10.12 Flat Slabs

Bsam and slab construction has the advantage of providing intermediate supports to the slabs,
thus reducing the effective span of the slabs. But the beams require largerdepths thus leading
to more heights of the buildings. In some situations. specially in warehouses, it is desirable
to have larger clear ceiling heights. Flat slabs are the slabs which rest directly on the columns
without beams and thereby provided a larger clear ceiling height for the same given total
height of 2 building. In addition, the form-work requirement is also reduced when compared
Mmmebeamandsbbcons«uaMHatstabsamMﬁabtyMo-wayslabsandrestm
several columns. Sometimes 1he top of the columns are widened o as 1o provide wider base
10 support the slab. Such widened portions are called cofumn heads, There is a limit to which
one can treat the widened portion as a pan of the column. The width must be limited to the
portion within 90° of the segment as shown in Figs. 10.14b and c. Any projection beyond the
column head should really be treated as a part of the slab rather than that of the columns.
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In other words, it shouid be treated as thickening ot the slab at the column head. Such
thickened porlions of the slab are called drops. The drops are sometimes known as capitat
of the columns. The drop when provided should be rectangular or circular and need to be
about one-third of the panel length.

In each panel, the slab is divided into column and middle strps in each direction. The
width of the cofumn strip is equal to half of the column spacing and i is placed half on either
side of the column line. In case of unequal spans, it can be taken equal to half of the average.
In addition, it should also be restricted 1o 0.5 times the column spacing in any direction. The
middle strip is the one bounded by the column strips and its width is equal to the spacing of
the columns minus the width of the column stnp. The widih is usually equal io or greater than
half of the spacing of the columns.

Let by = width of column stnp in the gh column row
by = width of the middle strip
Lyi= spacing of the columns in the x-ditection in the &k panel
Lz = spacing of the columns in the y-direction in the th panel
Then width of the column and middie strips spacing in the x-direction is given by

} i Oy feis 8L
T o5 1

Fig. 10.14 Typical Flat Slabs.
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Tabla 19.4 Distsibution of BM Across ithe Panel

Stip and its baundary conditions Par cent of the tolal BM
1. Colurap strip

&) Negative BM at exteror support 100

k) Negalive BM al the intenor support 75

c) Pasitive BM 80
2. Middle sty

Tha diffaranca batwesn tha panel moment and the column stip moment

bet=0.25(Lyr—1+ Lyn < 0.25 (Lyi+ Lxiv 1)

Bt = Lyi— 0.25 (Lyi+ Lyp+ 1)
Similarly, for the widihs of the sirips in the y-direction. In most situations, the spacing of the
colurnns in one dirsction is same in all the panels. Therefore, the calculation of the widths of
the strips is normally a trivial exercise.

The slabs can be analysed as equivalent frames having idealized continuous wall supports
along the transverse colurin lines. The stiffness of the column is divided by the panei width.
and is considered as the sliffness of the vertical element per unit width of the frame. The
analysis has to be done in both the directions independentlly as two sets of independent
frames. Such an idealization inmroduces undue bending momems into the middie sirip;
therefore, the moments and shear forces computed by this method must be proportioned with
higher weightage to the column strip when compared with that of the middle strip. The analysis
is to be carried by loading only three-fourths of the {otai live load in each panei and full dead
load. However, in case of mat foundation slabs, full load coming from the column should be
taken as the load, and also no reduction should be given to liquid loads. The frames should
be analysed for two load conditions, namely all panels loaded and alternative panels loaded.
The critical section for design ot moment is the section at the face of the column or at the
face of drop. The critical section for shear force design is al peripheral line around the column
at a distance 0.5d from the face of lhe colurnn or the face of the drop. Usually the thickness
of the drop is laken Jarge enough to eliminate the failure of the section around the periphery
of the column. The sectien and ihe reinforcement must be designed to withstand the weighted
proportioned moment as given in Table 10.14.

10.13 Direct Method of Limit Analysis of Flat Slabs .

The collapse mode in flat siab is due to negative yield lines along the column line and positive
yield lines along the mid-span line. The total slab can be treated as resting as a continuous
support in each direction with width equal to the width of the slab. The three cntical sections
in the outer span are shown in Fig. 10.14 as AA, B8 and CC. The resisting moment capacity
at section 44 across the column heads is more than thal at 88. The failure mechanism of
the drop D, such that the yield ine a1 88 1s avoided,

Let My = total positive moment capacity at the middie line
M: ne = total negative moment capacity al the face of the column or drop
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fFig. 10.15 Cntical Momenls im Segment of a Fiat Slab.

8= width of the panel
L = span of the panet
a = column size
D¢ = drop size
Figure 10.15 iliustrates the average resisting moment capacities along with the cother
dimensions of a segment between the yield lines. The equilibrium of forces about the face of
the column line gives

{Mrp-t— M aa) =05 (L — &) B {0:5) '['E"é—{ii We

B(L - a)
B8
The above equation gives the sum of the magnitudes of the positive and negative bending
moment capacities which is approximately equal to the maximum 8M on a simply supported
beam of span of {{L—a). One can select a relation between the positive and the negative

moment capacities and then establish the desired seclions. Let

or Mo+ Mroa= We {10.74)

My na= caMp = calds {10.75)
then Eq. {10.74) gives
ot
i BE A W (10.76)
(1 +ca)

Consider another possible case of yield line generating at section BB instead of at AA. Let
My ng = momenl capacity al B8
The equilibrium eguation of the segment C8 gives

— Dy
VRCTY, . LI {(10.77)
The collapse load based on the first and second mechanisms can be gxpressed as
BiMen + M,
Ty o i (10.78)

BiL- a®
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il
mr——b‘*‘;j&;@ (10.79)

The condition for the first mode of failure is fo occur,
Wer < Wez, that ts

(M + Mma) (L — D)2 < (Mp + Mmg) (L— &)° {10.80}

ME+Mmg
or L-De<(L-a) M M

' M+ M
| . Mp * ¥imB
oF De>t—(L-a) Mo Mo {(10.81)
The fraction under the square root wilt be less than one and it will be in the range of 0-7.
The first mode of failure is likely to occur if.

D2 (0.16L + 0.85a) (10.82)

Assuming a is in the range of L/15, the width of ihe drop to be maintained for the first
maode of failure is sure to oceur if.

Dcz025L {10.83)

There are situations when the first mode of failure is likely to occur aven if O is in the range
of 0.20L. The design of the fiat slab s best illustrated through examples.

Interior span: In the interior spans, three yield lines will be formed; one at each face of
the column lines and the other one at the mid-span. The comesponding coilapse load relation
can ba obtained as

_BiL- a7 we

M= e+ ca) 1054}

where Mmna= caVi;

The design procedure consists of computing the average moment capacily required from
the collapse load Eq. {10.76). Then the BMs on the column and middle strips can be obtained
by assigning appropriale weightages as given in Table 10.4. The overall depth of the slab is
contrelled by the bending moment in the exterior span of the column stip. The depth of the
slab is first designed and then the reinforcements required at various places are computed.

Some of the design considerations are:

1. The end span should not be larger than the intericr spans.

2. The ratio of the successive span lengths should be within 0.75 to 1.33.

3. A cantilever projection of about one-third of the exlerior span can be permitted with
appropriate modification in the bending moments.

4, The design live load should not be more than three times the dead load. This is a
major constraint, and when ignored it may effect the magnitude of the positive bending
moment.

The sum of the magnitudes of the positive and average of the negative bending moments is
equal o

L (10.85)
8
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where M= sum of the magnitudes of the positive and average of the negative bending
momenis, and it is My = AR + 0.5 (M + Mo) (10.85)

M; = positive bending moment '

My and M = magnitudes of negative bending moments at the face of the two columns
on either side of the span (vide Fig. 10.16)

Lo = clear span extending from face to face of the columns or capitals. It should
be equal to larger of the two unequal adjacent spans and » 0.65 spacing
of the columns. :

W= design load on the clear span = w3 (L - a)

The relative magnitudes of the negative and positive bending moments can be calculated
using the ratios given in Table 10.5
The magnitude of the bending moment can be obtained as
M= ciMo (10.87)
where the moment coefficients, ¢/'s are listed in Table 10.5,

: ’o_l?——onfq—t-g—»

-‘&SL--.-O.SL—ﬂ

}o—l.‘—o
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0] TYPICAL BENDING MOMENT

Fig. 10,16 Notalion in Flal Slab.
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Table 10.5 Relative Valies of Positive and Nagative Bending Moments BM

Bending moment and tocation <
1. Imeror spans
a} Negative BM = M, 0.65 M,
by Positive BM = M 0.35 My
2. Enmd span
a)  Exterior hagative BM « Mat ato¢.1 M
b} Posilive BM = Mxq 3 0.60 Mo
e} Interior negative BM v My 0.70 My

The disiributian of the moments at a section between the column and middle strips should
be as per Table 10.4. The value of ¢g to be used in the equation is 0.65/0.35 = 1.85.

For convenience let cg= ¢
or ¢a= oo depending the failure mode.

Design for shear: The slabs are likely t© fail by diagonal tension around the column faces
rather than along a section parallel to the column line. The eritical section for shear is the
peripheral plane which is at a distance 0.5d from the face of the column or the column head
or drop. In case there is an opening near this zone, appropriate deduction in the penpheral
length should be made proportional to the distance of the critical section to that of the opening
from the centre of the column,

Let Eo = size of the opening
di = distance of the opening from centre of the column
0.5(a+ d) = distance of the critical section from the centre of the column

Then the ineffective width to be deducted from the length of the criical section is given by

bdzﬁojd)fﬁﬂ (10.88)

the length of the critical section for shear is
by=4{g+ d)- by {10.89)
Typical notation for BM, etc. The subscripts refer to:
¢ = column strip
m = middle stirp
n = negative BM
p = positive BM
1 = exterior critical section usually at the face of the exterior columns or drops
2 = interior column face of the exterior panel
3 = middie point in the exterior panel
i = intericr panels
Figure 10.16 iilustrates the notations.
M,1 = negative BM at section 1 on the panel
Mas = negative BM at section 1 on the column strip
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Mpi = positive BM at the intetior panel
Mpei = positive BM at the interior panel on the column strip

The other notations are defined similarly.

10.14 Design Examples of Flat Slabs

EXAMPLE 10.6 Flfat roof sfab without column heads: A roof slab is suppcited on columns
spaced at 5 m apart in two perpendicular directions. The size of the square column is 440
mm and the live load on the roof is 1500 N/mP. The load of the waterproof treatment course
on Ihe slab is 2000 N/m?, Design 2 flat slab without drops or column heads. Height of the
column above the mat foundation is 6 m.

Design data
Spacing of the columns Li=(3=L=8B=5m
Size of the column a=044 m
Live load wi= 1.5 kN/m®
Superimposed load ws= 2.0 kN/m?

fee=20MPa and /= 415 MPa
The limit statg strength coefficients are K=0.138, j = 0.80.

Design of the section for momeni: The design is done by using direct design method. For
the purpose of estimating the self-weight of the siab, let thickness of the slab be assumed in
the range of L720 for the sales without column heads.

Let the thickness of the slab t=024 m
Self-weight = 0.24(25) = wy=6.0kN/ m?
Total dead load Wa= g+ Ws=8.0 kN/m?

Clear spacing between the calumns is
Ly=L-2=5-044=456 m
The total design load in a panel is
W, = wliy = y(wy+ wy) LLy = (1.5)9.5(5){4.56) = 324.9 kN
Sum of the magnitudes of Iha bending moments in the panel between the faces of the columns
Welo _324.9(456) _
8 8
_ Magnitude of the negative BM at the face of the columns in the interior panels is
M., = 0.65 M, = 0.12038 MNm
The column is resting on a mat foundation; therefore, the base of it can be treated as fixed.
The end walls of the hall restrain the free |lateral movement of the roof slab: therefore, the

top of the column can be assumed as fixed in position and rotation. Hence the effective height
of the column is

A = 185.193 kNm = (.185393 MNm

Le=068 H=0656)=39m
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The exterior negative and positive bending moment coefficients and the intstior negative
bending moment coefficients are taken from Table 10.5 and are:

¢1=0.1,03=0860, c2=0.70
The corresponding bending moments are:
Mm = 1Mo =0.01852 MNm
Mps = caMo = 0.11112 MNm
M = colMg = 0.12964 MNm

The bencling moments on the column strip are computed from the total moment after applying
the distribution factors given in Table 10.4. They are:

Mot = My = 0.01852 MM
Mpea = 0.6 Mgs = 0.06667 MNm
Mno =0.75 Mfe = 0.09723 MNm
Mnci = 0.75 My = 0.090285 MNm
The thickness of the slab is constant and without any column heads or drops. The maximum

momant occurs at the interior column face of the exterior panel. The effective depth of the
slab is given by

o Mnez _ \l 0.09723
b — ' 2.5(D.138) (203
Use d =015 mand { = 0.18 m.
The slab was assumed to be 0.24 m for the purpose of computing self-weight. Since the
thickness actually provided is 0.18 m, the moments are revised,
wy=0.18 (25)=4.5 kN/m’
Wi=4.5+2+1.5 <80 kN/m?
The actual value of w; is (8/9.5) = 0,842 fimes the load that was assumed. Therefors, the
final moments are computed by multiplying the previous moments by 0.842. The design
moments are (all in MNm):
Mo = 0.842 (0.185183) = 0.15693
M = 0.1 Mg = 0.015593; Mg = 0.09356
M = 0.10916, Maet = My = 0.015593
Moo, = 0 05614, M2 = 008187
Mne = 0.07602, My = (0.35)(0.75KMp) = 0.04093
Normally no shear reinforcement is provided in the slabs. It is, therefore. desirable that"the

adequacy of the depth of the section against shear shouki be checked at the earliest.
The shear strength for diagonal tension failure is

To =025 = 1.12MPa

The crilical shear plane is the peripheral piane which is al 2 distance 0.5d from the face of
the column, The length of the critical section is

hh=4ta+H=41044+015=236m

=012 m
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The shear force on the plane is
Ve=wi(lr la-@+ Py
=8.0(25 — 0.64%) (1.5) = 295 kN.
The nominal shear stress is '

Ve 0.295
W d ~ 2.36)(0.15) ~ P83 MPa
The nominal shear stress is less than the shear capacity of the concrete; thetefore, there is

no need for fransverse reinforcement or thickening of the siab.
Design of reinforcement '
Column strp: The positive BM at mid-span of extetior panei is
M= Mpca
The area of the tension stee! al the bottom at the mid-span is

_115Mpes _ _ (1.15)56140 2
ASB=""d, ~(0.B0Y0.15)(415) ~ 1298
Provide 12 numbers of $12 bars in the column strip at the mid-span.
Agy (provied) = 1356 mm?

Half of the bars are to be cranked.
The negative BM at extetior support M = Mug
The area of the reinforcement at top near the column line is
< 1.15Mn et _ {(1.15) 15583
T jdfy T (0.80)(0.15X475)
The minimum area of the reinforcement required is
0.12 bt
Asim= 100 = 540 mm

Needed: 5 numbers of 12 mm bars in the 25 m wicth of the column stip at top near the
column line (reinforcement as required). The cranked bars from positive reinforceament are
adequate. The positive BM in the column strip of the inferior panet is

Mpci= (0.35) (0.75) Mo = 0.04093 MNm
The area of the tension reinforcement required is

{1.15)40930
(0.80)(0.15)(415)

Nesded: 9 numbers of $12 bars at the botiorn {Ast= 1017 mm?) of which four bars are
cranked. The negative bending moment at the interior column of the end panel is

Mnez = 0.08187 MNm
The area of the tension reinforcement required is

___(1.15)81870 -
As = 1080) @, 15) (a15) ~ 1091

Extra: 6 numbers 12 mm bars at top over the column line (Agt= 1921 mme). .

Asti = 360 mm?

Asrf = =945 mm2
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Design of middie strip: The bending moment in the middle strip are obtained by subtracting
the BM on the column strip from the tota! BM on the panel. One can calculate the number
of bars required by simple proportion of the bending moments subjected o the minimum
reinforcement.

1. The negative BM at the exterior support is zero; however, a nominal reinforcement is
provided at top.
Needed: 5 numbers of $12 bars at top in the middle strip at the edge.

2. The positive BM in the exterior panel

' {0.35) (0.25) (Mp) = 0.01364 MNm

The area of the reinforcement needed for this moment is 314 mm?, and it is less than
the minimum required. So provide 5 numbers of $12 al the botiom.

ltcanbeseenttntthebendhgrrmmhthemiddiestfipareorﬂynonimlandme
minimum tension reinforcement govems the design. This minimum rsinforcement i 5 nos. of
12 mm bars in 2.5 m width. The reinforcement details are given in Fig. 10.17. The curtailment
and cranking of the bars is recommended as per the normal practice

-o]tazoka-mwﬁ-' 1870 § 1870 ja— -] 870 | 1200 |e=

5—-¢12 5-912 a 2-912 i

—»} 1220 § 1220 p—

(n) COLUMN STRIP (2500mm WIDTH)

~—e] 1320 je—  — 1320 § 1320 fe—  —f 1320 o
12

05a+ 0220

—~| 1220 je—  —] 1220 § 1220}
{b) MIDOLE STRIP (2500men WIDTH)

Fig. 10.17 Reinforcemeant Datails m Flat Slabs of Exampls 10.6.

Development iength is given by
- ._‘Lsz _A2(415) = -
L= a8 LG o
EXAMPLE 10.7. Flat siab with column heads. A slab is supported on columns spaced at Sm
apart in both directions. The sizes of the column and column head are 440 by 440 mm and
760 by 760 mm respectively. The superimposed five and dead loads are 1.5 and 2 KN/m@

respectively. The height of the column above the mat foundation is 6 m, including 160 mm
hinh colimn head
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Table 10.6 Reinforcement Detalls {all bars of 12 mm dia) (Example 10.6)

No. of bars and length Location 1 Strip
1. 23740 axtra Over the exterior column line and at Colurnn
kp face
2 53740 extra Qver lhe intenor columns lme of
the and panel and at top face
3 6,5000 straight At lhe mid-span al bottom lace in the
6,7070 cranked the end way A
4. 5.5000 sbraight At the mid-span at boltom' face in
4.7070 ¢ranked the inlefior bay
5. a,2640 extra Over the axtsrior column Ene and at Middle
top face
6. 1,2640 exira Over the interior column line and
al top face ' % b
7 3,5000 straight Al the mid-span and at bottom face "
2,6520 cranked ¥
Design data
Spacing of the columns = L1={2=L=8=5m
Size of the column =a=440 mm

Size of the column head = a1 = 760 mm
ws + wr= 3500 N/m?
foe= 20 MPa, fy = 415 MPa
The design cosfficients are: K=0.138, j=0.80.

Design of the section. For the purpose of estimating the self-weight of the slab, let the
overall thickness of the slab be assumed in the range of L/20.

Net thickness of the slab =t=024m
Self-weight = Wy = (.24({25) = 6 kN/m?
The total dead load = wg=6+2=BkN/m?

The total design load = wr =8 + 1.5 =9.5 kN/m?
Clear spacing between the column heads is
lo=L-a1=5-0786=424m% 0.65L
The total design load in a panel is
W= ywilo = (1.5)(9.5)5)(4.24) = 3021 kN
The sum of the magnitudes of the positive and negative bending moments in a panel is

Mo = “;L" = 302'18(4-241 = 160.113 kNm

The magnitude of the negative BM at the face of the colurn head in the interior panel is

My = 0.65 Mo = 0.65 (160.113) = 10.4.07 kNm

The coefficients of exterior negative and positive BMs, and the interior bending moment are
taken from Table 10.5; they are: ¢; = 0.10, 3= 0.60, 2= 0.70
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The ccrresp:fnding bending moments are:
My1 = civb = 0.016 MNm
Mg = caMo = 0.09606 MNm
Mip = oMo = 0.1121 MNm

The bending moments on the cofumn strip of 2.5 m width at different locations are computed
using Table 10.4. These moments are:
Negative BM at the exterior face of the exterior panek:

Mot = Mp =0.016 MNm
Mpca = (0.6)Mpa = 0.05763 MNm
The negative BM in the interior column face of the exterior panel is :
Maez = 0.75 Mz = 0.08408 MNm
The negative BM in the interior panels is
Mnei = 0.75 Mpj = 0.07865 MNm

The values listed are only the magnitudes of the moments and the thickness of the slab
is governed by the largest magnitude of the BMs. The effective depth of the slab needed is

given by
d= \/ \’M“‘z \( 008408 __ _4 120 m

0.138(2.5)(20)
Use d=0.14 m, then the averall thickness of the slab is
=014+ 0.03=0.17m
The thickness of the slab was assumed as 0.24 m for the purpose of self-weight; therefore,
the earlier moment computed is on the safer side.
Self-weight =0.17 (25) = 4.5 kN/m*

=454+20+15=80kN/m?
Design for shear. The shear strength for diagonal tension is
1= 025 Ve =1.12MPa

The critical shear plane is the peripheral plane which is at a distance 0.5d from the face
of the column head. The total length of the critical shear plane section is

bo = 4(a1+dj 4(076+014)=36 m
The total shear force on this plané is
Ve = v wi (L1 Lz — (ar+ o)
= {1.5)(9)(25 - 0.90%) = 326.56 kN
The nominal shear stress is

Ve 326560
= 15" 2500 (140) = °° MPa

The nominal shear stress is within the allowable value.




Design of reinforcement

Column strip: The positive BM at mid-span = Mpgs = 0.05763 MNm and the area of the
reinforcement needed is
_1.15Mpes __ (1.15)57630
SRET (0.80)0.14)(415)
Provides 13 numbers of 12 mm bars and crank 6 bars from each side. Then the actual steel
provided is Ast= 1469 mm?. The negative BM at the exterior support is Mne1 and the area of
the reinforcement which is to be laid at the top near the column is

= 1426 mm?

1.15 Macr _ (1.15) 16000

= w 2
S =T, (0.80)(0.14)(415)

I

& bars are already cranked, so add iwo exira bars.
The negative bending mament at the interior of the end panel is Mnez = 0.08408 MNm,

and the area of the reinforcement is

Aoy = (11584080
2 = 0,80(0.14)(415)

Provide 13 numbers of 12 mm bars at top (extra).

At provided is 2147 mm? (inclusive of 6 cranked bars from each direction)

Design of middle strip. The bending moments in the middle strip are obtained by
subtracting the bending moments of the column strip from the total bending moments in the
panel at the comespending section. The minimum reinforcement at any section can be taken
as 0.12% of the area of the concrete, and is:

0.12 bt _ 0.12(25004170) _ 2
100 100 R

Therefore, the minimum number of 12 mm bars at any given section is 5. The bending moment
on the middle strip is two-thirds of that of the column strip in the positive BM zone and it is
ane-third of the negative BM zone. it can be cbserved that the amount of the reinforcement
needed in the middle strip is governed by the minimum requirement rather than by the bending
moments. Figure 10.18 illustrates the reinforcement delails. The development length of the
bars is

= 2080 mm?

Asmin =

_ 9y _ _12(415) _
L= = a0206 >0 ™m0
Comment about the desirability of colurmn heads or drops: The provision of column heads or
drops decrease the effective span and consequently the bending moment. Any decrease in
the concrete due to smaller thickness of the slab is usually compensated by the addition of
the concrete at the column heads and extra formwork. The length of the cranked bars or top
bars is increased in the case of slabs with column heads, so the gain in the decrease of the
area of the reinforcement is compensated. The drops or celumn heads become almost
unavoidable if the nominal shear stress exceeds the allowable value. In general, such a
situation arises when (i} the spacing of the columns is large, say. more than 6 m, (i} the size
of the column is very small compared with the panel size, say, the size of the column is less
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Fig. 10.18. Reinforcament Delails of Flat Slab of Example 10.7.

than 1/15; and (inj the tota! and intensity on the slab is high, say, it is more than 30 kN/m®.
Otherwise, it is desirable to design the flat slab without column heads which is not only
economical but heips in aesthetic and functional aspects also.



