffects of axial load and moment a short column may have material failure of mode
2. On theother hand, a slender column subjected to axial load only undergoes deflection due
to beam-column effect and may have material failure under the combined action of direct load
andbendingmoment.Suchfailureiscalledcombinedcompressionandbendingfailureofmode

2. Mode 3 failure is by elastic instability of very long column even under small load

muchbeforethematerialreachestheyieldstresses. Thistypeoffailureisknownaselasticbuckling.

The slenderness ratio of steel column is the ratio of its effective length | to its least radius

ofgyration r. In case of reinforced concrete column, however, IS 456 stipulates the

slendernessratio as the ratio of its effective length | to its least lateral dimension. As
mentioned earlier insec. 3.1(a), the effective length |_is different from the unsupported length,

the rectangularreinforced concrete column of cross-sectional dimensions b and D shall have
two effectivelengths in the two directions of b and D. Accordingly, the column may have the
possibility ofbucklingdependingonthetwovaluesofslendernessratiosas givenbelow:
Slendernessratioaboutthemajor axis=l_/D

SIendernessratioabouttheminoraxis:Iey/b




Basedonthediscussionabove,cl.25.1.20fIS456 stipulatesthefollowing:
Acompressionmembermay beconsidered asshort whenboththeslendernessratiosl /D

ex

andl/b arelessthan12wherel=effectivelengthinrespectofthemajor axis,D=depthin
ey ex

respectofthemajor axis,l=effectivelengthinrespectoftheminor axis,andb=widthof
ey

themember. Itshallotherwisebeconsideredasaslendercompressionmember.

Further, it is essential to avoid the mode 3 type of failure of columns so that all
columnsshouldhavematerialfailure(modesland2)only.Accordingly,cl.25.3.1 of
IS456stipulatesthemaximumunsupportedlengthbetweentwo restraintsofa columntosixtytimes

itsleastlateraldimension.Forcantilevercolumns,whenoneendofthecolumn is
2
unrestrained, the unsupported length is restricted to 100b /D where b and D are as

definedearlier.
LongitudinalReinforcement

Thelongitudinalreinforcingbarscarrythecompressiveloadsalongwiththeconcrete.Clause
26.5.3.1 stipulates the guidelines regarding the minimum and maximum amount, number

ofbars,minimumdiameterofbars,spacingofbarsetc. Thefollowingarethesalientpoints:

(@ The minimum amount of steel should be at least 0.8 per cent of the gross cross-

sectionalareaofthecolumnrequiredifforanyreasontheprovidedareaismorethantherequiredarea.

(b) The maximum amount of steel should be 4 per cent of the gross cross-sectional area of
thecolumn so that it does not exceed 6 per cent when bars from column below have to be
lappedwiththoseinthe columnunderconsideration.

(c) Four and six are the minimum number of longitudinal bars in rectangular and
circularcolumns,respectively.

(d) Thediameterofthelongitudinalbarsshouldbeatleast12mm.

(e) Columns having helical reinforcement shall have at least six longitudinal bars within
andin contact with the helical reinforcement. The bars shall be placed equidistant around its
innercircumference.

(f) Thebarsshallbespaced notexceeding 300mmalongtheperipheryofthecolumn.

() The amount of reinforcement for pedestal shall be at least 0.15 per cent of the cross-

sectionalareaprovided.




TransverseReinforcement

Transversereinforcingbarsareprovidedinformsofcircularrings, polygonallinks(lateral

0
ties)withinternalanglesnotexceeding135orhelicalreinforcement. Thetransversereinforcing bars

are provided to ensure that every longitudinal bar nearest to the compressionface has effective

lateral support against buckling. Clause 26.5.3.2 stipulates the guidelines ofthe
arrangementoftransverse reinforcement. Thesalientpoints are:
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Figure3.4Lateraltie(Arrangementl)

(a) Transversereinforcementshallonlygo

roundcornerandalternatebarsifthelongitudinalbarsarenotspacedmorethan75mmoneitherside(F
ig.3.4).
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Figure3.5Lateraltie(Arrangement2)

(b) Longitudinalbarsspaced atamaximumdistanceof48 timesthediameterofthetieshallbetied

bysingletieand additionalopentiesforin betweenlongitudinalbars(Fig.3.5).
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Figure3.6Lateraltie(Arrangement3)

(¢c) Forlongitudinalbarsplacedinmorethanonerow(Fig.10.21.9):(i)transversereinforcement is
provided for the outer-most row in accordance with (a) above, and (ii) no barof the inner row
is closer to the nearest compression face than three times the diameter of

thelargestbarintheinnerrow.

Transverse reinforcement
v

. O

hY
/
\/ Individual groups

Figure3.7Lateraltie(Arrangement4)

(d) For longitudinal bars arranged in a group such that they are not in contact and each
groupis adequately tied as per (a), (b) or (c) above, as appropriate, the transverse
reinforcement forthe compression member as a whole may be provided assuming that each
group is a singlelongitudinal bar for determining the pitch and diameter of the transverse

reinforcement. Thediameter

ofsuchtransversereinforcementshouldnot,however,exceed20mm(Fig.3.7).




Pitchand DiameterofLateralTies

(a) Pitch:Themaximumpitchoftransversereinforcementshall betheleastofthefollowing:
() theleastlateraldimensionofthecompressionmembers;
(i) sixteentimesthesmallestdiameterofthelongitudinalreinforcementbartobetied;a
nd
(i) 300 mm.

(b) Diameter: The diameter of the polygonal links or lateral ties shall be not less than one-

fourthofthediameter ofthelargestlongitudinalbar,andin nocaselessthanémm.
AssumptionsintheDesignofCompressionMembersbyLimitStateofCollapse

The following are the assumptions in addition to given in 38.1 (a) to (e) for flexure for
thedesignofcompressionmembers (cl.39.10f1S456).

() Themaximumcompressivestrain inconcreteinaxialcompression istakenas0.002.

() The maximum compressive strain at the highly compressed extreme fibre in
concretesubjected to axial compression and bending and when there is no tension on the
section shallbe0.0035minus0.75timesthestrainat theleastcompressed extremefibre.
MinimumEccentricity

In practical construction,columns are rarely truly concentric.Even a theoretical columnloaded
axially will have accidental eccentricity due to inaccuracy in construction or variationof
materials etc. Accordingly, all axially loaded columns should be designed considering
theminimumeccentricityasstipulatedincl.25.40flS456andgivenbelow(Fig.3.2¢)

€, min-greaterof(1/500+D/30)or20mm
e . _greaterof(1/500+b/30)or20mm

ymin>
wherel,Dandbare theunsupportedlength, largerlateral dimension
andleastlateraldimension,respectively.
GoverningEquationforShortAxiallyLoaded TiedColumns

Factored concentric load applied on short tied columns is resisted by concrete of area A_
andlongitudinal steel of areas A_ effectively held by lateral ties at intervals. Assuming the
designstrengthsofconcrete andsteelare 0.4f and0.67fy,respectively,we canwrite

P,=0.4f AC+0.67fy Asc 1)

Where Pu:factoredaxialIoadonthemember,




f = characteristiccompressive strengthoftheconcrete,
ck

A=areaofconcrete,

C
f=characteristicstrengthofthecompressionreinforcement,and
y

A =areaoflongitudinalreinforcementfor columns.
SC

Theabove equation,givenincl.39.30fIS456,hastwounknownsAcandA tobe
SC

determinedfromone equation.TheequationisrecastintermsofA,the grossareaof
Y

concreteandp,thepercentageofcompressionreinforcementemploying

A =pA/100 )
sc g

A=A(1-p/100) (3)
¢ g

Accordingly, wecanwrite

P/A =0.4f +(p/100)(0.67f —0.4f) (4)
u g ck y ck

Equation 4can beusedfordirectcomputation ofA when P , f and f areknown byassuming p
g u' ck y

ranging from 08 to 4 as the minimum and maximum percentages of
longitudinalreinforcement. Equation 10.4 also can be employed to determine Ag and p in a
similar mannerbyassumingp.

NumericalProblem

Design the reinforcement in a column of size 400 mm x 600 mm subjected to an axial load
0f2000 kN under service dead load and live load. The column has an unsupported length of
4.0m and effectively held in position and restrained against rotation in both ends. Use M
25concrete andFe415steel.

Solution

Stepl:To checkifthecolumnisshortorslender

Given | = 4000 mm, b = 400 mmand D = 600 mm. Table 28 of IS456 =1 = Iey: 0.65(1)
=2600mm.So,we have

l,,/D=2600/600= 4.33<12

Iey/b: 2600/400=6.5<12

Hence, itisashortcolumn.

Step2:Minimumeccentricity
e .= Greaterof(l_/500+ D/30)and20mm=25.2mm

e = Greaterof(l_/500+ b/30)and20mm= 20mm
ymin ey




0.05D=0.05(600)=30mm>25.2mm(=e )

xmin

0.05b=0.05(400) =20mm=20mm(=e )

ymin
Hence,theequationgiven incl.39.30fIS456(Eq.(1))isapplicableforthedesignhere.
Step3:Area ofsteel

FroEq.10.4,wehave

P=0.4fA +0.67fA

u ck ¢ ysc
3

3000(10)=0.4(25){(400)(600)-A  }+0.67(415) A

whichgives,
2
A=2238.39 mm

sC
2 2

Provide6-20 mmdiameterand 2-16 mmdiameterrodsgiving 2287mm(>2238.39 mm)and p
= 0.953 per cent, which is more than minimum percentage of 0.8 and less
thanmaximumpercentageof4.0.Hence,0.k.
Step4:Lateralties
The diameter of transverse reinforcement(lateral ties)is determinedfrom cl.26.5.3.2C-2 oflS
456 asnotlessthan (1)6/4 and(ii)6mm.Here,0 = largestbardiameterused
aslongitudinalreinforcement=20 mm.So,thediameterofbarsusedaslateralties=6mm.
Thepitchoflateralties,aspercl.26.5.3.2C-10fIS456,should benotmorethantheleastof

() theleastlateraldimensionofthecolumn=400mm

(i) sixteentimesthesmallestdiameteroflongitudinalreinforcementbartobetied=16(16)

=256mm
(i) 300mm

6T @ 250 cic
Pl Aol

4
Y
A

ReinforcementDetailing

Letus usep=pitchoflateralties=250mm.




IS CodeMethodforDesignofColumnsunderAxialLoadandBiaxialBending
IS 456 recommends the following simplified method, based on Bresler's formulation, for
thedesignofbiaxiallyloaded columns.TherelationshipbetweenM andM  fora particular

uxz uyz

valueofP= P,expressedinnon-dimensionalformis:

u uz
OLn n

M, M ) +M oy IM uyl)a <1 (5)
whereMandM=momentsaboutxandyaxesduetodesignloads, and

ux uy
aisrelated toP/P,

u uz
where
P=0.45fA +0.75fA
uz ck ¢ ysc

= 0.45A+(0.75f -0.45f)A (6)

g y ck sc

whereA=grossareaofthesection,and
g

A=totalareaofsteelinthesection

sC

M .M M andM areexplainedearlier.

uxz uyz uxl uyl
a"=1.0,whenP/P<0.2
u uz
o = 0.67+1.67P/P,when0.2< (P/P)<0.8 (7)
u uz u uz

a" = 2.0,when(P/P )>0.8
u

uz

NumericalProblem

Design the reinforcement to be provided in the shortcolumn is subjected to P = 2000 kN,M =
130 kNm (about themajor principal axis) andMuy: 120 kNm (about theminorprincipal axis).
The unsupported length of the column is 3.2 m, width b = 400 mm and depthD =
500mm.UseM25andFe415forthedesign.

Solution

Stepl:Verificationoftheeccentricities

Given:1=3200mm,b=400mmand

D=500mm, Theminimumeccentricitiesare:

= greaterof(3200/500+ 400/30)and20mm= 19.73mmor20mm= 20mm
= greaterof(3200/500+ 500/30)and20mm=23.07mmor20mm= 23.07mm

e .
xmin

e .
ymin




AgainfromP =2000kN,M =130kNmandM =120kNm,wehavee=M/P=

u ux uy X ux u
6 3 6 3
130(10 )/2000(10)= 65mmande = M/P=120(10)/2000(10)= 60mm.Both e ande
y uy u X y
are greaterthane ande ,respectively.
Xmin ymin
Step2:Assumingatrialsectionincludingthereinforcement
Wehave b=400mmandD=500mm.Forthereinforcement,My=1.15(M? +M?),
ux uy

becomes203.456kNm.Accordingly,
3
P/fbD=2000(10)/(25)(400)(500)=0.4
k

uc

2 6
M/fka = 203.456(10)/(25)(400)(500)(500)=0.0814
uc

Assumingd'=60mm,wehaved'/D=0.12.FromCharts44and45,thevalueofp/f [
ck

2
interpolatedas0.06.Thus,p =0.06(25)=1.5 percent,givingA = 3000mm.Provide 12-20

sC
2

mmdiameterbarsofarea3769mm,actualpprovided = 1.8845 percent.So,p/f =0.07538.
ck

Step 3:DeterminationofM andM
uxl uyl

2
WehaveP/f  bD =0.4andp/f = 0.07538instep2.Now,wegetM oD fromchart

u ck ck uxl ck
correspondingtod'=58mmi.e.,d'/D=0.116.WeinterpolatethevaluesofCharts44 and
2 -6
45,andgetM  /bD 0 09044.50. M ., =0.0944(25)(400)(500(500)(10 )=226.1kNm.
k

uxlc

For M , d/b = 58/400 = 0.145. In a similar manner, we get M =

uxl uyl
-6
0.0858(25)(400)(400)(500)(10)=171.6kNm.
AsM  andM aresignificantlygreaterthanM andM,respectively,redesignofthe
uxl uyl ux uy

sectionisnotneeded.

Step4:Determination ofPand o"
uz

Wehave P=0.45(25)(400)(500)+{0.75(415)-0.45(25)}(3769)= 3380.7 kN.
uz

Now,thevalue ofaisobtainedforP/P=2000/3380.7=0.5916,i.e.,0.2<P/P<0.8,
u uz u uz

whichgives,no=0.67+1.67(P/P)=1.658.

u uz

Step 5:Checking theadequacy ofthesection
1.658

Using thevaluesofM,M ,M,M ando”  inEq.(5),wehave(130/226.1) +

ux uxl uy uyl
1.658

(120/171.6)  =0.9521<1.0.Hence,thedesign issafe.




Step6:Designoftransverse reinforcement
As per cl.26.5.3.2c of IS 456, the diameter of lateral tie should be > (20/4) mm

diameter.Provide 8 mm diameter bars following the arrangement shown in Fig.10.26.4. The
spacing oflateraltieis theleastof:
(@) 400mm=leastlateraldimensionofcolumn,

(b) 320mm=sixteentimesthediameter oflongitudinalreinforcement(20mm),

(c) 300mm
Accordingly,provide8mm lateraltiealternately@250c/c(Fig.10.26.4).

%~
35
Y b =400
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Designofisolatedcolumnfooting.

The superstructure is placed on the top of the foundation structure, designated as substructure
asthey are placed below the ground level. The elements of the superstructure transfer the loads
andmomentstoitsadjacentelementbelowitandfinallyallloadsandmomentscometothefoundation
structure, which in turn, transfers them to the underlying soil or rock. Thus,
thefoundationstructureeffectivelysupportsthesuperstructure. However,alltypesofsoilgetcompressed
significantly and cause the structure to settle. Accordingly, the major requirements ofthedesignof
foundationstructuresarethetwoasgivenbelow (seecl.34.10flS 456):

1 Foundation structures should be able to sustain the applied loads, moments, forces
andinducedreactionswithoutexceedingthe safebearingcapacityofthe soil.

2 The settlement of the structure should be as uniform as possible and it should be within
thetolerable limits. It is well known from the structural analysis that differential settlement
ofsupportscausesadditionalmomentsinstaticallyindeterminatestructures. Therefore,avoiding the
differential ~ settlement is considered as more important than  maintaining

uniformoverallsettlementofthe structure.
TypesofFoundationStructures

1. ShallowFoundation

Shallow foundations are used when the soil has sufficient strength within a short depth below
theground level. They need sufficient plan area to transfer the heavy loads to the base soil.
Theseheavyloadsaresustainedby thereinforcedconcretecolumnsorwalls(eitherof
bricksorreinforcedconcrete)ofmuchlessareasofcross-sectionduetohighstrengthofbricksorreinforced
concrete when compared to that of soil. The strength of the soil, expressed as the safebearing
capacity of the soil is normally supplied by the geotechnical experts to the structuralengineer.
Shallow foundations are also designated as footings. The different types of

shallowfoundationsorfootingsarediscussed below.

i) Plainconcretepedestalfootings

i) Isolatedfootings

(
(
(i) Combinedfootings
(iv) Strapfootings

(

V) Stripfoundationorwallfootings

(vi) Raftormatfoundation




2. Deepfoundations
Asmentionedearlier,theshallowfoundationsneedmoreplanareasduetothelowstrengthof soil

compared to that of masonry or reinforced concrete. However, shallow foundations
areselected when the soil has moderately good strength, except the raft foundation which is
goodin poor condition of soil also. Raftfoundations are under the category of
shallowfoundationastheyhavecomparativelyshallowdepththanthatofdeepfoundation.Itisworth
mentioning that the depth of raft foundation is much larger than those of other types
ofshallowfoundations.

However, for poor condition of soil near to the surface, the bearing capacity is very less
andfoundation needed in such situation is the pile foundation. Piles are, in fact, small
diametercolumns which are driven or cast into the ground by suitable means. Precast piles are
drivenand cast-in-situ are cast. These piles support the structure by the skin friction between
the pilesurface and the surrounding soil and end bearing force, if such resistance is available
toprovide thebearingforce. Accordingly,they aredesignated asfrictional and
endbearingpiles. They arenormally providedin a group with a pile capat the top through which
theloadsofthesuperstructurearetransferredtothepiles.

Piles are very useful in marshy land where other types of foundation areimpossible
toconstruct. The length of the pile whichis driveninto the grounddepends on the availabilityof
hard soil/rock or the actual load test. Another advantage of the pile foundations is that theycan
resist uplift also in the same manner as they take the compression forces just by the
skinfrictionintheopposite direction.

However, driving of pile is not an easy job and needs equipment and specially trained
personsor agencies. Moreover, one has toselectpile foundation in such a situation
wheretheadjacent buildings are not likely to be damaged due to the driving of piles. The
choice ofdrivenorboredpiles,inthis regard,iscritical.

Exhaustive designs of all types of foundations mentioned above are beyond the scope of
thiscourse. Accordingly, this module is restricted to the design of some of the shallow

footings, frequentlyusedfornormallow risebuildingsonly.




IsolatedFooting
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Critical sections:

1) For moments 1-1 and 2-2

2) For one-way shear 3-3 and 4-4

3) For punching shear perimeter marked by 5555
Figure3.8:Uniformandrectangularfooting

DesignConsiderations

(@) Minimumnominalcover(cl.26.4.2.20f1S456)

The minimum nominal cover for the footings should be more than that of other

structuralelementsofthesuperstructureasthefootingsareindirectcontactwiththesoil.Clause

26.4.2.2 of IS 456 prescribes a minimum cover of 50 mm for footings. However, the

actualcover may be even more depending on the presence of harmful chemicals or minerals,

watertable etc.

(b) Thicknessattheedgeoffootings(cls.34.1.2and34.1.30fIS456)

The minimum thickness at the edge of reinforced and plain concrete footings shall be at

least150 mm for footings on soils and at least 300 mm above the top of piles for footings on

piles,asperthestipulationincl.34.1.20f1S456.




For plain concrete pedestals, the angle o (see Fig.11.28.1) between the plane passing
throughthe bottom edge of the pedestal and the corresponding junction edge of the column
withpedestalandthehorizontalplaneshallbedeterminedfromthefollowingexpression(cl.34.1.30fl
S456)

tan0<0.9{(100qa/fo)+13°°

2

whereq =calculatedmaximumbearing pressureat thebaseofpedestalinN/mm,and
a
2

f =characteristicstrengthofconcreteat28 daysin N/mm.
ck

(c) Bendingmoments(cl.34.2 oflS456)

1 It may be necessary to compute the bending moment at several sections of the
footingdependingonthetypeoffooting,natureofloadsandthedistributionofpressureatthebaseof
the footing. However, bending moment at any section shall be determined taking all
forcesacting over the entire area on one side of the section of the footing, which is obtained
bypassing averticalplaneatthat sectionextending acrossthefooting(cl.34.2.3.10f1S456).

2 The critical section of maximum bending moment for the purpose of designing an
isolatedconcrete footingwhichsupportsacolumn,pedestalorwallshallbe:

(i) at the face of the column, pedestal or wall for footing supporting a concrete
column,pedestalorreinforcedconcretewall,and

(i) halfway between the centre-line and the edge of the wall, for footing under masonry
wall. Thisis stipulatedincl.34.2.3.20flS456.

The maximum moment at the critical section shall be determined as mentioned in 1
above.Forroundoroctagonalconcretecolumnorpedestal,thefaceofthecolumnorpedestalshallbe
taken as the side of a square inscribed within the perimeter of the round or
octagonalcolumnorpedestal(seecl.34.2.20flS456andFigs.11.28.13aandb).

(d) Shearforce(cl.31.6 and34.2.40f1S456)

Footing slabs shall be checked in one-way or two-way shears depending on the nature
ofbending. If the slab bends primarily in one-way, the footing slab shall be checked in one-
wayvertical shear. On the other hand, when the bending is primarily two-way, the footing
slabshall be checked in two-way shear or punching shear. The respective critical sections
anddesignshearstrengths aregivenbelow:

1. One-wayshear(cl.34.2.40f1S456)

One-way shear has to be checked across the full width of the base slab on a vertical

sectionlocatedfromthefaceofthecolumn,pedestalorwallatadistanceequalto




() effectivedepthofthefooting slabincaseoffooting slabonsoil,and

(i) halftheeffective depthofthe footing slab ifthefooting slab isonpiles.
The design shear strength of concrete without shear reinforcement is given in Table 19
ofcl.40.20f1S456.
2. Two-wayorpunching shear(cls.31.6 and 34.2.4)
Two-wayorpunchingshear shall becheckedaroundthecolumnonaperimeter halftheeffective
depthofthe footingslabawayfromthe faceofthecolumnorpedestal.
Thepermissibleshearstress,whenshearreinforcement isnotprovided,shallnot exceedk,t.
,where k=(0.5 +cp),butnot greaterthanone,cfbeing theratio ofshortsidetolong sideof

s

1/2
thecolumn,andtec =0-25(f)k in limitstatemethodofdesign,asstipulated incl.31.6.30f
c

IS 456.

Normally, the thickness of the base slab is governed by shear. Hence, the necessary
thicknessofthe slabhastobeprovidedtoavoidshearreinforcement.

(e)Bond(cl.34.2.4.30f1S 456)

The critical section for checking the development length in a footing slab shall be the
sameplanes as those of bending moments in part (c) of this section. Moreover, development
lengthshall be checked at all other sections where they change abruptly. The critical sections
forcheckingthedevelopmentlengtharegivenincl.34.2.4.30fIS456,whichfurtherrecommends  to
check the anchorage requirements if the reinforcement is  curtailed,
whichshallbedoneinaccordancewithcl.26.2.30fIS456.

(f) Tensilereinforcement(cl.34.30f1S456)

The distribution of the total tensile reinforcement, calculated in accordance with the
momentat critical sections, as specified in part (c) of this section, shall be done as given
below forone-wayandtwo-wayfootingslabsseparately.

Q) Inone-wayreinforcedfootingslabslikewallfootings,thereinforcementshallbedistributed
uniformly across the full width of the footing i.e., perpendicular to the direction ofwall.
Nominal distribution reinforcement shall be provided as per cl. 34.5 of IS 456 along thelength
of thewall totakecare of thesecondary moment,differential

settlement,shrinkageandtemperatureeffects.

(D)In two-way reinforced square footing slabs, the reinforcement extending in each
directionshallbedistributed uniformlyacrossthefullwidth/lengthofthefooting.




()In two-way reinforced rectangular footing slabs, the reinforcement in the long direction shallbe
distributed uniformly across the full width of the footing slab. In the short direction, a centralband
equal to the width of the footing shall be marked along the length of the footing, where theportion
of the reinforcement shall be determined as given in the equation below. This portion
ofthereinforcementshallbedistributed acrossthecentralband:
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Figure3.10

BandsforreinforcementinrectangularfootingReinforcementinthecentralband={2/(f+1)}(Tot

alreinforcementintheshortdirection)
Wherepistheratio oflonger dimensiontoshorterdimensionofthefootingslab(Fig.3.10).

Eachofthetwoend bands shallbeprovided withhalfoftheremaining reinforcement,

distributeduniformlyacrosstherespectiveend band.
(9) Transferof load at thebaseof column(cl.34.4 of1S456)

Allforcesandmomentsactingatthebaseofthecolumnmustbetransferredtothepedestal,if any, and
then from the base of the pedestal to the footing, (or directly from the base of thecolumn to
the footing if there is no pedestal) by compression in concrete and steel and tensionin steel.
Compression forces are transferred through direct bearing while tension forces aretransferred
through developed reinforcement. The permissible bearing stresses on full area ofconcrete

shallbetakenas givenbelowfromcl.34.40flS456:
o, —0-25finworkingstress method,and
ck

G, —0-45f, inlimitstatemethod
ck

The stress of concrete is taken as 0.45f , while designing the column. Since the area

offootingismuch larger,thisbearingstressofconcreteincolumnmaybeincreased




consideringthedispersionoftheconcentratedloadof columntofooting.Accordingly,the
permissiblebearing stressofconcretein footingisgiven by(cl.34.4 oflS 456):

1/2
Obr=0.45f(A/A)
ck 1 2

withaconditionthat
1/2
(A/A) 2.0(11.8)<2
1 2

whereA =maximumsupportingareaoffootingforbearingwhichisgeometricallysimilarto
1

andconcentricwiththeloadedareaA.

A=loadedareaat thebaseofthecolumn.
2

Theaboveclausefurther stipulatesthatinslopedorsteppedfootings,A maybetakenasthe
1

area of thelower base of thelargestfrustum of a pyramid or cone contained wholly withinthe
footing and havingfor its upper base, the area actually loaded and having side slope ofone
verticaltotwohorizontal.
Ifthepermissiblebearingstressonconcreteincolumnorinfootingisexceeded,reinforcementshall
be providedfor developing the excessforce (cl.34.4.1 of IS 456),eitherby extending the
longitudinal bars of columns into the footing (cl.34.4.2 of IS 456) or
byprovidingdowelsasstipulatedincl.34.4.30flIS456andgiven below:

() Sufficientdevelopmentlength of thereinforcementshall
beprovidedtotransferthecompression or tension to the supporting member in accordance with
cl.26.2 of IS 456, whentransferofforce
isaccomplishedbyreinforcementofcolumn(cl.34.4.20fIS456).

(i) Minimum area of extended longitudinal bars or dowels shall be 0.5 per cent of the cross-
sectionalareaofthesupportedcolumnorpedestal(cl.34.4.30flS456).

(i) Aminimumoffourbarsshallbe provided (cl.34.4.30fIS456).

(iv) The diameterof dowels shall not exceed the diameter of column bars by more than 3mm.

(v) Column bars of diameter larger than 36 mm, in compression only can be doweled at
thefootings with bars of smaller size of the necessary area. The dowel shall extend into
thecolumn, a distance equal to the development length of the column bar and into the footing,

adistanceequaltothedevelopmentlengthofthe dowel,asstipulated incl.34.4.40fIS456.
(h) Nominalreinforcement (cl.34.50f1S456)




Clause 34.5.1 of IS 456 stipulates the minimum reinforcement and spacing of the bars
infooting slabs as per the requirements of solid slab (cls.26.5.2.1 and 26.3.3b(2) of IS
456,respectively).

NumericalProblem

DesignanisolatedfootingofuniformthicknessofaRCcolumnbearingaverticalloadof600 KN and
having a base of size 500x500mm. the safe bearing capacity of soil may betakenas
120KN/m2.Use M20concrete andFe 415steel.

Solution

Sizeoffooting

W=600KN;
Selfweightoffooting@10% =60
KNTotalload=660KN

Sizeoffooting=660/120 =5.5m?

Sincesquarefooting,B= /5.5 =2.345
m2Providea square footing=2.4mx2.4m
Netupwardpressure,po=600/(2.4x2.4)=104.17KN/m?Desi

gnofsection

ThemaximumBMactsatthefaceofcolumnM=

pEB—b) 2112.8KN-m
)
8

Mu=1.5M=169.2KN-m
Therefored

=160mm;D=160+60=220mmDepthonthebasis

ofone-wayshear

For aonewayshear,criticalsection islocated at adistance_d‘fromthefaceofthecolumnwhere

shearforceVisgivenby




V=p,B{0.5(B—b)—d}=104.17x2.4{0.5x(2.4-0.5)—0.001d}
Vu=1.5V

1=Vu___375012(0.95-0.001d)2
© 400d

Fromtable B.5.2.1.10f1S456:2000k=1.16forD= 220mm.
Also for under-reinforced section with p:= 0.3% for M20 concrete, tc=0.384

N/mm2.Hence designshearstress=kt¢=0.445N/mm?
Fromwhichwe getd=246.7 = 250

mmDepthfor twowayshear

Takedgreateroneofthetwo i.e.250mm.fortwo-wayshear,thesectionliesatd/2fromthecolumnface
allround.Thewidthboofthe section= b+d=750mm

Shearforcearoundthesection
F=po[B>-b?]=541.42KN

Fu=1.5F

F 6
u _812.13x10 —1.083N/mm?

4bod  4x750x250

Tv:

Permissibleshearstress=k;t.

Whereks=(0.5+P¢)=(0.5+1)withamaximumvaluel.ks=1

1=0.25 [fy
=1.118N/mm2Permissib

leshearstress=1.118N/mm2Hencesafe.

Henced=250mm, using60mmaseffectivecoverandkeepingD=330mm, effectivedepth=330-

60= 270mminone direction andotherdirectiond=270-12=258mm.
Calculationofreinforcement

As= 1944mm?

Usingl2mmbars, spacingrequired=138.27mm




Soprovidel2mm@3125c/cineachdirection.Deve

lopmentlength
L¢=564mm

Provide 60 mm side cover, length of bars available =0.5[B-b]-60=890 mm
>LgSosafe.

Transfer of load at

columnbase A2=500x500

=250000mm2A1=[500+2(2x330)]=

3FE2400mm?
A

=3.64

Taking fall =2
\j Az

Hencepermissible
bearingstress=18KN/m?Actualbearingstress=
3.6N/mm?

Hencesafe.
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