Limit State of Serviceability—Deerctio'n
and Cracking

10.1 Introduction

As discussed in the previous chapters, there are two Jimit states in the limit state method of design viz.
the limit state of collapse and the limit state of serviceability. After designing a structure for the limit state of
collapse (flexure, shear, torsion etc.), itneeds to be checked for deflections, vibrations, cracking etc. i.e. collectively
known as limit state of serviceability. These limit states of serviceability play a crucial role in the design of
siructures and they ensure that the structure parforms its intended function very well with safety with respect to
imit state of collapse. o B ‘

Deflection and cracking are two important limit states of serviceability. For a check on deflection, we
need to consider the both short term and long termn deflection. We will.cover the factors which are primarily
responsible to influence these jimit states of serviceability. As we can see during normal day to day experiences,
normally a structure gets fail in serviceability and NOT in-collapse. ‘

10.2 The Limit States of Serviceability-Deflection and Cracking

As per limit state design chilosophy, there are two types of limit state that are to be considered in design
viz. Ultimate limit states and serviceability limit states. The former i.e. the ultimate limit state deals with safety in
terms of strength, overturning, sliding, buckling, fatigue fracture, etc., and the latteri.e. serviceability limit state
deals with serviceability in terms of deflection, cracking, vibration, etc. The major consideration in structural
design by the LSM is to ensure both safety and serviceability, so that the structure performs its intended function
satisfactorily. ' .

Use of limit state method of design with higher grades of concrete ana steel has lead to smaller
sections, which are otherwise large in the traditional working stress method of design. Thus those structures
must be checked for deflection and cracking. Cl. 42 and 43 of IS 456: 2000 stipulates not to check every
normal structure for deflection and crack widths provided codal provisions for limiting #/d ratios and maximum
permissible reinforcement spacing recommendations are followed. However many a times (like where the dead
and live loads are very heavy), it is specifically required to calculate the crack widths and deflections in the
structure.
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Remember: Structures often fail in terms of serviceability and rarely fail in terms of safety.



. Cl. 35.1.1 of IS 456: 2000 states that the designer should consider all the relevant limit states to en
a suna.b!e degree of safety and serviceability. Cl. 35.3.1 of IS 456: 2000 specifies limit state of serviceal:il:re
comprising deflection and Cl. 35.3.2 of IS 456: 2000 specifies limit state of serviceability comprising crackj
Cl. 8 of IS 456: 2000 refers to durability consideration of concrete. Stability of the structure against overturn
.and sliding (as per Cl. 20 of IS 456: 2000) and fire resistance (as per Cl. 21 of IS 456: 2000) are ot
indispensable aspects to be taken into account while designing reinforced concrete structures.
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U§e of Iirnit §tate design with improved grades of concrete and steel have resulted in concrete sectiong
that arei thinner in size and higher stress levels at service loads. Consequently, the structures undergo larger
deﬂecnf'.;ns, crack widths, vibrations etc. Thus the requirement of serviceability limit state check has attained
greater importance now. :

10.3 Limit State of Serviceability: Deflection

The limits on deflection of ﬂexqral members are.prescribed in‘order to l"tave:
1. . Aesthetic and psychollogiCal"comfort to occupahts.f"ﬂ '
2. Alimiton crack width in the structures. & :
3. Proper functioning of attached and unattachied fioor and other étructural elements.
4. No ponding in réof slabs. i EEIE A S
. Short Term Deflectior‘i:_,,!t refers to immc‘e‘diatveﬂdeﬂe’c':_tion after 'Casﬁng of concrete and application of
partial or full service loads. ]:hg following factors affect the'short term deflection of'étructures:
1. Liveloads magnitudé and its distribution on the strﬁéture. - ‘
Span and type of end si;pports. . !
Cross sectional areas of the elements of the structure. -
Amount of reinforcement and stress developed in the reinforcement.
Characteristic strengths of concrete and steel used in the structure.
Amount and extent of cracks developed. !
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Long Ter'm Deflection: It occurs over a long period of time mainly due to creep and shrinkage. Long
term d.eﬂectlon is almost 2-3 times the short term déflection. The following factors affect the long term
deflection of concrete:

1. Humidity and temperature range during the time of curing.
2. Age of concrete at the time of loading.

3. Typ.oe and. the size of aggregates, water-cement ratio, member sizes, amount of compressive steel
which ultimately affects the creep and shrinkage of concrete.

10.3.1 Control of Deflection

Cl. 23.2 of IS 456: 2000 specifies limiting deflection under two groupé as given below:

1. The maximum final deflection should not normally exceed span/250 due to all loads including the
long term effects of creep, shrinkage and temperature and measured from as cast level of the
support of floors, roofs and other horizontal elements of the structure.

2. The maximum deflection should not normally exceed the lesser of span/350 or 20 mm including
the effects of temperature, creep and shrinkage occurring after the erections of partitions and
application of finishes.

Both of the above requirements must be satisfied by a structure.

103.2 Selection of Preliminary Dimensions of the Structural Elements

The above two requirements for deflection control are checked after designing the structure. But the
sructural design has to be revised if it fails to satisfy either condition (1) or (2) or both as stated in section
40.3.1. In order to avoid all this repetitive type of work, IS 456: 2000 recommends to assume some initial
dimensions of the structural elements which will generally satisfy the deflection limits. Cl. 23.2.1 of IS 456: 200C
specifies different ratios of effective span to effective depth and CI. 23.3 of IS 456: 2000 limits slenderness of
simply supported, continuous and cantilever beams.

For deflection réquirement : Basic values of effective span to effective depth ratios for span upto 10m
and different support Cg)r}ditions are specified in IS 456: 2000, which is given as below:

5; . %" Table 10.1:Limiting span to depth ratios

'S, No. |- -, Item . Cantilever Simply Supported| Continuous
7 20 26

1. Basic values of effective span to
effective depth ratios for spans up to 10 m

1
- Not applicable as deflection Multiply basic values of
calculations are to be done row 1 by (10/span in m)

Multiply values of Row 1 or Row 2 (as the case may be)
with rnodification factors given in Figure 4 of IS 456: 2000

2. | Modification factor for span > 10 m

3. Modification factor depending on
area and stress in steel

Further multiply earlier.respective value with modification

4. Modification factor depending on
factors given in Figure 5 of 1S 456: 2000

area of compression steel

P (i) Modify values of Row 1 or Row 2 (as the case may be) as
5 g/:);gxscatton factors for flanged per values given in Fig. 6 of IS 456: 2000

(i) Further modify as per Row 3 and/or Row 4 where
reinforcement percentage to be used on area of section
equal to b,d where b, is the width of rib.

For lateral stability : Cl. 23.3 of IS 456: 2000 specifies the following requirements

1. For simply supported and continuous beams, the clear distance between the lateral restraints shall
not exceed the minimum of 60b or 250b%/d, where b is the width of compression face of the beam
midway between the lateral restraints and d is the effective depth of the beam.

2. For cantilever beams, the clear distance from the free end of the cantilever to the lateral restraint

shall not exceed the minimum of 25b or 100b?/d.

All limits prescribed in IS 456: 2000 (Cl: 23.2) with reference to deflections are based on service loads
and thus partial factor of safety to characteristic loads should be unity (one). Cl. 36.4.2.2 of IS 456: 2000 states
that the modulus of elasticity and other relevant parameters to be considered in deflection calculations should be
based on characteristic strengths of steel and concrete.
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Why Precise Prediction of Deflection is Difficult?
Precise prediction of deflections in réinforced concrete members is difficult because:

1. There are Uncertainties in predicting the flexural rigidity (£1) of the member which depends
on degree of tensile cracking, amount of flexural reinforcement, modulus of elasticity of
concrete, modulus of rupture of concrete.




2. Thereare other environmental and time dependent effects whlch |nﬂuence shrrnkage an‘
: 'reep - o : - :

3 oncrete members shows |nelastto behavror atso : S :
4 There are !arge varratrons inobserved deﬂeotrons even under laboratorycondrtlohs

_ Due to the above:said reasons, approxrmatlons and srmpln‘lcatrons are neceesary for.calculati

“of deﬂectlons The: deflection calculation is considered i intvo parts viz. immediate-of shoj
term deflection and long term"deflection, Calculatton of short term - deflectron involves th

: consnderauon of fuII dead and live loads. However for: calculatrng the Iong term deflection-du

1o creep and shnnkage the permanent load'i e ‘dead load and that part of live load whrch i
sustained: to the ‘stricture are considered. Even after makrng suitable approxrmatrons and §
srmphfrcatlons the deflection caleulaticns are quite rigorous and complicated:

10.3.3 Calculation of Short-term Deflection

Short term deflection under service loads are calculated assuming linear elastic behavior of concrete and
steel. Usual expressions for maximum deflections in beams subjected to different types of loading ere covered
in the subject of Structural Analysis.In.the deflection calculations, an important parameter is the flexural rigidﬁy
(Er) where T is the second moment of area of the member section and ‘£ is the short term modulus of e!asticriy
of concrete which is expressed as:

E = 5000/f

E = 5700,f,

(As per IS 456: 2000)

(As per IS 456 1978)

The second moment of area of the section (7) depends on amount of reinforcement and amount of flexural
cracking which in turn depends on the applied bending moment and the modulus of rupture of concrete.

Cl. C-2 of Annexure C of IS 456: 2000 specifies the steps of calculating the short term deflections.
The said expression is based on earlier version of the British Code. The code recommends the usual methods
for elastic deflections using short term modulus of elasticity of concrete (E,) and effective moment of inertia (/)
which is given as:

1 — ]Cf
o 10 Me(2Z (1_5 by
M{dj dpb
But I < I,s1, P
where, I, = Moment of inertia of cracked section
M, = Cracking moment (=f, I, /y) where f_ is the modulus of rupture of concrete
Iy = Moment of inertia of gross section about the centroidal axis ignoring the reinforcement
y, = Distance of extreme fibre in tension from the centroidal axis of gross section ignorirg
the reinforcement

M = Maximum moment under service loads
z = Leverarm

x = Depth of neutral axis

d = Effective depth

b, = Width of web

b = Width of compression face

For continuous beams, the values of I,,, /,and M, has to be modified by the following equation:

. X+
X, = k,[-‘Tz—]m k)X,

where, X, = Modified value of X, X,, X, = Values of X at supports
) X, = Value of X at mid span, k, = Coefficient given in Table 25 of IS 456: 2000
X = Valuesof,I or M as desired

« ar
Table 10.2 : Values of Coefficient k,

k, | 05o0rless| 06| 07|08 09|10 11112 13|14

ky 0 0.03{0.08/0.16| 0.30|0.50{0.73 | 0.91| 0.97| 1.0

Here k, is given by: Mo+ M
1+ M

=1 2 where, Mg,, M., = Fixed end moments
27 Mg+ Mg, . i

M,, M, = Support moments

Additional Short-term Deflection due to Live Loads alone

As described at the start of this chapter that the deflection calculations require calculation of deflections
after the structure has been constructed (including the Iong term eﬁects of creep and shrinkage). This needs the
calculation of deflections due to live loads alone.

Now because of the fact that with the variation in flexural rigidity (EI) wrth applied moment, the load
deflection behavior of reinforced concrete member is non-linear. ThlS implies that principle of superposition
cannot be applied in deflection calculations.

Thus deflection due to live loads aione is computed from the difference of deflection due to both dead
and live loads and the deflection due to dead loads alone.

16.3.4 Long-term Deflections

The deflection of reinforced concrete members increase with time because of the following reasons:

1. Variation in temperature which results in differential shrinkage in concrete members.
2. Creep due to sustained loading.

The combined Ionb tetin deflection due to creep, shrinkage and temperature may be about 2-3 times the
short term deflection. However, the excessive short term deflections can be nullified by providing a camber (just
fike in slab casting), but this cannot be applied for long term deflections in the structure.

NOTE If observed deflections in a structure just after its completion are within the prescribed limits, it
. cannot be said with 100% surety that the same structure will meet the deflection requirements
: inlong run also. In fact, long term deflections gradually build up over a period of time to such
an extent that the total deflection exceeds the prescribed deflection limits.

Other factors which increase the long term deflection are:

1.. Formation of new cracks.

2. Widening/enlarging of existing cracks.

3. ‘Repeated load cycles acting on the structure.




10.3.5 Calculation of Deflection Due to Shrinkage

As usually observed, in unrestrained concrete members, drying shrinkage of concrete shortens the
membgr bl.Jt the_embedded reinforcing steel does not shorten to same extent. This introduces compressive
stress in reinforcing steel and tensile stress in the surrounding concrete.

o When reinforcement is placed symmetrically in a concrete section, except in indeterminate
ruc':tures, I:’IO curvature results due to shrinkage. But unsymmetrically placed reinforcement in concrete
section (which is usually the case) results differential strains across the section. !

ClL C-3 of AlllIeXUIe-C of IS 4 00 desc g
56: 20 0 des bes the method of calcu ating the deflectio due
shr ‘kage (o'cg) as: °

O =k Yo 2
Constant which depends on support conditions '
0.5 for cantilevers
.01 25 for simply supported members ’
10,086 for members continuous at one end.
) 0.063 for fully continuous mémbers ‘

where, Ky

e nn

i

¥, = shrinkage cu‘r\'/atu:re = k4(scsl_D) where £, s the ultimate shrinkage strain of concrete

!

o (B-p)
Ky oA72(—TF?—°]s1.o for 0.25< (R -F,) < 1.0

P o
0.65[%—]51.0 for (F,-P,)21.0
. t

where : = A - Lo
) P, = 100 and = 100—=¢

. t bd P, c b,d
Dis the total depth of section and /is the span length

10.3.6 Calculation of Deflection Due to Creep
A ltisa gsual fapt that under sustained loading, the compressive strain in concrete keeps increasing in a
non-linear fashion. This phenomenon is referred as creep. The creep coefficient is defined as:
s
Creep strain (€cp)
' Initial elastic strain (a;)
This creep coefficient provides a method to calculate creep in concrete.

The maximum value of creep coefficient
in IS 456: 2000). This ultimate creep coefficient
member due to creep.

(C,)is called as the ultimate creep coefficiént (denoted as 6
(8) is used for assessing the maximum deflection in a concrete

Cl.6.2.5.1 of IS 456: 2000 states that in the absence of an
of ultimate creep coefficient (

and 1 year (or 365 days).

Y data on factors influencing creep, the value
6) canbetakenas 2.2, 1.6and 1.1 respectively for loading ages of 7 days, 28 days

‘ Th(? distribution of creep strain across the depth of concrete section is non uniformand it in fact varies
linearly similar to the flexural strain produced by applied bending moment.

‘Creep strain is primarily related to increase in compressive strain of concrate biit there

“marginal increase.in tenéile strain in'steel: Due vtojcreep’in’ concrete, there is small ihCreas

--the depth of neutral axis thereby reducing the lever arm..in erder to maintain the static equil
with the applied ioading (or applied moment), there is a little increase inthe steel stress
inturn increases the strain in steel. ' A

C!. C-4 of Annexure C of IS 456: 2000 describes the following method of calculating the deflection due
to creep. The creep deflection due to permanent loads is given by:

o'cc(perm) = O'i,cc(perm)_ai(perm)
where, Uiorpenmy = INitial deflection plus creep deflections due to permanent loads obtained using an
elastic analysis with an effective modulus of elasticity £, which is given by:

)

o &
~Fee T (1+6)°
Oy (1+86)

0L:(perm}

where 8 is the creep coefficient

= Short term deflection due to permanent load using £,

10.2.7 Deflection Due to the Effect of Temperature

From the Structural Analysis, it is found that variation in temiperature causes stresses in indeterminate
structures. The calculation of bending moments due to variation in temperatures. can be done by any of the
principles described in Structural Analysis. This requires a suitable value.of coefficient of thermal expansion. In
addition to overall stresses in a structure, local stresses’in members’may also getinduced due to unsymmetrical
reinforcement. The calculation of such deflections is identical to calculations done for assessing the deflection

_ due to differential shrinkage.

In common design practice, deflections due to temperature is usually NOT computed because such
deflections are not significant and are also reversible in nature owing to increase or decrease in terperature. But
tensile stresses and thus resulting tensile cracks induced by the restraints against temperature changes can be
quite significant which require special atiention by proper detailing of reinforcement.

10.3.8 Check on Total Deflection

Once we have calculated the deflections due to various components viz. short term deflection and
long term deflection, the overall total deflection need to be checked with the limit prescribed in Cl. 23.2 of
IS 458: 2000.

/
< —
long-term 250

Apr 4
A+ Alahg-lerm < 35 0r20mm (whichever is less)
where, AIo'ng-term = Ashrir_\kage + Acreep + A‘temperature
and l | = Effective span of the member

If these limits exceed, the‘n' the member needs to be redesigned by increasing the depth (and thereby
stiffness) of the member. If there are limitations on the depth of the member to be provided, then grade of
concrete has to be improved thereby increasing the modulus of elasticity of concrete. Provision of compression
reiniorcement also reduces the deflection in members.



10.4 Limit State of Serviceability: Cracking

Cracking in concrete occurs whenever the tensile stress of concrete exceeds the permissible limit. The
tensile strength of concrete is usually very low and thus it is generally not possible to have almost zero cracks in
concrete. But proper design of concrete member can control the cracks in terms of crack widihs and spacing of
cracks. o
Disadvantages of Cracking in Concrete : ) !

The occurrence of cracks in concrete brings with it the foliowing drawbacks:

1. Cracks in concrete spoil aesthetic of structure. :

2. Cracks reduce the durability of concrete.

3. Development of cracks in concrete leads to corrosion of reinforcement.

4

In liquid retaining structures, appearance of cracks can in fact adversely affect the functional
requirement of the structure at all.

Thus it is always tried to limit the crack width in concrete structures.
Cracking in concrete occurs due to the foilowing reasons: :
1. Flexural tensile stresses dué to the applied loadings.
Shear and torsion induces diagonal tension in concrete members.
Restraints against volume changes due to variation in temperatures.
Very high compressive stresses induc lateral tensile strains owing to Poisson’s effect.
Direct tensile stress under the applied loads (like hoop tension in circular tanks).

As stated above, crac"king in Concrete occurs in tension resulting in splitting of concrete at the surface
which penetrates inwards. Theponsequent appearance of cracks in concrete, their spacing and widths depend
on magnitude of tensile stresses, reinforcement detailing, grade and properties of concrete and the thickness/
depth of the concrete section/member. It is always desirable to have closely spaced cracks with smaller crack
widths rather than widely spaced cracks with large crack widths. The later type of cracks are associated with
relatively low percentages of steel, widely spaced reinforcing bars of high strength steel (Fe 415 and Fe 500).

SN RIS

Factors Affecting Crack Widths

The following factors affect the wodith of cracks in reinforced concrete members:
Tensile stresses in the reinforcing bars. N
Bond strength and tensile strength of concrete. 14
Depth of the concrete member and the location of neutral axis.
Diameter and spacing of reinforcing bars.

NS O

Concrete cover.

10.4.1 Limits on Crack Widths

Cl. 35.3.2 of IS 456: 2000 limits the width of cracks to a maximum limit of 0.3 mm for mild exposure

conditions. This limit is based purely on aesthetic considerations. Fortunately, this limit on crack width is also
found to be adequate for durability purpose also.

A lower limit of crack width of 0.2 mm is prescribed for structures exposed to continuous moisture
conditions or which are in'direct contact with soil or the ground water (‘moderate’ exposure condition). This fimit on
crack width is further reduced to 0.1 mm for severe, very severe and extreme exposure conditions.

Earlier versions of IS 456: 2000 didn't provide any procedure to calculate the crack width. But however
| 456: 2000 (Annexure F) provides a procedure to calculate crack widths. pl. 43.1 of IS 456: 20_00 s'fatgs
that explicit calculations for crack widths are required where reinforcement spacing exceeds the prescribed limits
irespective of the value of cover to reinforcement provided.

The MAJOR DRAWBACK in IS 456: 2000 is that the earlier limit (IS 456: 1978) on clear cover of 75 mm
has been eliminated. Increased cover to reinforcement implies increased cracks in concrete especially in flexural
concrete members.

‘Annexure F' of IS 456: 2000 describes the expression for calculating the crack widths as,

' W = 34, &y
o 1+ Z(acr _Cmin)/(D_x)

where, D = Overall depth of the member
Crin = Minimum cover to the main longitudinal bar.
x = . Depth of neutral axis S
a_ = Distance from the point considered to the surface of"the nearest longitudinal bar

g, = Average strain at the level where cracking is being considered (steel level)

10.5 Other Limit States of Serviceability

Some other limit states of serviceability are:

1. Tension Stiffening Effect: The increase in the stiffiness of concrete over and above the cracked
section stiffness due, to the ability of concrete between the cracks to take tension is calied as
tension stiffening effect. )

2. Creep in steel: Steel itself is NOT at all subjected to creep but due to creep in concrete, thereisa

slight increase in the actual depth of neutral axis thereby reducing the lever arm of the member

section. In order to maintain the static equilibrium with the applied moments, there is slight increase
in the steel stress and consequently the steel strain.

Cracking in concrete: Practically it is very difficult to avoid cracks in concrete and thus it is always

beneficial io have a large number of well distributed hair line cracks in concrete rather than a few

wide cracks. This is the main objective of Limit State of Serviceability of Cracking for design of

a member by Lir)nit State Method.
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ETPSSIEIRE There is a cantilever beam of span 6000 mm of cross-section 200 x 500 mm.
Check the beam for deflection and lateral stability.

Solution:
Check for deflection
For cantilever, minimum effective depth required

span _ 6000 ~857 mm
77

450 mm (Assuming 50 mm effective<cover)

But effective depth available (d)
. Beam fails in deflection




Q.1

Q2

Check for lateral stability

For lateral stability, span # | (1) 25b = 25 x 200 mm = 5000 mm
10062 100 2002 whichever is small
——=———— =8888.
2) 3 750 8888.9 mm
= 5000mm '
But, actual span = 6000 mm > 5000 mm

. Beam fails in lateral stability

- The above beam fails in both deflection and lateral stability.

]

In case of rectangular RC-beams, shrinkage

deflection can be reduced by .

(a) providing less compression steel than
tension steel ‘ U

(b) providing more ‘co'mpression steel than
tension steel

(c) providing equal tension and compression
steel } .

(d) tension steel greater than compression steel

1
by 33-%
y 33

In composite construction, the effect of creep
and shrinkage

Q3

(a) .canbe ignored at the ultimate limit state since
large inelasﬁc strains are developed
(b) Ganbe ignored at limit state of serviceability
(c) can'be totally eliminated by removing the
props after 28 days
(d) insufficient data !

Unequal top and bottom reinforcement in a beam

- section leads to

(b) shrinkage deflection
(d) long term deflection

(a) large deflection
(c) creepdeflection

1.

(c) 3. (b)

2. (a)




