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FLAT SLABS

Introduction

Common practice of design and construction is to support the slabs by beams and support the beams by
columns. This may be called as beam-slab construction. The beams reduce the available net clear ceiling height.
Hence in warehouses, offices and public halls some times beams are avoided and slabs are directly supported by
columns. This type of construction is aesthetically appealing also. These slabs which are directly supported by
columns are called Flat Slabs. Fig. 1.1 shows a typical flat slab.
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Fig. 1.1 A typical flat slab (without drop and column head)

The column head is some times widened so as to reduce the punching shear in the slab. The widened portions
are called column heads. The column heads may be provided with any angle from the consideration of
architecture but for the design, concrete in the portion at 45° on either side of vertical only is considered as
effective for the design [Ref. Fig. 1.2]
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Concrete in this area is
neglected for calculation

Fig. 1.2 Slab without drop and column with column head

Moments in the slabs are more near the column. Hence the slab is thickened near the columns by providing the
drops as shown in Fig. 1.3. Sometimes the drops are called as capital of the column. Thus we have the following
types of flat slabs:

i.
ii.
iii.
iv.

Slabs without drop and column head (Fig. 1.1).

Slabs without drop and column with column head (Fig. 1.2).
Slabs with drop and column without column head (Fig. 1.3).
Slabs with drop and column head as shown in Fig. 1.4.
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Fig. 1.3 Slab with drof and column without column head
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Fig. 1.4  Slab with drop and column with column head

The portion of flat slab that is bound on each of its four sides by centre lines of adjacent columns is called a
panel. The panel shown in Fig. 1.5 has size L1 x L. A panel may be divided into column strips and middle
strips. Column Strip means a design strip having a width of 0.25L or 0.25L>, whichever is less. The remaining
middle portion which is bound by the column strips is called middle strip. Fig. 1.5 shows the division of flat
slab panel into column and middle strips in the direction y.
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Proportioning of Flat Slabs

IS 456-2000 [Clause 31.2] gives the following guidelines for proportioning:

Drops: The drops when provided shall be rectangular in plan, and have a length in each direction not
less than one third of the panel in that direction. For exterior panels, the width of drops at right angles to
the non-continuous edge and measured from the centre-line of the columns shall be equal to one half of
the width of drop for interior panels.

Column Heads: Where column heads are provided, that portion of the column head which lies within the
largest right circular cone or pyramid entirely within the outlines of the column and the column head,
shall be considered for design purpose as shown in Figs. 1.2 and 1.4.

Thickness of Flat Slabs: From the consideration of deflection control IS 456-2000 specifies minimum
thickness in terms of span to effective depth ratio. For this purpose larger span is to be considered. If
drop as specified in 1.2.1 is provided, then the maximum value of ratio of larger span to thickness shall
be

=40, if mild steel is used

= 32, if Fe 415 or Fe 500 steel is used

If drops are not provided or size of drops do not satisfy the specification 1.2.1, then the ratio shall not
exceed 0.9 times the value specified above i.e.,

=40 x 0.9 = 36, if mild steel is used.

=32 x0.9=28.8, if HYSD bars are used

It is also specified that in no case, the thickness of flat slab shall be less than 125 mm.

For Determination of Bending Moment & Shear Force:

For this IS 456-2000 permits use of any one of the following two methods:

a) The Direct Design Method
b) The Equivalent Frame Method

THE DIRECT DESIGN METHOD

This method has the limitation that it can be used only if the following conditions are fulfilled:

iii.
iv.
V.
Vi.

There shall be minimum of three continuous spans in each directions.

The panels shall be rectangular and the ratio of the longer span to the shorter span within a panel shall
not be greater than 2.

The successive span length in each direction shall not differ by more than one-third of longer span.
The design live load shall not exceed three times the design dead load.

The end span must be shorter but not greater than the interior span.

It shall be permissible to offset columns a maximum.
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Total Design Moment

The absolute sum of the positive and negative moment in each direction is given by

WL
M, = -
8
Where,
M;, = Total moment
W = Design load on the area L, x L,

L, = Clear span extending from face to face of columns, capitals, brackets or walls but
not less than 0.65 L,

L, = Length of span in the direction of M; and

L, = Length of span transverse to L,

In taking the values of L , L; and L,, the following clauses are to be carefully noted:

(@) Circular supports shall be treated as square supports having the same area i.e., squares of size
0.886D.

(b) When the transverse span of the panel on either side of the centre line of support varies, L, shall
(Lag+Lys)
—a

{¢) When the span adjacent and parallel to an edge 1s being considered, the distance from the edge
to the centre-line of the panel shall be substituted for L.

be taken as the average of the transverse spans. In Fig. 1.5 it 1s given by

Distribution of Bending Moment in to -ve and +ve Moments

The total design moment MO in a panel is to be distributed into —ve moment and +ve moment as specified
below:

In an interior span

Negative Design Moment 0.65 M,
Positive Design Moment 0.35 M,

In an end span

Interior negative design moment

0.10
=10.75- M,
1
14 —
ﬂ.f
Positive design moment
028
= {]-6‘3‘ - l Mn
1+ —




INTERNATIONAL INSTITUTE OF TECHNOLOGY & MANAGEMENT, MURTHAL, SONEPAT
E-NOTES, SUBJECT: REINFORCED CONCRETE DESIGN-II, SUBJECT CODE: CE-302B
COURSE: B.TECH, BRANCH: CIVIL ENGINEERING, SEM- 6™, CHAPTER NAME: FLAT SLABS
PREPARED BY : MR. SAHIL KAUSHIK, ASSISTANT PROFESSOR, CE
Exterior negative design moment

[}.6_? M,
1+—
o

c

where o, is the ratio of flexural stiffness at the exterior columns to the flexural stiffness of the slab at
a joint taken in the direction moments are being determined and is given by

E K,
2K,

K.= Sum of the flexural stiffness of the columns meeting at the joint; and

o =
C

Where,

K, = Flexural stiffness of the slab, expressed as moment per unit rotation.

Distribution of the Bending Moment across the Panel Width

The +ve and —ve moments found are to be distributed across the column strip in a panel as shown in Table 1.1.
The moment in the middle strip shall be the difference between panel and the column strip moments.

Table 1.1 Distribution of Moments Across the Panel Width in a Column Strip

5. No. Distributed Moment Per cent of Total Moment
a Negative BM at the exterior support 100
b MNegative BM at the interior support 75
c Positive bending moment 6l

Moments in Columns

In this type of constructions column moments are to be modified as suggested in IS 456—2000
[Clause No. 31.4.5].

Shear Force

The critical section for shear shall be at a distance d/2 from the periphery of the column/capital drop panel.
Hence if drops are provided there are two critical sections near columns. These critical sections are shown in
Figs. 1.1 to 1.4. The shape of the critical section in plan is similar to the support immediately below the slab as
shown in Fig. 1.6.
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For columns sections with re-entrant angles, the critical section shall be taken as indicated in Fig. 1.7.
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Fig. 1.8

The nominal shear stress may be calculated as

\Y
t]_ = e—
b,d
where W — is shear force due to design

b, — 1s the periphery of the critical section

d — is the effective depth

The permissible shear stress in concrete may be calculated as &, t_, where £, = 0.5 + P, but not
greater than 1, where B, is the ratio of short side to long side of the column/capital; and

1, = 025f7,

If shear stress T, < T, — no shear reinforcement are required. If 1, < 1, < 1.5 1_, shear reinforcement
shall be provided. If shear stress exceeds 1.5 1, flat slab shall be redesigned.
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EQUIVALENT FRAME METHOD

IS 456-2000 recommends the analysis of flat slab and column structure as a rigid frame to get design moment
and shear forces with the following assumptions:

a. Beam portion of frame is taken as equivalent to the moment of inertia of flat slab bounded laterally by
centre line of the panel on each side of the centre line of the column. In frames adjacent and parallel to
an edge beam portion shall be equal to flat slab bounded by the edge and the centre line of the adjacent
panel.

b. Moment of inertia of the members of the frame may be taken as that of the gross section of the concrete
alone.

c. Variation of moment of inertia along the axis of the slab on account of provision of drops shall be taken
into account. In the case of recessed or coffered slab which is made solid in the region of the columns,
the stiffening effect may be ignored provided the solid part of the slab does not extend more than 0.15
lef into the span measured from the centre line of the columns. The stiffening effect of flared columns
heads may be ignored.

d. Analysis of frame may be carried out with substitute frame method or any other accepted method like
moment distribution or matrix method.

Loading Pattern

When the live load does not exceed ¥th of dead load, the maximum moments may be assumed to occur at all
sections when full design live load is on the entire slab. If live load exceeds ¥th dead load analysis is to be
carried out for the following pattern of loading also:

I.  To get maximum moment near mid span — ¥th of live load on the panel and full live load on alternate
panel
ii.  To get maximum moment in the slab near the support — %th of live load is on the adjacent panel only

It is to be carefully noted that in no case design moment shall be taken to be less than those occurring with full
design live load on all panels.

The moments determined in the beam of frame (flat slab) may be reduced in such proportion that the numerical
sum of positive and average negative moments is not less than the value of total design moment
Mo=WL,/8.

The distribution of slab moments into column strips and middle strips is to be made in the same manner as
specified in direct design method.

Slab Reinforcement

e Spacing: The spacing of bars in a flat slab, shall not exceed 2 times the slab thickness.
e Area of Reinforcement: When the drop panels are used, the thickness of drop panel for determining area
of reinforcement shall be the lesser of the following:
o Thickness of drop, and
o Thickness of slab plus one quarter the distance between edge of drop and edge of capital.
o The minimum percentage of the reinforcement is same as that in solid slab i.e., 0.12 percent if
HYSD bars used and 0.15 percent, if mild steel is used.
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e Minimum length of Reinforcement: At least 50 percent of bottom bars should be from support to
support. The rest may be bent up. The minimum length of different reinforcement in flat slabs should be
as shown in Fig. 1.9 (Fig. 16 in IS 456— 2000). If adjacent spans are not equal, the extension of the —ve
reinforcement beyond each face shall be based on the longer span. All slab reinforcement should be
anchored property at discontinuous edges.

NUMERICALS

Example 1.1: Design an interior panel of a flat slab of size 5§ m x 5 m without providing drop and
column head. Size of columns is 500 x 500 mm and live load on the panel is 4 kN/m~. Take floor
finishing load as 1 kN/m”. Use M20 concrete and Fe 415 steel.

Solution:
Thickness

Since drop is not provided and HYSD bars are used span to thickness ratio shall not exceed
1 1

09x32 288

~. Minimum thickness required

= zl::: = % = 173.6 mm

Let d=175mm and D =200 mm
Loads

Self weight of slab = 0.20 x 25 = 5 kN/m"

Finishing load =1 kN/m"

Live load = 4 kN/m"

Total working load =10 kN/m?

Factored load 1.5 % 10 = 15 kN/m*”

L,=5-05=45m
. Total design load ina panel W=15L,L, =15x5%x4.5=3375kN

Moments
W
Panel Moment M, = % =3375x% % = 189.84 kNm
Panel —ve moment =0.65 x 189.84 = 123.40 kNm

Panel +ve moment =035 x 189.84 = 0.35 x 189.84 = 66.44 kNm
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Distribution of moment into column strips and middle strip:

Column Strip in kNm Middle Strip in kNm
—ve moment 0.75x%123.40=92.55 3085
+ve moment 0.60x= 66.44 = 39.86 26.58

Checking the thickness selected:
Since Fe 415 steel 15 used,
M, jim = 0.138 [y b d*
Width of column strip = 0.5 x 5000 = 2500 mm
: M, i, = 0.138 3 20 % 2500 x 1757 = 211.3125 x 10° Nmm
=211.3125 kNm

Hence singly reinforced section can be designed i.e., thickness provided is satisfactory from the
consideration of bending moment.
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[NO SLAE CONTINUITY] [CONTINUITY PROVED] [NO SLAB CONTINUITY]

Bar Length From Face of Support
Minimum Length Maximum Length
Mark a b c d e f g
Length 0.141, 0.201, 0.221, 0.301, 0.331, 0.20 I, 0.241,

* Bent bars at exterior supports may be used if a general analysis is made.

MNote. D is the diameter of the column and the dimension of the rectangular column in the direction under consideration.

Fig. 1.9 Minimum bend Jjoint locations and extensions for reinforcement in flat slabs

Check for Shear

T'he critical section for shear is at a distance 5 from the column face. Hence periphery of critical

section around a column is square of a size = 500 + 4 = 500 + 175 = 675 mm

Shear to be resisted by the critical section |
V=15x5x5-15x0.675 x0.675 [ ;i T— 5
[
= 368.166 kN 500
- 368.166 x1000 _ 0.779 N/mm?

! 4x675x175 500

[=2]
~
w

k. =1 + B, subject to maximum of 1.
L, 5§
= .—l— 4 ——
B L. 5 L i [k
k,=1

1, = 0.25./f, =025J20 = 1.118 N/mm’

safe in shear since 1, < T,

Reinforcement

For —ve moment in column strip:
M, = 92.55 kNm

92.55 x 10° = 087, A, d[l - Ba i}
' bd [

4 415
=087 x415x A = 175|1- - *
' 2500 %175 20
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ie.. 1464.78 = ﬁs{l - A—]
|7 210843
ie., A2 21084.3A,, + 1464.78 x 21084.3 = 0

= 1583.74 mm’
This is to be provided in a column strip of width 2500 mm. Hence using 12 mm bars, spacing

required is given by

5= MXZS{JH =178 mm
1583.74

Provide 12 mm bars at 175 mm c/c.
For +ve moment in column strip:
M, = 39.86 kNm

A, 415
2500175 20

39.86 x 10°=0.87 x 415 x A_ 1?5{1 -

631}.EG=AW[I— A }
“| " 210843

or A_Hl — 210843 A+ 630.86 x 210843 =0
A_ =651 mm’
Using 100 mm bars, spacing required is
w4 x10°

5= T » 2500 = 301.6 mm < 2 x thickness of slab
i

Hence provide 10 mm bars at 300 mm c/c.

Provide 10 mm diameter bars at 300 mm c¢/c in the middle strip to take up —ve and +ve moments.
Since span i1s same in both directions, provide similar reinforcement in other direction also.
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Reinforcement Details

It is as shown in Fig. 1.10

Column Strip Middle Strp Column strip
12-175 cle, | . I
= zz=zzz2E: | T
® 20175 clc
o ot -] L —+—5000
.g o , 1P-300ic/c Sign convention
S L Ll SFSSSaRESESFSS ! ¢ ----- Top reinforcement
B : o 11110-300 cle ! T ——— Bottom reinforcement
wa ! i 1 1
L) Yo : - i 5000
g ! L [ |
= : ": : i ! l
E ' zfzzz3dezzsfss T
o ) Bt e e
o : ' ¢
-a—— 5000 —= =— 5000 —={-+——5000—m
12-175 clc l 200
0
A ie
T o oo oo —CTo o o0 o oD
; =1 1 o a o o o o o £ J_ h
u \:\19-3{19 chc u T I\C-nuer 25
| 500 | | 500 |

Section through column strip

- 3000 — II.F-_m'EUGdC - 3000 —

arseVIRRvasnaall

.

Fig. 1.10  Reinforcement details [all dimension in mm units)

| 500 | i : )
section through middle strip

Example 1.2: Design an interior panel of a flat slab with panel size 6 x 6 m supparted by columns of
size 300 x 500 mm. Provide suitable drop. Take live load as 4 kN/m™. Use M20) cancrete and Fe 415

steel.

Solution :
Thickness : Since Fe 415 steel is used and drop is provided. maximum span to thickness ratio

permitted is 32

.. Thickness of flat slab = % = 187.5 mm

Provide 190 mm thickness. Let the cover be 30 mm

Owerall thickness D =220 mm
Let the drop be 50 mm. Hence at column head, d = 240 mm and D = 270 mm
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Size of Drop
It should not be less than l *x6m=2m

Let us provide 3 m x 3 m drop so that the width of drop 1s equal to that of column head.

Width of column strip = width of middle strip = 3000 mm.
Loads
For the purpose of design let us take self-weight as that due to thickness at column strip

- Self-weight =027 x 1 x 1 x 25 = 6.75 kN/m’

Finishing load = 1.00 kN/m’
Live load = 4.00 kN/m?
Total load = 11.75 kN/m”

. Design (factored) load = 1.5 x 11.75 = 17.625 kN/m’

Clear span =6—-05=55m

. Design load W,=W, xL,xL,
=17.625 x 6 x 5.5
= 581.625 kN

Design Total Moment

Total moment

W,L, 581625x55

M, = L= =400 kNm
8 8
Total negative moment = 0.65 x 400 = 260 kNm
Total positive moment =0.35 x 400 = 140 kNm

The above moments are to be distributed into column strip and middle strip

Column Strip Middle Strip
—ve moment 0.75=260= 195 kNm 0.25x260=65 kNm
+ve moment 0.6 140= 84 kNm 0.4x140= 56 kNm

Width of column strip = width of middle strip = 3000 mm

M, im = 0.138 £, b d” = 0.138 x 20 x 3000 x 240° = 476.928 x 10" Nmm
= 476.928 kNm

Thus M,, j;,, > M,,. Hence thickness selected is sufficient.
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Check for Shear

The critical section is at a distance

d 240 . .
E = ? = 120 mm from the face of column
= It is a square of size =500 + 240 = 740 mm

YV = Total load — load on 0.740 »x 0.740 area
= 17625 %6 x 6 — 17.625 = 0.740 = 0.740

= 624.849 kN
. Nominal shear =1,= 624.489 > 1000 _ 0.880 N/mm’
4 x 740 x 240
........... L. N
Shear strength =k, T, i i
where k& =1+ [_subject to maximum of 1 E 500 !
where [i, = Ly _ 1 i !
L, ! 500| 740

k =1 ! i
7. = 0.25420 = 1.118 N/mm’ i i
Design shear stress permitted AP i

= 1.118 N'mm"” > T, |12ﬂ |—-—51:m—-—| 12|:I|

Hence the slab 1s safe in shear without shear reinforcement also.

. d . . : .
Shear strength may be checked at distance 0 from drop. It is quite safe since drop size is large.

Reinforcement

(a) For —ve moment in column strip

M, = 195 kNm
Thickness d = 240 mm
A "
M,=087f A, d|l1-—— x"i
: bxd [,

Ay 415
3000 X 240 20

195 x 10° = 0.87 x 415 x A_, x 240 [1 -

225ﬂ.33=ﬁ${1— As }
1 346988
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A7 34698.8 A, + 2250.38 x 34698.8 = 0
A= 2419 mm”® in 3000 mm width

Using 12 mm bars, spacing required is

. Tf4x 12°
2419

Provide 12 mm bars at 140 mm c/c

»* 3000 = 140.26 mm

(b) For +ve moment in column strip
M, = 84 kNm = 84 x 10° Nmm. Thickness d = 190 mm

A y 415
3000 = 240 20

84 % 10°=0.87 x 415 x A_, x 190 [1—

1224.5:;17,[1— A }
' 27469.9

A= 1285 mm’

Using 100 mm bars

. Tfax 107
' 1285

Provide 10) mm bars at 180 mm c/c

3000 = 183 mm

(¢) For —ve moment in middle strip:

M, = 65 kNm; Thickness = 190 mm

65 x 10°=0.87 x 415 x A, x 190 [1— s 4]5}

- =

3000 =190 20

94?.5=A.;{[— A ]
17 274699

AL—27469.9 A, +947.5 x 27469.9 = 0
A, =983 mm? in 3000 mm width

Using 10 mm bars

_ m4Ax10°
' 983

Provide 10 mm bars at 230 mm c¢/c

»* 3000 = 239.7 mm

(d) For +ve moment in middle strip
M, =56 kNm: Thickness = 190 mm

Provide 10 mm bars at 230 mm c/c in this portion also.
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Since span is same in both direction, provide similar reinforcement in both directions. The details
of reinforcement are shown in Fig. 1.11.

Column strip i ) Column strip
=Darp width Middle strip =Dorp width
. 1240 cle .
= % Z-IZazoIc !
W 'i il Sl | ot [}
E BT -f+fn- - = = C16-T80ue 111~ 15000
£ O ! czapd== #
a0 ' ST T !
T |
g | :_}‘:?1 0-2300e 1 ig12-2300c | 1
@ anZ3iIIz czzabToT : 6000
= i ThnT T
2 [ H | \
£ ! N i
2 E ! __'_JI_:_EJEEICJE : ‘t
s soarcc=s G000
(= L
L] Tl 1 [
- G000 —=| =— 6000 —= =——F000 —=
J, S 12l@ 140 /m@ 180 cic

uuuuuuuu

1500 ) | 500 |

Section through column strip

E‘\
rﬁr —ll
[=}

g

Isool [s000
Fig. 1.11 Reinforcement details

Example 1.3: Design the interior panel of the flat slab in example 1.2, providing a suitable column
head, if columns are of 500 mm diameter.

Solution: Let the diameter of column head be

=025L=025x6=15m
It's equivalent square has side *a’ where

Tx152=d
4
a=133m
L=6-133=46Tm
=17.625 x 6 x 4.67 = 493.85 kN

WL, 49385467
M= =g =%

E-
HI

= 288.3 kNm
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Total —ve moment = (.65 x 288.3 = 187.4 kNm

Total +ve moment = (.35 x 288.3 = 100.9 kNm
The distribution of above moment into column strip and middle strips are as given below:

Column Strip Middle Strip
—ve moment 0.75x187.4= 140.55 kNm 0.25x 187.4=46.85kNm
+ve moment 0,60 100.9= 60.54 kNm 0.4x100.9= 4036 kNm

Width of column strip = width of middle strip = 3000 mm
M, i = 0.138 £, bd” = 0.138 x 20 x 3000 x 240
= 476.928 x 10° Nmm > M,

Hence thickness selected is sufficient.

Check for Shear

The critical section is at a distance

% = ? = 120 mm from the face of column head
Diameter of critical section = 1500 + 240 =1740 mm ,,f'ﬁ’- __n“ﬂ..\
=1.740 m < "
Perimeter of critical section = D ,‘; 11
=1.740 & '. 120=
Shear on this section 11 ;'
V= 1?.52{6:{6—%}( ].?42} = 502 .59 kN \H""\-,._‘_ __F_,"
T,= 59259 %1000 _ 0.45 N/mm”
1740 = 240
Maximum shear permitted = k, x 025420
= 1.118 N/mm? Since k, works out to be 1

Since maximum shear permitted in concrete is more than nominal shear T,. there is no need to
provide shear reinforcement
Design of Reinforcement

(a) For —ve moment in column strip
M, =140.55 kNm: d =240 mm

Ay » 415
3000 x 240 20

140.55 x 10° = 0.87 x 415 x A,, x 24{]{1 —~

mgz=gi{1— A }
|~ 326988
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A5 —34698.8 A+ 1622 x 34698.8 =0
A= 1705 mm"
Using 12 mm bars,

* 3000 = 199 mm

. F/4x 122
‘ 1705
Provide 12 mm bars at 190 mm c/c.

(h) For the +ve moment in column strip
M, = 60.54 kNm; d = 190 mm

Ay 415}

60.54 % 10°=0.87 x 415 x A_ x 190 |1~
- 3000190 20

882.51 = ﬁ{l - A—]
|~ 274699
A2 274699 A, + 88251 x 27469.9 = 0

A =913 mm-~

Using 10 mm bars
_ mf4x10°

§= ——— 3000 = 258 mm
913

Provide 10) mm bars at 250 mm c¢/c.
(¢) For —ve moment in middle strip:
M, = 46.85 kNm; d = 190 mm

LYy

X
3000 =190 20

46.85 x 105 = 0.87 x 415 x A_, X 190[1— A ‘”5}

683 =A|1- s _
274699
A2 27469.9A,, + 683 x 27469.9 = 0

A,=701 mm’

Using 100 mm bars,

- T4x 10°
701
Provide 10 mm bars at 300 mm c/c.
(d) Provide 10 mm bars at 300 mm c/c for +ve moment in middle strip also.
As span is same in both directions, provide similar reinforcement in both directions. Reinforcement
detail may be shown as was done in previous problem.

* 3000 = 336 mm

Example 1.4: 4 flar slab system consists of 5 m x 6 m panels and is without drop and column head.
It has to carry a live load of 4 kN/m” and a finishing load of 1 kN/m". It is to be designed using M20)
grade concrete and Fe 4135 steel. The size of the columns supporting the system is 500 x 500 mm and
floor to floor height is 4.5 m. Calculate design moments in interior and exterior panels at column and
middle strips in both directions.
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Solution:

Thickness: Since Fe 415 steel is used and no drops are provided, longer span to depth ratio is not
more than 32 x (0.9 = 28.8

d= @ =708
288
Let us select d=210 mm and D = 240 mm
Loads

Self weight 024 x 1 x 1 x 25 = 6 kN/m*

Finishing weight =1 kN/m?

Live load =4 kKN/m’

Total =11 kN/m”

W, =1.5x 11 =16.5 kN/m’

Panel Dimensions
Along length
L,=6m and L,=5m
Width of column strip =0.25 L, or L, whichever 1s less.

=025 x 5= 1.25 m on either side of column centre line
- Total width of column strip=1.25x2=25m

Width of middle strip=5-2.5=25m

Along Width
Li=5m L,=6m
Width of column strip = 0.25 % 5 = 1.25 m on either side

.~ Total width of column strip =25 m
Hence, width of middle strip =6 -25=35m

INTERIOR PANELS
Moments Along Longer Size
L,=6m L,=5m
L,=6—-0.5=5.5m subject to minimum of 0.65 x L, =39 m
e L,=535m
Load on panel W, =165xL,L,
16.5 % 5 % 5.5 =453.75 kN

_ 453.75x55 _ 311.95 kNm
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Appropriation of Moment
Total —ve moment = (.65 x 311.95 = 202.77 kNm

Total +ve moment = 311.95 — 202.77 = 109.18 kNm

Hence moment in column strip and middle strip along longer direction in interior panels are as given
below:

Column Strip Middle Strip
—ve moment 0.75=202.75= 152.06 kNm 202.75-152.06 = 50.69 kNm
+ve moment 0.60= 10918 = 65.51 kNm 109.18 —65.51 = 43.67 kNm

Along Width
Li=5m L,=6m and L =5-05=45m

Panel load =W;=165x6x45=4455kN
Panel moment M, = Wu% = @ = 250.59 kN-m

Appropriation of Moment:

Total —ve moment =0.65 x 250.59 = 162.88 kN-m

Total +ve moment =250.59 — 162.88 = R7.71 kN-m

.. Moments in column strip and middle strip are as shown below:

Column Strip Middle Strip
—ve moment 0.75x 162.88 = 122.16 kNm 0.25x 162.88 = 40.72 kNm
+ve moment 0.60x87.71 = 52.63 kNm 0.40x 87.71 = 3508 KNm
EXTERIOR PANELS
Length of column =45-024=426 m

The building is not restrained from lateral sway. Hence as per Table 28 in 15 456-2000, effective
length of column

=12xlength=12x426=5112m

Size of column = 500 » 500 mm
Moment of inertia of column = é % 500% mm*
4
k=L oL, 39% 101844 mm?

L 127 5112
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LONGER SPAN DIRECTION
Moment of inertia of beam

I, = Moment of inertia of slab

s % 6000 x 240°
12

Its length =L, = 5000 mm
3
k.= B g & X S000x 240" 1382400 mm*
5000 12 5000
Liveload _ 4 _ 0.75
Dead load 7

.. Relative stiffness ratio is
k., + k., o 2x 1018844 1474
f 2 1382400

o= I+L=I+L = 1.678
o 1.4

¢

a_:'

L8

Hence various moment coefficients are:

Interior —ve moment coefficient = 0.75 — — = 0.690
o

Exterior —ve moment coefficient = m = (0.387

(04
A .y 0.28

Positive moment coefficient =0.63 - —— =0.463
o

Total moment M,=311.95 kNm

. Appropriation of moments in kNm is as given below:

Total Column Strip Middle Strip
Interior —ve 0.69x311.95= 21525 0.75x215.25= 161.43 21525-161.43= 5382
Exterior —ve 0.387=x311.95=120.72 1.00=120.72= 120.72 120.72-120.72=0
+ Moment 0.463x31.95= 14443 0.60x 144.43 = Bo.66 144.43 — Bo.66 = 57.77
Shorter Span Direction
3
g o= L J000x 2407 _ g6,
S 12 6000
k., +k, 2x1018844
o= el - =2.123
k 960000

)

a::s|=1+Lz 1.471
o

&
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: . 0.1 0.1
[nterior —ve moment coefficient = 0.75 - —=0.75 - ——— = 0.682
o 1471
Exterior —ve moment coefficient = [}E - ﬂ =0(.442
o 1.471
Positive moment coefficient = 0.63 - ﬂ;}ﬂ =0.63 - % = 0.440
Total moment M, = 250.59 kNm '
.. Appropriation of moments in shorter span exterior panel in kNm is as given below:
Total Column Strip Middle Strip

Interior —ve 0.682x250.59 = 170.90 0.75x170.76= 128.18 17090 - 128.18=42.72

Exterior -ve 0.442 > 250.59 = 110.76 1.00>110.76= 110.76 110.76 - 110.T6=0

+ Moment 0.44>250.39= 110.25 0,60 110.25= 66.16 110.25-66.16 = 4409

In the exterior panel in each column strips half the above values will act. These moments are

shown in Fig. 1.12

Col Migdle Col Middle Col
Strip Sirip Sirip Sinip Strip
1 12072 _E3.8D ~16143-15.06 | -5069 ~152.06
25 . Lb L ‘ ‘ T—b ﬁ 3£
2 M =
5263 5253 =
—*_122.16 —* X216 8 -
+ -122.18
KD 86,66
= 77T BEGBE B551 4367 85.51
L i L:‘ L-‘ L-‘ 5
- o
35m t- 35,08 35.08 =
4072 4072 —40.72 = w
w
' 12072 | -53.82 L161.43 —152.08 —S063 | -152.06
5263 -5 5263 12218 a
25m _122 16 ‘[ =2 == z 2
2 6616 —122 16 BEAE S
128.18 =5 = B6.16 —12B.18
¥ e —128.18 2
1
gEEE | 5777 BGEE | 8551 | 4367 £5.51
(A I S B S I O
D
35m 44.00 4409 L- =
4272 4272 4272 =B
k
A 12072 5387 -182.06] -50.69 -152.08 =Y
L161.43 _ =
1.25m }ﬁmm ‘t Al 110.76 | tnn?a S ®
¥ - ] : 86.16 :
1.25
— - O el O — 0L — w05 -

Fig. 1.12
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RETAINING WALL ANALYSIS & DESIGN

INTRODUCTION

Retaining walls are structures used to provide stability for earth or other materials at their natural slopes. In general, they
are used to hold back or support soil banks and water or to maintain difference in the elevation of the ground surface on
each of wall sides. Also, retaining walls are often used; in the construction of buildings having basements, roads, or bridges
when it is necessary to retain embankments or earth in a relatively vertical position. Retaining walls are commonly supported
by soil (or rock) underlying the base slab, or supported on piles; as in case of bridge abutments and where water may erode
or undercut the base soil as in water front structures.

TYPES OF RETAINING WALLS

There are many types of retaining walls; they are mainly classified according to their behavior against the soil:-

a)

b)

c)

d)

Gravity retaining walls are constructed of plain concrete or stone masonry. They depend mostly on their own weight
and any soil resting on the wall for stability. This type of construction is not economical for walls higher than 3m.
Semi-gravity retaining walls are modification of gravity wall in which small amounts of reinforcing steel are
introduced for minimizing the wall section.

Cantilever retaining walls are the most common type of retaining walls and are generally used for wall high up to
8m. It derives its name from the fact that its individual parts behave as, and are designed as, cantilever beams. Its
stability is a function of strength of its individual parts.

Counterfort retaining walls are similar to cantilever retaining walls, at regular intervals, however, they have thin
vertical concrete slabs behind the wall known as counterforts that tie the wall and base slab together and reduce the
shear and bending moment. They are economical when the wall height exceeds 8m. Whereas, if bracing is in front
of the wall and is in compression instead of tension, the wall is called Buttress retaining wall.

Bridge abutments are special type of retaining walls, not only containing the approach fill, but serving as a support
for the bridge superstructure.

(b) SEMI-RAVITY WALL

(c) CANTILEVER WALL (d) COUNTERFORT WALL (e) BRIDGE ABUTMENT
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Cantilever Wall:

The ‘cantilever wall’ is the most common type of retaining structure and is generally economical for heights up to about
8 m. The structure consists of a vertical stem, and a base slab, made up of two distinct regions, viz. a heel slab and a toe
slab. All three components behave as one-way cantilever slabs: the ‘stem’ acts as a vertical cantilever under the lateral earth
pressure; the ‘heel slab’ acts as a (horizontal) cantilever under the action of the weight of the retained earth (minus soil
pressure acting upwards from below); and the ‘toe slab’ also acts as a cantilever under the action of the resulting soil pressure
(acting upward). The detailing of reinforcement (on the flexural tension faces) is accordingly as depicted in Fig. below. The
stability of the wall is maintained essentially by the weight of the earth on the heel slab plus the self weight of the structure.

Lpper grade -

sloped backiil \! F‘”
$llrc,h

T rr EERY

slaim .1

principal reinforcing o
temperature; -

shrinkage reinm 1y
horizontalh - backfill
ihorizon ™ retained height

kayway - -l g hiatter
toe bars ———— b

dowels

It grade

. hael
embediment — — \' I—._ Ee*—l
fonting Fih : .. \,_: =! .'\‘ul_—hggi bars

T T
f I I" footing key
4

footing width

Fig: Cantilever Retaining Wall
Counterfort Wall:

For large heights, in a cantilever retaining wall, the bending moments developed in the stem, heel slab and toe slab become
very large and require large thicknesses. The bending moments (and hence stem/slab thicknesses) can be considerably
reduced by introducing transverse supports, called counterforts, spaced at regular intervals of about one-third to one-half of
the wall height), interconnecting the stemf with the heel slab. The counterforts are concealed within the retained earth (on
the rear side of the wall). Such a retaining wall structure is called the counterfort wall, and is economical for heights above
(approx.) 7 m. The counterforts subdivide the vertical slab (stem) into rectangular panels and support them on two sides
(suspender-style), and themselves behave essentially as vertical cantilever beams of T-section and varying depth. The stem
and heel slab panels between the counterforts are now effectively ‘fixed’ on three sides (free at one edge), and for the stem
the predominant direction of bending (and flexural reinforcement) is now horizontal (spanning between counterforts), rather
than vertical (as in the cantilever wall).
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EARTH PRESSURES AND STABILITY REQUIREMENTS

Lateral Earth Pressures

The lateral force due to earth pressure constitutes the main force acting on the retaining wall, tending to make it bend, slide
and overturn. The determination of the magnitude and direction of the earth pressure is based on the principles of soil
mechanics.

In general, the behaviour of lateral earth pressure is analogous to that of a fluid, with the magnitude of the pressure p
increasing nearly linearly with increasing depth z for moderate depths below the surface:

p = Cyez

where ve is the unit weight of the earth and C is a coefficient that depends on its physical properties, and also on whether
the pressure is active or passive. ‘Active pressure’ (pa) is that which the retained earth exerts on the wall as the earth moves
in the same direction as the wall deflects. On the other hand, ‘passive pressure’ (pp) is that which is developed as a resistance
when the wall moves and presses against the earth (as on the toe side of the wall). The coefficient to be used in Eq. 14.9 is
the active pressure coefficient, C,, in the case of active pressure, and the passive pressure coefficient, C,, in the case of
passive pressure; the latter (Cp) is generally much higher than the former (C,) for the same type of soil.

In the absence of more detailed information, the following expressions for Ca and C,, based on Rankine’s theory, may be
used for cohesionless soils and level backfills:

Ca=1-sind/1+sind
Co=1+sind/1-sind

where ¢ is the angle of shearing resistance (or angle of repose). For a typical granular soil (such as sand), ¢ =~ 30°,
corresponding to which, Ca= 1/3 and C, = 3.0. When the backfill is slopedf, the expression for C, should be modified as
follows:

]

“a

- 4Jcos? G- cos
cos COS, cos” ¢ cosd
cos @+ \/cos‘ 6 cos’ i

where 0 is the angle of inclination of the backfill, i.e., the angle of its surface with respect to the horizontal.

neglect) * =
e 106?q HR heel
RIS x 7

“c—L—>

Fig: Forces acting on Cantilever Retaining wall
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The direction of the active pressure, p,, is parallel to the surface of the backfill. The pressure has a maximum value at the
heel, and is equal to Caych’, where h’ is the height of the backfill, measured vertically above the heel.

For the case of a level backfill, 6 = 0 and h’ = h, and the direction of the lateral pressure is horizontal and normal to the
vertical stem. The force, P,, exerted by the active earth pressure, due to a backfill of height h” above the heel, is accordingly
obtained from the triangular pressure distribution as: P =Cy, (;T')E/Q

This force has units of kN per m length of the wall, and acts at a height h'/3 above the heel at an inclination 0 with the
horizontal. The force, P, developed by passive pressure on the toe side of the retaining wall is generally small (due to the
small height of earth) and usually not included in the design calculations, as this is conservative.

Effect of Surcharge on a Level Backfill

Frequently, gravity loads act on a level backfill due to the construction of buildings and the movement of vehicles near the
top of the retaining wall. These additional loads can be assumed to be static and uniformly distributed on top of the backfill,
for calculation purposes. This distributed load ws (kN/m?) can be treated as statically equivalent to an additional (fictitious)
height, hs = ws/ye, of soil backfill with unit weight ye. This additional height of backfill is called surcharge, and is expressed
either in terms of height hs, or in terms of the distributed load ws

surcharge hs = wilze
W
RAAVEVEVE
Wi o |
s ‘—[— Pa1 h
Pa2
hy2
5 ;;;3
| 4
L-xs~  J #R _)\ seh
a
R XR Caws = C, 7e hs
K L

Fig: Effect of Surcharge on the level backfill

The presence of the surcharge not only adds to the gravity loading acting on the heel slab, but also increases the lateral
pressure on the wall by Cayehs = Caws. The resulting trapezoidal earth pressure distribution is made up of a rectangular
pressure distribution, superimposed on the triangular pressure distribution due to the actual backfill. The total force due to
active pressure acting on the wall is accordingly given by:

Pa:Pal+-Pa2

Pﬂl = Cau'-j h= Cﬂ'% hs h
Po=C.3. W12

with the lines of action of Pa and Pa; at h/2 and h/3 above the heel.
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Stability Requirements

The Code (Cl. 20) specifies that the factors of safety against overturning (CI. 20.1) and sliding (Cl. 20.2) should not be
less than 1.4. Furthermore, as the stabilising forces are due to dead loads, the Code specifies that these stabilising forces
should be factored by a value of 0.9 in calculating the factor of safety, FS. Accordingly,

~ 0.9 x (stabilising force or moment)

FS > 14

destabilising force or moment

Overturning

If the retaining wall structure were to overturn, it would do so with the toe acting as the centre of rotation. In an
overturning context, there is no upward reaction R acting over the base width L. The expressions for the overturning
moment M, and the stabilising (restoring) moment M, depend on the lateral earth pressure and the geometry of the
retaining wall. For the case of a sloping backfill:

M, = (P, cosB)(h'/3) = [Ca}'ﬁ 'y /6] cos

M, =W(L-x,)+(P,sinf)L

where W denotes the total weight of the reinforced concrete wall structure plus the retained earth resting on the footing
(heel slab), and x is the distance of its line of action from the heel.

For the case of a level backfill with surcharge: M, = P,;(h/2)+ P,,(h/3)

averturning - 1’{
4 Q

The factor of safety required against overturning is obtained as: (FS) 09M, | 14
Sliding

The resistance against sliding is essentially provided by the friction between the base slab and the supporting soil, given
by F=puR

where R = W is the resultant soil pressure acting on the footing base and p is the coefficient of static friction between
concrete and soil. [In a sloping backfill, R will also include the vertical component of earth pressure, P, sinf. The value of
u varies between about 0.35 (for silt) to about 0.60 (for rough rock).

The factor of safety against sliding is obtained as: )
(FS) stiding = _09F , which should be > 14
P, cos0
When active pressures are relatively high (as when surcharge is involved), it will be generally difficult to mobilise the
required factor of safety against sliding, by considering frictional resistance below the footing alone. In such a situation, it
is advantageous to use a shear key projecting below the footing base and extending throughout the length of the wall.
When the concrete in the ‘shear key’ is placed in an unformed excavation (against undisturbed soil), it can be expected to

develop considerable passive resistance.
PROPORTIONING AND DESIGN OF CANTILEVER AND COUNTERFORT WALLS

Prior to carrying out a detailed analysis and design of the retaining wall structure, it is necessary to assume preliminary
dimensions of the various elements of the structure using certain approximations. Subsequently, these dimensions may be
suitably revised, if so required by design considerations.
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Position of Stem on Base Slab for Economical Design

An important consideration in the design of cantilever and counterfort walls is the position of the vertical stem on the base
slab. It can be shown that an economical design of the retaining wall can be obtained by proportioning the base slab so as
to align the vertical soil reaction R at the base with the front face of the wall (stem). For this derivation, let us consider the
typical case of a level backfill. The location of the resultant soil reaction, R, is dependent on the magnitude and location of
the resultant vertical load, W, which in turn depends on the dimension X (i.e., the length of heel slab, inclusive of the stem
thickness). For convenience in the derivation, X may be expressed as a fraction, oy, Of the full width L of the base slab
(X = axL). Assuming an average unit weight y. for all material (earth plus concrete) behind the front face of the stem
(rectangle abcd), and neglecting entirely the weight of concrete in the toe slab,

R=W=vehx=yeh(axL)

X =l

,.L—-F" X = and 2

neglect H—T Pa= Capeh’l2

S hi3

b

eld F=uR € ™ heel

Fig: Proportioning of Retaining Wall

For a given location of R corresponding to a chosen value of X, the toe projection of the base slab (and hence its total
width, L) can be so selected by the designer as to give any desired distribution of base soil pressure. Thus, representing
the distance, LR, from the heel to R as a fraction ar Of base width L, the base pressure will be uniform if L is so selected
as to make aR = 0.5. Similarly, for aR = 2/3, the base pressure distribution will be triangular. Thus, for any selected
distribution of base pressure, aR is a constant and the required base width L = Lr/oR.

Considering static equilibrium and taking moments about reaction point e, and assuming Xw ~ axL/2,

Wil — alli2)=P, h/3
= 7 hL (aw ay— a2y = Cop h'l6

L c,/3
h 2{1R[IX—{X§(

For economical proportioning for a given height of wall (h), the length of the base (L) must be minimum, i.e., L/h should
be minimum. This implies that (2 ar ax — ax?) should be maximum. The location of R, and hence the base width for any
selected pressure distribution, is dependent on the variable X, i.e., ox. For maximising (20r ox — 02 ),

Oy = Oy

= upl = ayL=X
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Width of Base

Applying the above principle, an approximate expression for the minimum length of base slab for a given height of wall is

obtained as:
(A) G
W ag V3

min

= Lmin = (h/(".‘f)v Ga /3
Alternatively, the minimum width of heel slab is given by:

meu = Oy Lma’n = O me = h Cu /3

The effect of surcharge or sloping backfill may be taken into account, approximately, by replacing h with h + hs, or h's,
respectively. Alternatively, and perhaps more conveniently, using the above principle, the heel slab width may be
obtained by equating moments of W and P, about the point d. The required L can then be worked out based on the base
pressure distribution desired.

It may be noted that the total height h of the retaining wall is the difference in elevation between the top of the wall and
the bottom of base slab. The latter is based on geotechnical considerations (availability of firm soil) and is usually not less
than 1 m below the ground level on the toe side of the wall.

After fixing up the trial width of the heel slab ( = X) for a given height of wall and backfill conditions, the dimension L
may be fixed up. Initially, a triangular pressure distribution may be assumed, resulting in L = 3/2 X . Using other
approximations related to stem thickness and base slab thickness, a proper analysis should be done to ascertain that

o the factor of safety against overturning is adequate;
o the allowable soil pressure, g,, is not exceeded; and
o the factor of safety against sliding is adequate.

Condition (1) is generally satisfied; however, if it is not, the dimensions L and X may be suitably increased. If condition
(2) is not satisfied, i.e., if gmax > qa, the length L should be increased by suitably extending the length of the toe slab; the
dimension X need not be changed. If condition (3) is not satisfied, which is usually the case, a suitable ‘shear key’ should

be designed.
Proportioning and Design of Elements of Cantilever Walls
Initial Thickness of Base Slab and Stem

For preliminary calculations, the thickness of the base slab may be taken as about 8 percent of the height of the wall plus
surcharge (if any); it should not be less than 300 mm. The base thickness of the vertical stem may be taken as slightly more
than that of the base slab. For economy, the thickness may be tapered linearly to a minimum value (but not less than 150
mm) at the top of the wall; the front face of the stem is maintained vertical. If the length of the heel slab and/or toe slab is
excessive, it will be economical to provide a tapered slab. With the above preliminary proportions, the stability check and
determination of soil pressure (at the base) may be performed, and dimensions L and X of the base slab finalised. It may be
noted that changes in thicknesses of base slab and stem, if required at the design stage, will be marginal and will not affect
significantly either the stability analysis or the calculated (gross) soil pressures below the base slab.

Design of Stem, Toe Slab and Heel Slab

The three elements of the retaining wall, viz., stem, toe slab and heel slab have to be designed as cantilever slabs to resist
the factored moments and shear forces. For this a load factor of 1.5 is to be used. In the case of the toe slab, the net pressure
is obtained by deducting the weight of the concrete in the toe slab from the upward acting gross soil pressure. The net
loading acts upward (as in the case of usual footings) and the flexural reinforcement has to be provided at the bottom of the
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toe slab. The critical section for moment is at the front face of the stem, while the critical section for shear is at a distance d
from the face of the stem. A clear cover of 75 mm may be provided in base slabs. In the case of the heel slab, the pressures
acting downward, due to the weight of the retained earth (plus surcharge, if any), as well as the concrete in the heel slab,
exceed the gross soil pressures acting upward. Hence, the net loading acts downward, and the flexural reinforcement has to
be provided at the top of the heel slab. The critical section for moment is at the rear face of the stem base.

In the case of the stem (vertical cantilever), the critical section for shear may be taken d from the face of the support (top of
base slab), while the critical section for moment should be taken at the face of the support. For the main bars in the stem, a
clear cover of 50 mm may be provided. Usually, shear is not a critical design consideration in the stem (unlike the base
slab). The flexural reinforcement is provided near the rear face of the stem, and may be curtailed in stages for economy.
Temperature and shrinkage reinforcement (As,min = 0.12 percent of gross area) should be provided transverse to the main
reinforcement. Nominal vertical and horizontal reinforcement should also be provided near the front face which is exposed.

Proportioning and Design of Elements of a Counterfort Wall
Initial Thicknesses of Various Elements

In a counterfort wall, counterforts are usually provided at a spacing of about one-third to one-half of the height of the wall.
The triangular shaped counterforts are provided in the rear side of the wall, interconnecting the stem with the heel slab.
Sometimes, small buttresses are provided in the front side below the ground level, interconnecting the toe slab with the
lower portion of the stem. The presence of counterforts enables the use of stem and base slab thicknesses that are much
smaller than those normally required for a cantilever wall. For preliminary calculations, the stem thickness and heel slab
thickness may be taken as about 5 percent of the height of the wall, but not less than 300 mm. If the front buttress is provided,
the thickness of the toe slab may also be taken as 0.05h; otherwise, it may be taken as in the case of the cantilever wall
(0.08h). The thickness of the counterforts may be taken as about 6 percent of the height of the wall at the base, but not less
than 300 mm. The thickness may be reduced along the height of the wall. With the above preliminary proportions, the
stability check and determination of soil pressures (at the base) may be performed, and dimensions L and X of the base
finalised, as in the case of the cantilever wall.

Each panel of the stem and heel slab, between two adjacent counterforts, may be designed as two-way slabs fixed on three
sides, and free on the fourth side (free edge). These boundary conditions are also applicable to the toe slab, if buttresses are
provided; otherwise the toe slab behaves as a horizontal cantilever, as in the case of the cantilever wall. The loads acting on
these elements are identical to those acting on the cantilever wall discussed earlier. For the stem, bending in the horizontal
direction between counterfortst is generally more predominant than bending in the vertical direction. Near the counterforts,
the main reinforcement will be located close to the rear face of the stem, whereas midway between counterforts, the
reinforcement will be close to the outside face. These two-ways slabs, subject to triangular/trapezoidal pressure distributions
may be designed by the use of moment and shear coefficients (based on plate theory), available in various handbooks, and
also in the IS Code for the design of liquid storage structures, viz., 1S 3370 (Part 4). Alternatively, the slabs may be designed
by the yield line theory. An alternative simplified method of analysis is demonstrated in example later on.

Design of Counterforts

The main counterforts should be firmly secured (by additional ties) to the heel slab, as well as to the vertical stem, as the
loading applied on these two elements tend to separate them from the counterforts. In addition, the counterfort should be
designed to resist the lateral (horizontal) force transmitted by the stem tributary to it. The counterfort is designed as a vertical
cantilever, fixed at its base. As the stem acts integrally with the counterfort, the effective section resisting the cantilever
moment is a flanged section, with the flange under compression. Hence, the counterforts may be designed as T-beams with
the depth of section varying (linearly) from the top (free edge) to the bottom (fixed edge), and with the main reinforcement
provided close to the sloping face. Since these bars are inclined (not parallel to the compression face), allowance has to be
made for this in computing the area of steel required.
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Example 1:

Determine suitable dimensions of a cantilever retaining wall, which is required to support a bank of earth 4.0 m high above
the ground level on the toe side of the wall. Consider the backfill surface to be inclined at an angle of 15° with the horizontal.
Assume good soil for foundation at a depth of 1.25 m below the ground level with a safe bearing capacity of 160 kN/m2,
Further assume the backfill to comprise granular soil with a unit weight of 16 kN/m?® and an angle of shearing resistance of
30°. Assume the coefficient of friction between soil and concrete to be 0.5.

SOLUTION
1. Datagiven: h=4.0+125=525m; u =0.5
0 =15° 7= 16 kN/m®
# =30° go = 160 kKN/m’

cos @ — [cos® @— cos? @
= = cosd =0.373
cos @+ 4/cos” @—cos” ¢

. l+sind
C,=—
l-sind

e Earth pressure coefficients: C, :{

=3.0

2. Preliminary proportions:

e Thickness of footing base slab ~ 0.08h = 0.08 % 5.25 = 0.42 m Assume a thickness of 420 mm.

e Assume a stem thickness of 450 mm at the base of the stem, tapering to a value of 150 mm at the top of the wall.

e For an economical proportioning of the length L of the base slab, it will be assumed that the vertical reaction R at
the footing base is in line with the front face of the stem. For such a condition, (assuming the height above top of
wall to be about 0.4 m), the length of the heel slab (inclusive of stem thickness):

X ~(JC,/3) b = J0373/3 (525 + 04)~2.0m

e Assuming a triangular base pressure distribution, L=1.5X=3.0m
e The preliminary proportions are shown in Fig.

3. Stability against overturning
e Force due to active pressure: P, = C ¥ h'*/2

where h' =h+ Xtané [Fig. 14.28(a)]
= 5250 + 2000 tan 15° = 5786 mm
P, = (0.373)(16)(5.786)*/2 = 99.9 kN (per m length of wall)
= P,cos # =99.9 cos 15°=96.5 kN
P,sin @ =99.9 sin 15°=25.9 kN

e Overturning moment M, = (P, cos@)h’ /3 = (96.5)(5.786/3) = 186.1 kNm

e Line of action of resultant of vertical forces [Fig. 14.28(a)] with respect to the
heel can be located by applying statics, considering 1 m length of the wall:
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distance from
W, =(16)(1.85)(5.25 - 0.42) =143.0 0.925 132.3
W, = (16)(1.85)(0.5 x 0.536) = 7.9 0617 49
W, =(25)(0.15)(5.25-0.42) = 181 1.925 34.8
W, = (25 - 16)(4.83)(0.5 x 0.30) = 6.5 1.750 11.4
W; = (25)(3.0)(0.42) = 315 1.500 472
P, sind = 259 0.000 0.0
W=2329 My = 230.6 kNm
150 = M, = 186.1 kNmfm
=990
232 9 kN/m
1225 kam' --""’J\ 32.8 kN/m*
4000 75 P. «i «—1500
- asing 4 _s7g6 239
h = 5250 Ws o = R=W Xr= 1789
25?;" Ps cos#
4 Wi (b) calculation of soil pressures
450 hf3
1250 |
b T J/ 300 neglect
420 JALE heel
1500
1000 .
X = 2000 b —o50 e
£F—L = 3000—>| h, —Y—r i ! 00
) - - ) - \I/ Pp %’ gt',l =30\D _}T\_
Fig: Forces on wall (with preliminary proportions) —%= 1300 >
300
= distance of resultant vertical force from heel 3000

Xw = Mw /W =230.6/232.9 =0.990 m

¢ Stabilising moment (about toe):

M, =W (L —xw)
=232.9 x (3.0 - 0.99)

= 468.1 kNm (per m length of wall)
_ 0.9x468.1

0.9M,
= (FS)DIE’J‘THPNJHS

=226>

M

@

4. Soil Pressure at footing base:

186.1

1.40

(c) design of shear key

—OK

e resultant vertical reaction R = W = 232.9 kN (per m length of wall)
e distance of R from heel: L, = (M +M,)/R

=(230.6 + 186.1)/232.9=1.789 m'
e cccentricity e = Ly — L/2 = 1.789 — 3.0/2 = 0.289 m, < L/6 = 0.5
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¢ Hence, the resultant lies within the middle third of the base, which is desirable
6e  6x0.289

=0.578
L 3.0
= Gmax = E[l 1 6—8] - 2329 (1+0.578)
L L 3.0
=122.5kN/m* < g, — OK
and Gin = %(1 —0.578) = 32.8 kN/m’ [refer Fig. 14.28(b)]

5. Stability against sliding
Sliding force = P, cos@ = 96.5 kN

Resisting force (ignoring passive pressure on the toe side) /= uR
=0.5%x2329=1164 kN

09F _09x1164 _ (oo | .0

P cos8 © 965

* Hence, a shear key may be provided to mobilise the balance force through passive
resistance.
¢ Assume a shear key 300 mm x 300 mm, at a distance of 1300 mm from toe as
shown in Fig. 14.28(c). Distance &, = 0.950 + 300 + 1.300 tan 30° = 2.001 m
P, = Cpylh®s — h*)/2 =3 x 16 x (2.001” - 0.95%)/2
=74.44 kN
(FS)sing = 0.9(116.4 + 74.44)

96.5

= (F S).‘if{dfng =

=1.78>14 —OK

Example 2: Repeat the problem in Example 1, considering the backfill to be level, but subject to a surcharge pressure of
40 kN/m?2 (due to the construction of a building). Design the retaining wall structure, assuming M 20 and Fe 415 steel.

\
sureharge |\ p, = 2500
200 \ l
>| €—2400 ] |
/ __‘- NN
1200% = (a) forces on wall
160 2 (with preliminary
4000 >|| B proportions)
h=5250 -5
Wz %W] / -
%7 P T
350 > 7 -
Y s ——— Wil N 7.
A 650 TR L K3
125 ) l
v 9 |
620 4\ i 4 Ws | i Ca veh

300, X=26005| ™, he= Cws
<——L=3900—>
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M, = 441.0 kNm/m | ¥ = 366.8 kN/m

|€1300~;"V‘\

2
142.4 KN/m N " T
. 1950—=

< x_|¢Le=2284>
R=W
< [ =3900——=

X =1432

45.7 kN/m?

Fig. Calculation of Soil Pressures

h=40+125=525m 7= 16 kN/m’
¢ =30° g. = 160 kN/m’
u =05 w, = 40 kN/m’

= Equivalent height of earth as surcharge, i, = Ys = % =25m

= h+h,=5254+25=7.75m

1 —sin ¢
1 +sin @
C,=1C, =3.0

=1/3

e Earth pressure coefficients: C, =

2. Preliminary proportions

Fig. Design of Shear key

o Thickness of footing base slab ~ 0.08 (h + hs) = 0.08 x 7.75 = 0.620. Assume a thickness of 620 mm.

e Assume a stem thickness of 650 mm at the base of the stem, tapering to a value of 200 mm at the top of the wall.

e For an economical proportioning of the length L of the base slab, it will be assumed that the vertical reaction R at
the footing base is in line with the front face of the stem. For such a condition, the length of the heel slab

(inclusive of stem thickness).

X = JC,/3(h+hy)=4/(1/3)/3(7.75) =2.58 m

e Assuming a triangular soil pressure distribution below the base, L =1.5X=15x2.6 =3.9m

e The preliminary proportions are shown in Fig.

3. Stability against overturning

Forces due to active pressure (per m length of wall) [Fig. 14.29(a)]:

P = Cyw, h=(1/3)(40)(5.25) = 70.0 kN
Po=C, 3 P12 =(1/3)(16)(5.25)%/2 = 73.5 kN
= P,=70.0+73.5=143.5kN

¢ Overturning moment M, = P, /2 + P, h/3
= M, = (70.0)(5.25/2) + (73.5)(5.25/3)

=312.4 kNm (per m length of wall)

e Line of action of resultant of vertical forces [Fig. 14.29(a)] with respect to the
heel can be located by applying statics, considering 1 m length of the wall:
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distance from
force (k") heel (m} moment (kNm)
Wi = (16)(2.40)(7.75 - 0.62) =273.8 1.20 328.6
W, = (25)(0.20)(4.63) = 23.2 2.50 58.0
W2=(25-16)(0.5x0.45)(4.63) = 94 2.25 211
W, = (25)(3.90)(0.62) = 604 1.5 117.8
W= 366.8 My =525.5 kNm
=> distance of resultant vertical force from heel
xp =My /W=>525.5/366.8=1432m
e Stabilising moment (about toe):
Mr = W (L — x”,'}
=366.8 x (3.9-1.432)
= 905.3 kNm (per m length of wall)
= (FS):'n'ex'rurm'ng = Ong = 0.9x 905.3 =2.61>1.40 — 0K

M, 3124

4. Soil Pressure at footing Base:

resultant vertical reaction R = W = 366.8 kN (per m length of wall)
distance of R from heel: L, = (M, + M,)/R

=(525.5+312.4)/366.8 =2.284 m'
e cccentricity e = Lz — L/2=2.284 -3.9/2=0.334 m (< L/6 = 0.65)
indicating that the resultant lies well inside the middle third of the base.
E: 6x0.334 0514
L 39
= Gmax = £[l + E] _ 3668 (1+0.514)
L L 39
= 1424 kN/m” <g,= 150 kN/m’ — OK.
= Gomin = E[l —EJ = @(1 —0.514) =45.7 KN/m?,
L L 39

5. Stability against sliding
Sliding force = P, = 143.5 kN (per m length of wall)

Resisting force (ignoring passive pressure) F'= uR

=0.5x366.8 = 1834 kN> P,
_09F _ 09x1834

. (F‘S).'r!r'dr'ng - P 1435 =1.15<14

a

* Hence, a shear key needs to be provided to generate the balance force through
passive resistance.
Required P,= 1.40 x 143.5 - 0.9x183.4 = 35.8 kN (per m length of wall)
Providing a shear key 300 mm x 400 mm at 1.6 m from toe [Fig. 14.29(c)],
h,=095+03+1.6tan 30°=2.17m
P,=3x16(2.17°-0.95%)/2=91.4kN

> (F.S)siding = 0.9(183.4+91.4) _ 172> 14 oK

143.5




INTERNATIONAL INSTITUTE OF TECHNOLOGY & MANAGEMENT, MURTHAL, SONEPAT
E-NOTES, SUBJECT: REINFORCED CONCRETE DESIGN-II, SUBJECT CODE: CE-302B
COURSE: B.TECH, BRANCH: CIVIL ENGINEERING, SEM- 6™ , CHAPTER NAME: RETAINING WALL
PREPARED BY : MR. SAHIL KAUSHIK, ASSISTANT PROFESSOR, CE
6. Design of toe slab

e The loads considered for the design of the toe slab are as shown in fig. The net pressures, acting upward, are
obtained by reducing the uniformly distributed self-weight of the toe slab from the gross pressures at the base.
Self-weight loading = 25 x 0.62 = 15.5 kN/m?

e The net upward pressure varies from 126.9 kN/m? to 94.7 kN/m?

e Assuming a clear cover of 75 mm and 16 ¢ bars, d = 620 — 75 — 8 = 537 mm

e Applying a load factor of 1.5, the design shear force (at d = 537 mm from the front face of the stem) and the
design moment at the face of the stem are given by:

V,~ 1.5(126.9 + 94.7)2 x (1.3 — 0.537) = 126.8 kN/m
M, = 1.5 x [(94.7 x 1.3%/2) + (126.9 — 94.7) x 0.5 x 1.3” x 2/3] = 147.2 kNm/m

. 3
¢ Nominal shear stress © = i = M =0.236 MPa

bd  10° x537
For a tc = 0.24 MPa, the required pt = 0.10 with M 20 concrete

1300 |650 | 1950

\‘l 129.6 kN/m?
15.5 kN/m* g - Y ¥ Y VYVYY

T 45.7 kN/m?

142.4 KN/m*

35.6 kKN/m* TTT’[/H( 83.9 kN/m?
LY
126.9 kam2w 94.7 kN/m?

Fig: Net Soil pressures acting on base slab

6
e R= M, _ 147210 ~ 0,510 MPa

bd>  10° x5372

{pf )rec,ra‘ _ 20
100 2x415
adequate for shear also
= (As)reqa = (0.15 x 107%) x 10° x 537 = 806 mm*/m
¢ Using 16 ¢ bars, spacing required = 201 x 10°/806 = 249 mm
Provide 16 ¢ bars @ 240 c/c at the bottom of the toe slab. The bars should

extend by at least a distance L; = 47.0 x 16 = 752 mm beyond the front face of
the stem, on both sides. As the toe slab length is only 1.3 m overall, no
curtailment of bars is resorted to here.

[1-1-4598x0510/20] = 0.15x 107, which is
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7. Design of Heel Slab

e The loads considered for the design of the heel slab are as shown in Fig. The distributed loading acting downward
on the heel slab is given by
o Overburden + surcharge @ 16 x (7.75 — 0.62) = 114.1 kN/m;
o Heelslab @ 25 x 0.62 = 15.5 kN/m? = w = 129.6 kN/m?
e The net pressure acts downwards, varying between 35.6 kN/m2 and 83.9 kN/m? as shown in Fig.
e Applying a load factor of 1.5, the design shear force and bending moment at the (rear) face of the stem are given
by
o Vu=1.5(35.6+83.9)/2x1.95=174.8 kKN/m
o Mu=15x[(35.6 x1.952/2) +(83.9 —35.6) x 0.5 x 1.952 x 2/3] = 193.4 KNm/m
e Assuming a clear cover of 75 mm and 16 ¢ bars, d = 620 — 75 — 8 = 537 mm
o Nominal shear stress ~_ V, _1748x 10°
" bd  10° x537
=0.326 MPa

Corresponding 1 = 0.33, with M 20 concrete; SO (p)reqe.= 0.20

M, 1934x10°

e R= =
bd>  10° x5372
=0.670 MPa
= Prega _ 20 [1-J1-4598x0.670/20]
100 2 x 415
=0.193 x 102

<0.20 x 10°? required for shear
= (Ast)reqa = (0.20 x 10 ) % 10° x 537
=1074 mm’/m

e Using 16 ¢ bars, spacing required = 201 x 103 /1074 = 187 mm
Provide 16 ¢ bars @ 180 c/c at the top of the heel slab. The bars should extend by at least a distance
Ld =47.0 x 16 = 752 mm beyond the rear face of the stem, on both sides. The bars may be curtailed part way
to the heel; however, since the length is relatively short, this is not resorted to in this example.

8. Design of vertical stem

o Height of cantilever above base h = 5.250 — 0.62 = 4.63 m
e Assuming a clear cover of 50 mm and 20 ¢ bars, d (at the base) = 650 — 50 — 10 = 590 mm
e Assuming a load factor of 1.5, maximum design moment
M, = 1.5[C, w; 12+ C, 3 h16]
= 1.5 x (1/3)[40 x 4.63%/2 + 16 x 4.63°/6]
= 346.7 kNm/m
_ M, _346.7x10°

= . 3 - = 1.00 MPa
bd~ 107 x 590~
(Prega _ 20 [1 ~ JT=43598%1.00/20| =0.295 x 102
100 2x 415
= (Ag)reqa = (0.295 x 107%) x 10° x 590 = 1741 mm*/m
3
e Using 16 ¢ bars, spacing required = % =115 mm

Provide 16 ¢ @ 110 ¢/c, bars extending into the ‘shear key’. [This anchorage
will be more than the minimum required: L; =47.0 x 16 = 752 mm]
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e Check for Shear:

Critical section is at d = 0.59 m above base, i.e., at z, = 4.63 — 0.59 = 4.04 m
below top edge. Shear force at critical section = 1.5 [C,w,z, + C, }g:f 2]

= 1.5 % (1/3)[40 x 4.04 + 16 x 4.04%/2]

= 146 kN/m

146 x10°

= 10° <590 =0.248 MPa < 7 for p,=0.295
by

T,

—OK

Note that since the shear stress is low and flexural reinforcement ratio also is low, the thickness of stem at base
could be reduced for a more economical design.

Curtailment of bars:

The curtailment of the bars may be done in two stages (at one-third and two-third heights of the stem above the
base) as shown in Fig. below. It can be verified that the curtailment satisfies the Code requirements.

Temperature and Shrinkage reinforcement Provide two-thirds of the (horizontal) bars near the front face (which is
exposed to weather and the remaining one-third near the rear face. For the lowermost onethird height of the stem
above base,

At = (0.0012 x 103 x 650) x 2/3 =520 mm? /m

Using 8 ¢ bars, spacing required = 50.3 x 10%/520 = 97 mm = 100 mm. Provide 8 ¢ @ 100 c/c near front face and
8 ¢ @ 200 c/c near rear face in the lowermost one-third height of the wall; 8 ¢ @ 200 c/c near front face and 8 ¢
@ 400 c/c in the middle one-third height; and 8 ¢ @ 300 c/c near front face and 8 ¢ @ 600 c/c near the rear face
in the top one-third height of the wall.

Also provide nominal bars 10 ¢ bars @ 300 c/c vertically near the front face.

200 450
o +——F
-
W H
8 ¢ @ 300 clc— | ;
@ | | 16¢@|3300/c 1500
L8 ¢ @ 600 clc
10 ¢ @ 300 c/c—T]
L
4000 L
8¢@200c/c — |f :
N i 16 ¢ @ 220 clc 1500
' |
N 8 ¢ @ 400 c/c
o \?
10 ¢@300010N
8¢@1OOc/c—\J/ M
v 8 4@ 200 c/c
<——1300——>
% ; 16 4@ 110 clc
L 10 6\ . 1_16 ¢ @ 180 clc
1250 1 L] L] ‘\.; LJ LJ
620 \
L3 2 L} 2

T 16¢@2400/c—l? 3001 Lj\

| 300 x 400 shear key
1600 |400 \(7

3900 3

Fig: Detailing of cantilever wall
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Counterfort Retaining Wall Numerical

Example 1:

Design a suitable counterfort retaining wall to support a level backfill, 7.5 m high above the ground level on the toe side.
Assume good soil for foundation at a depth of 1.5 m below the ground level with a safe bearing capacity of 170 kN/m?2.
Further assume the backfill to comprise granular soil with a unit weight of 16 kN/m?® and an angle of shearing resistance
of 30° . Assume the coefficient of friction between soil and concrete to be 0.5. Use M 25 and Fe 415 steel.

Solution:
1. Datagiven: h=75+15=90m; =05
0 =0° 7%= 16 kN/m’
$ =30° g.= 170 kN/m*
1-sin@
o Earth pressure coefficients: C, = s%n =0.333
1+sind
1+sin @
pSELLLANEY J)
1-siné

2. Preliminary proportions:

e The (triangular shaped) counterforts are provided on the rear (backfill) side of the wall, interconnecting the stem
with the heel slab.
o Spacing of counterforts *~h3 1toh21=3.0mto4.5m
o Assume the counterforts are placed with a clear spacing of 3.0 m.
o Thickness of counterforts = 0.05h = 0.05 x 9.0 = 0.45 m. Assume a thickness of 500 mm.
o Thickness of heel slab = 0.05h = 0.05 x 9.0 = 0.45 m. Assume a thickness of 500 mm
e Assuming that the front buttresses are not provided, Thickness of toe slab ~ 0.08h = 0.08 x 9.0 = (.72 m.
Assume a thickness of 720 mm
o Thickness of stem slab = 0.06h = 0.06 x 9.0 = 0.54 m. Assume a stem thickness of 600 mm at the base of the
stem, tapering to a value of 300 mm at the top of the wall.
o For an economical proportioning of the length L of the base slab, it is assumed that the vertical reaction R at the
footing base is in line with the front face of the stem. For such a condition, (inclusive of stem thickness)

X=(JC/3) h= J0.333/3 (9.0)=3.0m

e Assuming a triangular base pressure distribution, L =1.5X =4.5m
e The preliminary proportions are shown in Fig.
3. Stability against overturning

e Forces due to active pressure (per m length of wall)
P,=C, 5 h*2=(0.333)(16)(9.0)2 = 216.0 kN

e Overturning moment M, = P, x h/3
= M, =216.0 x (9.0/3)
= 648.0 kNm (per m length of wall)

o Line of action of resultant of vertical forces with respect to the heel can be located by applying statics, considering
1 m length of the wall (the marginal additional weight due to counterfort is ignored)

= distance of resultant vertical force from heel xw = Mw /W = 864.8 / 506.9 = 1.706 m
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Fig: Cal. Of Soil Pressure Fig: Revised design for safe soil pressures
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Co e hz =l e Fig: Design of Shear Key
distance from
force (kN) heel (m) moment (KNm)
W; = (16)(2.7)(9.0 - 0. 5) = 367.20 1.35 495.72
W; = (25)(0.3)(9.0 - 0.5) = B63.75 285 181.70
W, = (25-16)(0.5)(0.3)(9.0 - 0.5) = 1148 2860 29.85
W, = (25)(3.0)(0.5) = 37.50 1.50 56.30
W;s = (25)(1.5)(0.72) = 27.00 375 101.25

w = 5069 My = 864.8
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+ Stabilising moment (about toe):

M, =W (L —xw)
=506.9 x (4.5 — 1.706)
=1416.4 kNm (per m length of wall)
_09M, _ 0.9x14164

:> F" OVEFIUFHIRN, - = 1-967 } 1-40 _OK.
(Fovernrmng M, 648.0

4. Soil Pressure at Footing Base:

e resultant vertical reaction R = W = 506.9 kN (per m length of wall)
e distance of R from heel: L, = (M + M,)/R
= (864.8 + 648.0) / 506.9 = 2.984 m'
e eccentricity e= Lz — L/2=2.984-4.5/2=0.734 m (< L/6=0.75)
indicating that the resultant lies well inside the middle third of the base.

- @: 6x0.734 ~0.978
L
= Gmin = E[l —E) = w (1 —09?8) =25 kamz >0 — OK
L 4.5
R( 68] 506.9
= Gmaxr = —|1+—] = —— (1 +0.978
1 L 4.5 ( )

=222.8 kN/m” > g, =170 kN/m” — UNSAFE.
Hence, the length of the base slab needs to be suitably increased on the toe side —
say, by 500 mm.

Let L = 5.0 m. Additional weight due to 500 mm extension of toe slab AW =25 x 0.5 x 0.72 =9.0 kN
=>R=W+AW=506.9+9.0=515.9 kN

Considering moments about the heel: 515.9 Lr = 864.8 + (9.0)(5.0 — 0.25) + 648.0 = Lg =3.0156m

e Revised eccentricity e = Ly — L/2=3.015-5.0/2
=0.515m (< L/6=0.83)

_, Ge_6x0515 _ o
L 5.0
515.9
= Gmin = E[l —6_8) e — {1—0618) =394 kI‘J;"IIl'l2 >0 — 0K
L L 5.0
5159 )
= Qmax = ﬁ(l + Ej — (1 + 0618) =167.0 kN/m~
L L 5.0

<g,= 170 kN/m’ — OK.

5. Stability against sliding
Sliding force = P, = 216.0 kN (per m length of wall)
Resisting force (ignoring passive pressure) F = uR

=0.5x5159=257T9kN=> P,
. (F-S)_c!iding = 0.9F = 0.9x257.9 =1.075<1.4 — UNSAFE.
P, 216.0
* Hence, a shear key needs to be provided to generate the balance force through
passive resistance.

Required P,= 1.4 x 216.0 — 0.9x257.9 = 70.3 kN (per m length of wall)




INTERNATIONAL INSTITUTE OF TECHNOLOGY & MANAGEMENT, MURTHAL, SONEPAT
E-NOTES, SUBJECT: REINFORCED CONCRETE DESIGN-II, SUBJECT CODE: CE-302B
COURSE: B.TECH, BRANCH: CIVIL ENGINEERING, SEM- 6™, CHAPTER NAME: RETAINING WALL
PREPARED BY : MR. SAHIL KAUSHIK, ASSISTANT PROFESSOR, CE
Providing a shear key 400 mm x 300 mm at 2.4 m from toe,

ho=12+0.3+24tan30°=2.89m Pp =3 x 16(2.892 - 1.2%)/2 = 165.9 kN

0.9x(257.9+165.9)

=1.766 > 1.4 —OK
216.0

g {F S}.m'df'ug =

6. Design of toe slab

e The loads considered for the design of the toe slab are as shown in Fig.

e The net pressures, acting upward, are obtained by reducing the uniformly distributed self-weight of the toe slab
from the gross pressures at the base. Self-weight loading = 25 x 0.72 = 18.0 kN/m?

2000 600 2400
18.0 kN/m? L 148.5 kN/m?
r v r ¥ _‘ (a)
[ 39.4 kN/m?
167.0 kN/m? _LI’LU'
101.2
116.0
| )
47.3 kN/m*
\ 109.1 kN/m?
| (b)
I
149.0 kN!mz a8.0 kamz

Fig: Net soil pressures acting on base slab

e The net upward pressure varies from 149.0 kN/m2 to 97.9 kN/m?, as shown above.
e Assuming a clear cover of 75 mm and 16 ¢ bars, d =720 — 75— 8 = 637 mm

e Applying a load factor of 1.5, the design shear force (at d = 637 mm from the front face of the stem) and the
design moment at the face of the stem are given by:

V,~ 1.5 x (149.0 + 97.9)/2 x (2.0 — 0.637) = 252.4 kN/m
M, = 1.5 x [(97.9 x 2.0%/2) + (149.0 — 97.9) x 0.5 x 2.0% x 2/3] = 395.9 kNm/m
V, 2524x10°

bd  10° x637
Fora r_, =0.396 MPa, the required p, = 0.32 with M 25 concrete [refer Eq. 6.1]

e Nominal shear stress 7, =

=0.396 MPa

6
o r= Mo _3959XI0 4 006 vip,
bd”~  10° x637°
_ Pregs _ 25 [1_\/1—4.598x0.975f25}=0.2s4x102
100 2x415

<0.32 x 10? required for shear
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= (Ay)rega = (0.32 x 10°%) x 10° x 637 = 2039 mm*/m

Using 16 @ bars, spacing required = 201 x 10® /2039 = 98.6 mm

Using 20 ¢ bars, spacing required = 314 x 103 /2039 = 154 mm

Provide 20 ¢ bars @ 150 c/c at the bottom of the toe slab.

The bars should extend by at least a distance Lq = 47.0 x 20 = 940 mm beyond the front face of the stem, on both
sides.

Distribution steel: Provide 10 ¢ bars @ 200 c/c for the transverse reinforcement.

7. Design of heel slab

The loads (net pressures) considered for the design of the heel slab are as shown in Fig. above.
The distributed loading acting downward on the heel slab is given by

o overburden @ 16 x (9.0 — 0.5) = 136.0 kN/m?

o heelslab @ 25 x 0.5 = 12.5 kN/m? = w = 148.5 kN/m?
The net pressure acts downwards, varying between 47.3 kN/m2 and 109.1 kN/m2 as shown in Fig.
The counterforts are provided at a clear spacing of 3.0 m throughout the length of the wall. Thus, each heel slab
panel (2.4m x 3.0m) may be considered to be fixed (continuous) at three edges (counterfort locations and junction
with stem) and free at the fourth edge. The moment coefficients given in IS 456 do not cater to this set of
boundary conditions, and reference needs to be made to other handbooks. Alternatively, we may apply the
formulas obtained from yield line theory.
A common simplified design practice is to assume that some tributary (triangular) portion of the net load acting
on the heel slab is transmitted through cantilever action, while much of the load (particularly near the free edge) is
transmitted in the perpendicular direction through continuous beam action. The reinforcements in the remaining
regions are judiciously apportioned. This procedure is followed here.

* Design of heel slab for continuous beam action

Assuming a clear cover of 75 mm and 16 ¢ bars, d =500 — 75 — 8 = 417 mm Consider a 1 m wide strip near the free edge
of the heel. The intensity of pressure at a distance of 1 m from the free edge is 83.4 KN/m? .

Hence, the average loading on the strip may be taken as (83.4 + 109.1)/2 = 96.25 kN/m? . Applying a load factor of 1.5,
Wy = 1.5 x 96.25 = 144.4 KN/m? . The effective span is given by | = 3.0 + 0.417 = 3.417 m.

S00

) 109.1 kN/m®
85.9kN/m 1
473 kN/m® M:ﬂ]]ﬂ]/ 83.4 kN/m? m
A A
v V prz
J’ I—W _
e countero |

W\

stem __| / 0 stem -
7, N

oo | | oo = toe slab -

\45

N\

3

\\‘\\\

. N
\\

500 : counterfort
A _
V A
‘ <—1500—=| V 000
|<—zono—> | <—2400—>J |
500 |Hzggg% | |*.'.;24 00
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(a) cantilever action (b) continuous beam action
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Max. negative moment occurring in the heel slab at the counterfort location is
given by
My e =w /12 = 1444 x 3.417° /12 = 140.5 kNm/m
Max. mid-span moment may be taken as
My e = wul 116 = 0.75 x M, e = 105.4 kKNm/m
Design shear force
Vi =wy x (clear span /2 —d) = 144.4 = (3.0/2 - 0.417) = 156.4 kN/m

Design of top reinforcement (for —ve moments) at the counterforts

o V. 156.4x10°
« Nominal shear stress 7, =— = —= 0.375 MPa
bd 10" x417
Fora r_ =0.375 MPa with M 25 concrete [refer Eq. 6.1], the required p, = 0.28.
6
. R= M, _ 140.5x10 — 0.808 MPa

bd®>  10° x417%

= Prega 25 [1—J1—4.598><G.808f25] =0233x10° < p, = 0.28
100 2x415

required for shear (in the absence of stirrups).

= (A drega = (0.28 = 10 :) x 10" x 417 = 1168 mm’/m (required at 1m from the

free edge)

e Using 16 o bars, spacing required =201 x 103 /1168 = 172 mm
e Using 12 ¢ bars, spacing required = 113 x 103 / 1168 = 96 mm
e  Minimum reinforcement for temperature and shrinkage:
o Min. Ast =.012/100 * 1000 * 500 = 600 mm? /m < 1168 mm2 /m ----- OK.
e Atadistance beyond 1m from the free edge, only minimum reinforcement need be provided:
o Spacing of 12 ¢ bars required for min. reinf. = 113 x 103 / 600 = 188 mm
e Provide 12 ¢ bars @ 180 c/c at the top of the heel slab throughout, and introduce additional 12 ¢ bars in between
two adjacent bars at the counterforts near the free edge over a distance of approx. 1m;
o i.e., Provide 5 additional 12 ¢ bars on top, extending Im from either side of the face of the counterfort.

Design of bottom reinforcement (for +ve moment) at mid-span of heel slab

¢ R=0.75x0.808 = 0.606 MPa
o Pt 25 [1—J1—4.593xn.606;25 =0.173x 107

100 2x415

= (As)rega = (0.173 % 107°) x 10° x 417 = 721 mm’/m > (A,)nin = 600 mm”/m
Spacing of 12 ¢ bars required = 113 x 10° / 721 = 156 mm

Provide 12 ¢ bars @ 150 c/c at the bottom of the heel slab throughout.
Distribution steel:

Provide 10 ¢ bars @ 200 c/c for the transverse reinforcement.

* Design of heel slab for cantilever action

Consider the triangular loading on the heel slab to be carried by cantilever action with fixity at the face of the stem.

e The intensity of load at the face of the stem = 47.3 kN/m?.
e The intensity of load at a distance of 1.5m from the face of the stem is 85.9 kN/m?,
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e Total B.M. due to loading on the triangular portion

—(—x 3.0x1.5}x[4?.3x£+[85.9—47.3)>< = } =74.93 kNm
2 3 2x3

This moment is distributed non-uniformly across the width of 3.0m. For design purposes, the max. moment intensity (in
the middle region) may be taken as two times the average value.

= My =2x(7493/3.0)
=49.95 kNm/m
d=417 - 12 = 405mm

Applying a load factor of 1.5,

pe M, _ 1.5x49.95x10°

bd* 1000 % 405>
— (p! }.l'eglu' _ 25
100 2x415

= (A rega = (0.130 x 107) x 10" x 405 = 527 mm*/m < (4,,);, = 600 mm*/m (for
temperature and shrinkage)

=(0.457 MPa

[1—J1—4.593xn.45?f25] =0.130 x 1072

Provide 12 ¢ bars (@ 180 e/c at the top of the heel slab throughout.

8. Design of vertical stem

The simplified analysis procedure adopted for the heel slab is used here for the vertical stem also. The cantilever action is
limited to the bottom region only (triangular portion) with fixity at the junction of the stem with the base slab. Elsewhere,
the stem is treated as a continuous beam spanning between the counterforts. The bending moments reduce along the height
of the stem, owing to the reduction in the lateral pressures with increasing height.

Height of stem above base h=9.0-0.5=8.5m.

Intensity of earth pressure at the base of the stem is
Pa=C, 7 h=(0.333)(16)(8.5)
= 45.33 kN/m" (linearly varying to zero at the top)
Applying a load factor of 1.5, w, = 1.5 x 45.33 = 68.0 kN/m” at base.
Clear spacing between the counterforts = 3.0 m.

* Design of stem for continuous beam action

At base
Assuming a clear cover of 50 mm and 20 ¢ bars,
d =000 — 50— 10 = 540 mm and effective span, /= 3.0+ 0.54 =354 m

Max. —ve moment occurring in the stem at the counterfort location is given by
My e = w112 =68.0 x 3.54% /12 = 71.0 kNm/m

Max. mid-span moment may be taken as
My e =wul /16 = 0.75 x M,_,. = 53.3 kNm/m

Design shear force
Vy=wy, x (clearspan/2 — d) = 68.0 x (3.0/2 — 0.54) = 65.3 kN/m

Design of {rear face) reinforcement for —ve moments at the counterforts

i1
Sr= M TLOXI0 544 mpa
bd>  10° x540°
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= P _ 25 [I—Jl—4.598><[].244f25]—0.068><10'2
100 2x415

= (Ayr)yega = (0.068 x 107) x 10° x 540 = 369 mm*/m
Min. A, = %(1000]600} =720 mm’/m > 369 mm’/m

Check for shear at base
~ 65.3x10°
10° %540

(Evidently, it is possible to reduce the thickness of the stem, for economy).

=0.121 MPa < r_ = (0.29 MPa (for minimum p, = 0.15) — OK

v

Design of (front face) reinforcement for +ve moments in the mid-span of stem

The minimum reinforcement requirement will govern the design on both faces,
since M, ... <M, ..

Using 12 ¢ bars, spacing required = 113 x 1000/ 720 = 156 mm

Provide 12 ¢ bars (horizontal) @ 150 ¢/c on both faces of the stem (up to one-
third height above base).

At one-third height above base
d =500 - 50 - 6 = 444 mm and effective span [ = 3.444m
M, . = w7112 = (68.0 x 2/3) x (3.444)" /12 = 44.81 kNm/m

M . o
e M. 44.81x10

bd*  10° x444>

o P B |\ 45080227725 | - 0.064 x 10°

=0.227 MPa

100 2x415
= (As)rega = (0.064 x 107%) x 107 x 444 = 282 mm*/m
Min. A, = %(1 GHGISHD} = 600 mm’/m > 282 mm’/m

Using 12 ¢ bars, spacing required = 113 x 1000/ 600 = 188 mm

Provide 12 ¢ bars (horizontal) @ 180 c¢/c on both faces of the stem (in the
middle one-third height).

At two-thirds height above base

Min. A, = %(1 000)400) = 480 mm’/m

Using 10 ¢ bars, spacing required = 78.5 x 1000/ 480 = 163 mm

Using 12 ¢ bars, spacing required = 113 x 1000/ 480 = 235 mm

Provide 12 ¢ bars (horizontal) @ 230 ¢/c on both faces of the stem (in the upper
one-third height).

9. Design of interior counterfort

The typical interior counterfort acts as a T beam of varying section cantilevering out of the base slab. The design should
include:

e provision for beam action
e provision of horizontal ties against separation from stem
e provision of vertical ties against separation of base
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Design of counterfort for T-beam action

The thickness of counterforts = 500 mm
Clear spacing of counterforts =3.0 m
Thus, each counterfort receives earth pressure from a width of I=3.0+0.5=3.5m

At base

The intensity of earth pressure at the base of the stem is
Pa=Ca 3 h=(0.333)(16)(8.5) = 45.33 kN/m"
Applying a load factor of 1.5,

M, =15 x (%x 45.33 8.5}1:3.5 « % ~ 2866 kKNm

V.=135x Gx 4533 % 3.5}3.5 =1012 kN

From Fig. 14.37,
tan O = 2700/8500 = 6 = 17.6"
and Dy, = 2400 x cosB = 2287 mm

Assuming a clear cover of 50 mm and 25 ¢ bars,
d=2287-50-12.5=2224 mm

o LEffective flange width (C1 23.1.2 Code):
by =ly/6+b,, +6D [Eq.4.30]
= B500/6+ 500+ (6= 600) = 35517 mm,
by = b, + clear span of slab

=500 + 3000 = 3500 mm
Thus, b = 3500 mm (least of the above two values)

Approximate requirement of tension steel is given by assuming a lever arm = to
be the larger of 0.9¢ = 2001mm and d — D;/2 = 1924mm, i.e., 2001 mm:

M ' 6
(Astdreqa = — = 2866x10 = 3967 mm’
0.87/,z  0.87(415)(2001)
3967

No. of 25 ¢ bars required = = § bars (provide in two layers, with 25 ¢

spacer bars)
= d =2287-50-25-12.5=2199 mm
Assuming the neutral axis to be located at x,, = Dy,
M = 0.362x25x3500x600 x (2199 — 0.416x600) = 37048 % 10° Nmm
> M, =2866 x 10° Nmm
This clearly indicates that the neutral axis lies within the flange.

]
r= M 2866x10° 169 MPa

bd®  3500%21992
— (p!}reqd — 25
100 2x415

= (A )rega = (0.047 x 107%) % 3500 x 2199 = 3639 mm’/m (which is close to the
approximate value of 3967 mm” calculated)

[1 —1-4.598x0.1 59125] =0.047 x 1072
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A, 0.85
Minimum reinforcement in a beam is given by ﬁ - f_

= A, = 0.85 x 500 x 2199 / 415 = 2252 mm” < 3639 mm"

Provide 8 nos 25 ¢ bars in two layers, four bars in each layer with a 25 mm
separation.

Above one-third height from the base

The intensity of earth pressure at i (= 8.5 x 2/ 3) = 5.67m from top is
Pa=C, % h=4533 x2/3=3022kN/m*

Applying a load factor of 1.5,

5.67

M, =15 x zen.zzxs.ﬁ?]xs.sx ~ 850 kNm

Vu=135x [éx?.!lﬂ xS.ﬁTJxlS =450 kN

Dy_s55:=2287 % 2/3 = 1525 mm
Assuming a clear cover of 50 mm and 25 ¢ bars,

d=1525-50-12.5= 1462 mm

Approximate requirement of tension steel is given by assuming a lever arm = to
be the larger of 0.94 = 1316mm and d — Dy/2 = 1212 mm, i.e., 1316 mm:

M,  850x10°

(akeas = 557 f,z 0.87(415)1316)

1789
No. of 25 ¢ bars required = T = 4 bars

89 mm”

= d = 1462 mm

Assuming the neutral axis to be located at x,, = Dy,
Mz = 0.362x25%3500x500 x (1462 — 0.416x500) = 19860 x 10° Nmm

> M, =850 x 10° Nmm
This clearly indicates that the neutral axis lies within the flange.

pe M _ 850x10°
bd>  3500x14627
- {P:}.l'eq'rf _ 25

100 2x415
= (A )pega = (0.032 x 107%) % 3500 x 1462 = 1638 mm”/m (which is close to the
approximate value of 1789 mm’ calculated)

=0.114 MPa

1-T2598x0.114/25 = 0.032 x 10°

A, 0.85
Minimum reinforcement in a beam is given by ﬁ - f_

= A, = 0.85 x 500 x 1462 /415 = 1497 mm” < 1638 mm’

Curtail 4 nos 25 ¢ bars and extend 4 nos 25 ¢ bars (rear face).

In order to satisfy the minimum reinforcement criteria, 4 nos 25 ¢ bars may be extended to the top of the
counterfort, without any further curtailment.

Detailed Figure on next Page:
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Fig: Reinforcement details of stem, toe slab and heel slab
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Fig: Section through counterfort showing counterfort reinforcement
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WATER TANKS

Introduction

Tank (or reservoir) is a liquid storage structure that can be below or above the ground level. The liquid to be stored may
be water, liquid petroleum, petroleum products or similar liquids. Though the tanks can be made of Reinforced Concrete
(RC), steel or synthetic materials but in this unit only RC tanks have been covered. The tanks are often classified based on
the following features:

o Shape: Circular (flexible or rigid base), Rectangular, Intze, Conical or Funnel etc.
e Location with respect to ground: Underground, Resting on ground, Partially underground and Overhead.
e Capacity: Large, Medium and Small.

The shape has a very important role to play because the structural behaviour of different components of the tank depends
upon it. Flexure being predominant in rectangular tanks, its section are heavier in comparison to other shapes. But based
on the economic considerations due to its simple form, rectangular tanks are sometimes prefered especially for small
capacity.

Reservoir below ground level are normally built to store large quantities of water, whereas, the overhead type are built for
direct distribution by gravity flow and are usually of smaller capacity. The capacity requirement of a tank helps in
deciding what type of tank will be suitable.

General Design Consideration

Besides strength, water tightness is one of the main considerations in the design of RC water tanks. It has to be ensured in
their design that the concrete does not crack on the water face. Minimum grade of concrete used in water tanks is M 20.
Imperviousness of concrete can be ensured by implementing the following recommendations:

e Concrete mix containing well graded aggregate with water cement ratio less than 0.5 be used.
e Concrete should be richer in cement and very well compacted.
o Defects such as segregation and honey combing which are the potential source of leakage be avoided.

The crack of concrete can be controlled by adopting the following measures:

e The cracking due to shrinkage and temperature variation can be minirnised by keeping the concrete moist and
filling the tank as soon as possible.

e Avoid the use of thick timber shuttering that prevents the easy escape of the heat of hydration from the concrete
mass.

e Cracking is controlled by increasing the requirement of minimum reinforcement as given in Table below.

Table 22.1 : Minimum Reinforcement

51 No. Nature Percentage l +
{ Mild Steel HYSD
1. : Dummy conerete with na tension 0.15 [ 012
2, Concrete member with -
Thickness < 100 mm 030 024
Thickness = 450 mm 020 0.16
100 mm= Thickness T“.]UU . rutlm
(=t mm, say) =450 mm 0.3 -(— 350—]x 0.1 o.m—[ﬁb—]xu.m
My
{Linear interpolation) | {Linear interpolation)
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e Use of deformed bars or ribbed steel improves the level of cracking strains in concrete by even distribution and
slip minimization.
e The cracking of concrete is also kept within allowable limits by reducing the allowable stresses in steel as given in

Table below:
Table 22.2 : Allowable Stresses in Reinforcerment
S1No. Mature of Stress Allowable Stress (MPa)
PMain Mild Stecl* l - HYSD
| 1. Tensian in steel placed 100 l 150
within 225 mm from
water face |
2, Tension in steel placed 120 190
beyond 225 mm from i .
waler face E | .
[ 3. Compression _ﬁ 120 j 190
* Bor deformed bars, increase by Hi%.
To keep the concrete free from cracks, the tensile stress in concrete due to
direct tension be limited to 0.27 ‘i?; MPa and due to bending tension to
0.37 Vf.x MPa, where f- is the characteristic compressive strength of 150 mm
cube of concrete in MPa. Design criteria for bending and direct tension are
given below.
Design Criteria for Bending
Effective depth required, d = 'h.’f%
. M .
Area of flexural steel required, A, = ﬁ (to be provided at flexural
st
Area of steel required, A; = ﬂl (to be equally distributed in the cross-section)
&0
Thickness of member can be calculated from : where, M = Bending Moment (BM)
T F= Lo ni
————— = b B
Avm-Da, =% 2 7
= Neutral axis (N. A.} depth coefficient
Oy = Permissible direct tensile stress for concrete, " i 1 s )
T = Direct tension, = ___G:;;_
1+ -y
Ocpe= Permissible bending compressive stress for concrete, che
Oy = Permissible bending tensile stress for steel, A, = Area of concrete
m = Modular ratio = b,
_2R0 b = Width of the section, and

3 Oene’ Thickness of the section.

j = Lever arm coefficient

n
i I-3.
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e The concrete cover to the reinforcement is kept more for controlling the cracking. The minimum recommended
cover is :

Clear cover = 20 rnm or diameter of bar for steel in direct tension
= 25 mrn for steel in bending tension
= 30 mm for alternate drying and wetting condition

Joints in Water Tanks
The various types of joints that are provided in water tanks can be categorized under three heads :

1. Movement Joints
2. Construction Joints
3. Temporary Open Joints

Movements Joints

These are provided for accommodating relative movement of the two sides. All movement joints are essentially flexible
joints and require the incorporation of special materials in order to maintain water tightness. The movement joints are of
three types :

e Contraction Joint
e Expansion Joint
e Sliding Joint

JOINT SEALING

COMPAOUND

STERIP PAINTING

. 0 [ L

-
’

DISCONTINUITY IN /
CONCRETE BUT NO
INITIAL GAP

Constraction joint

L .4 /.
—r /
/

A2

——

CONTINUITY OF STEEL

/
PREPARED SLIDING SURFACE OR RUBBER
PAD

Expansion joint

STRIP PAINTING

JLZJNT SEALING COMPOUND

T RSN |
oy °-(‘?>
PR./EPAR.ED SLIDING SURFACE OR RUBBER

PAD

Sliding joint
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Design of tanks resting on ground

The water tanks resting on ground may be of the following types :

i.  Circular Tank with Flexible Base
ii.  Circular Tank with Rigid Base
iii.  Rectangular Tank

If the floor slab is resting continuously on the ground, a minimum thickness of 150 mm may be provided with a nominal
reinforcement of 0.24% HYSD steel bars (0.3% for MS bars) in each direction. The slab should rest on a 75 mm thick
layer of lean concrete (M 10 mix). The layer of lean concrete.should be first cured and then it should be covered with a
layer of tarfelt to enable the floor slab to act independent of the bottom layer of concrete.

The design of tank walls of various types has been discussed in the following sections :
i.  Circular Tank with Flexible Base

Due to water pressure, the wall of a circular tank with flexible base between wall and base slab expand circurnferentially
which increases linearly from zero at top to a maximum at the base as shown in Figure 22.4 by dotted line AB . The
circumferential expansion causes only hoop tension in the wall which will also increase linearly from top to the base of
the wall. If D is the internal diameter of the tank, hoop tension at

depth k will bey h D , here vy is the unit weight of water.

This will be zero at the top of the wall where h is zero and maximum at the base of the wall.

A

_,_injtg?l‘ﬁmiﬁﬂn

1
!
i)
|
]
i
L Deformed

' poesition
i of wall
! =
J'f T
;: Base slah
[ E—
B’ B

Fig. Circular Tank with Flexible base
ii.  Circular Tank with Rigid Base

When the joint between the wall and face is rigid, there will not be any circumferential movement of the wall at its base
and the wall will take the shape ACB (Figure below). The upper portion of the wall will have hoop tension while the
lower part will bend like a cantilever fixed at B. In this case hoop tension will not be maximum at the base as in circular
tank with flexible base. There are various methods for the determination of cantilever BM and hoop tension along the
height of the wall. These methods are :

e Reissner's Method

e Carpenter's Simplified Method
e BIS Code Method

e Approximate Method
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(a) Reissner's Method

According to this method the behaviour of circular tank with rigid base
depends upon a parameter k defined by

48H*
D?
where, H = Height of wall,
D = Inside diameter of tank, and
= Thickness of wall of the tank.

Reissner developed tables from which cantilever BM at the base of the wall
(Table 22.4), maximum hoop tension and its location (Table 22.5) are given in
terms of the parameter k. The values are given for rectangular as well as
triangular wall. Thus for a tepered wall of trapezoidal section a combination
of the two may be considered. The maximum positive cantilever BM may be
taken approximately 30% of the restraint BM i.e., cantilever BM at the base.

k =

Table 22.4 : Reissner’s Value of Restraint Moment

— _ .
‘ K Rectangular Wall Section | Triangular Wall Section
I
Max. Tension Height from | Max. Tension Height from
Base Base
0 - ‘ ~ I -
Y D 10H ' py | 0.65 H
0.13P —l 0.09 P{——] ’
2 2
100 021 P g] 1L.0H 031 P[g] 0.58 H
2 2
T
1000 04T P {12_)] 047H 0.52 Pﬁ] 0.44 H
— —
10000 067 p[2 031 H 070 p[2 030H |
2 2
oo D 0 D 0
0r(?) | 0¢(2)
Table 22.5 : Reissner’s Value of Hoop Tension
| K Rectangular Wall Section |  Triangular Wall Section
L 0 0.167 pH> 0.167 pH*
H
10 0.110 pH? 0.140 pH*
100 0.0582 pH?® 0.0707 pH*
f |
1000 0.024 pH* 0.026 pH* |
| 10000 0.0085 pH® 0.009 pH*
L - 0 0 |
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(b) Carpenter's Simplified Method

Carpenter simplified the Reissner’s method and gave the following
expressions for the calculation of matimum cantilever BM, maximum hoop
tension and its position :

Maximum cantilever BM, M=Fy H

Position of maximum Hoop Tension = k H above base
The values of the coefficients F and K depend upon H/D and H/t ratios, and

may be taken from Table 22.6.
Table 22.6 : Carpenter’s Value of Coefficients F and K

T —
Factor ‘l F K
B ) ]
H 10 | 20 30 40 { 10 20 30 4{]—'
[

= —
r
I

| -
02 | 0046 | 0.028 | 0,022 |D.u15) — | 050 | 045 | 040 |

| 0.3 1&032 0.019 | 0.014 U.Dlﬂ] 0.55 0.43 0.38 0.33

| T
04 | 0024 | 0014 | 0010 | 0.007 { 050 | 039 0.35 0.30 |

0.5 0.020 0012 | 0.009 0.006 | 045 0.37 0.32 0.27 |

-

Values of H/D

1.0 0.012 | 0.006 | 0.005 ] 0.003 | 037 030 | 024 0.21
2.0 0.006 = 0.003 [U.ﬂﬂl 0.002 | 028 0.22 | 0.19 0.16

4.0 0.004 | 0.002 | 0.002 | 0.001 | 0.27 0.20 ]_ 0.17 Jl_ﬂ.ld

-

(¢) BIS Code Method

Bureau of Indian Standard Code 1S 3370 (Part 1V) -1967 gives tables for BM
and hoop tension in circular tanks for various condition of joints and various
types of loading. However, in this section only the case of circular tank with
rigid base subjected to triangular water pressure will be discussed. Table 22.7

gives the coefficients for hoop tension at various height in the wall for various
2

values of % ratio. The hoop tension is calculated from the expression :

Hoop tension, T = (coeff.) yH g
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(d) Approximate Method

In Figure 22.7, triangle ABC shows hydrostatic water pressure on wall AB. In
the approximate method, it is assumed that cantilever action will be in a
height h above base i.e.. height BD. The assumed distribution of load causing

cantilever bending and hoop action is shown in Figure 22.7, thus showing that
the hoop tension will be maximum at the height h above base i.e., at point D.
The value of height 4 is calculated approximately as follows :

H . . H*

h = Eor 1 m (whichever is more)for 6 < D1 < 12
2

= %nr I m (whichever is more)for 12 < g—r < 30

The cantilever BM and hoop tension can now be easily calculated at any
height from the load distribution diagram, Their maximum values will be :
W2
Maximum cantilever BM, M =y H 6

Maximum hoop tensionatD, T =y (H-h) -‘g

The reinforcement for cantilever BM will have to be provided on water face, whereas, hoop reinforcement will
be in the form of rings to be provided either in the middle of the thickness of wall or on both faces.

iii.  Rectangular Tank

For small capacity sometimes a rectangular tank is adopted to avoid exessive expenditure on curved shuttering
required for circular water tanks. These tanks, however, are uneconomical for large capacity. The walls of a
rectangular water tank are subjected to vertical as well as horizontal BM and pull on some portion of walls. The
top edge of the walls which supports a relatively light roof slab can be treated as hinged or free, if the tank is
open. The bottom edge of the walls which is normally built integrally with the base slab is treated as fixed.
There are situations where master pads, etc. are provided between the wall and the bottom slab, then the joint is
treated as hinged.

The analysis of moments in walls of the tank is more difficult as the water pressure applies a triangular load on
them. The magnitude of moments will depend upon the relative proportions of length, width and height of the
tank and the support conditions of the top and bottom edges of the walls. The analysis of moments in the walls
of a tank is made by elastic theory. The resulting differential equation is not easy to solve and therefore accurate
solutions covering all cases are not available. IS 3370 (Part IV) gives tables from which moments and shears in
walls for certain edge conditions can be calculated either directly or with suitable modifications. Alternatively,
an approximate method can be employed for the design of open rectangular tanks. The method is discussed
below.
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Approximate Method

Consider an open rectangular tank of dimension L (Length) x B (Breadth)
x H (Height). For designing by approximate method, the tank can be divided
into two categories :

(a) L/B <2
(by L/B > 2

(@) L/B <=2:In Figure 22.9(a), triangle MPQ shows hydrostatic water pressure on wall MP. It is assumed
that the cantilever action will be in a height h above base. The assumed distribution of load causing
vertical cantilever bending and horizontal bending is shown in Figure 22.9(a), which shows that the
horizoiltal bending will be maximum at the height h above base. The value of height h is taken as H //44
or 1 m whichever is greater. The final horizontal BM is calculated by the analysis of the continuous
frame shown in Figure 22.9(b). The moment distribution method can be employed for the purpose. The
cantilever BM at the base can be easily calculated as below :

2
Vertical cantilever BM at the base = y H %

In addition to the BM, the walls are also subjected to direct tension whose values
at height h above base are as follows :

. .. B
Direct tension in long walls = p 5
. .. L
Direct tension in short walls= p 2
where, p = hydrostatic pressure at height h above base

]

Y (H-h)

(b) L /B >2: The long walls are assumed to bend vertically as cantilever under the action of triangular
hydrostatic pressure. In short walls, cantilever action is assumed in a height h above base. The
distribution of load causing cantilever action and horizontal bending is same as for L /B 1 2. The
bending moments can thus be calculated easily as given below :

' 3

Maximum cantilever BM in long wall = Tﬁi
Y H K
Maximum cantilever BM in short wall= i

Maximum horizontal BM at a height h above base in short wall

= Ezﬁ at ends as well as mid
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In addition to the bending moments, the long and short walls are subjected to direct tension. Since the short
walls are assumed to be supported on long walls at its ends, there will be pull in the long walls which will be
maximum at height h above base and can be calculated as below :

. B
Maximum tension in long wall = P_Z_- where,p = ¥y (H-h)

As the long walls behave as cantilever, therefore, no pull is transmitted to short wall because of water pressure
on long walls. However, the water pressure on the end 1 m width of long wall is assumed to cause direct tension
in short wall because cantilever action will not be there close to the ends. Thus,

F

Maximum direct tension in short wall at height & above base = 'I)T

where, L’ = 2m
Design of section subjected to the combined effects of bending and pull is
described in the following :

Let M’ be the horizontal BM and T be the pull in it. The pull in the wall is
transmitted through steel bars thus introducing BM in wall which will thereby
reduce the BM. The reduced BM will be

M=M" -Tx
where, x = distance of steel from central axis= d — /2,
d = effective depth of section,
t = thinckess of wall.
Area of steel is caleulated separately for net BM and for the pull by the

following expressions :
/!
Area of steel fornet BM, A, = u
Oujd
T
Area of steel for net pull, A;» = =
5t

Total steel, Ay = A + Ap
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NUMERICALS

Desgin an open circular water tank resting on firm ground with flexible base for
350 kI capacity.

Solution
(1) Proportioning of the Tank
Assuming the height of wall (inside) as 4.0 m.
Keeping 200 mm free board, effective depth of water, H =4.0-0.2=3.8 m
Let D be the inside diameter of the tank in meter.

or, % D* x 3.8 = 350

or, D = 10.83m
Providing 11.0 m diameter (r = 5.5 m).

(2) Allowable Stresses
M 20 grade concrete and Fe 415 grade steel (HYSD) will be used.

Permissible direct tensile stress of concrete, 6., = 1.2 MPa

Permissible tensile stress of steel,
0y = 150 MPa upto 225 mm from water face

= 190 MPa beyond 225 mm from water face

(3) Design of Wall
Height of wall, h=4.0 m
Hoop tension at the base of the wall, Ty = yrh = 10x5.5x4.0=220kN
Hoop tension at 3.0 m from top, Ty =10 x 5.5 x 3.0 = 165kN

Total hoop tension in the bottom 1 m depth, T = % (Ty + T7) = 192.5kN

Area of steel required in the bottom 1 m depth
T 1925 x 10°

= — = —] 2
Ag oo 150 1284 mm

Provide 7 ¢ 16, A, (provided) = 7 x 201 = 1407 mm?

) ) T
Tensile stress in concrete = <0
A, + (m—1) A, ot
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1925 x 10°

= 2
A. + (13-1) x 1407 = 12 on Ac= 143533 mm

or,

A
Thickness required, tr = —— = 143.5 mm

1000
Provide the thickness of wall as 160 mm at the base and tapered to 100 mm at
the top.
Average thickness between 3.0 and 4.0 m depth = 100 + M % 3.5

= 1525 mm > 143.5 mm
The hoop reinforcement in vertical wall is given in Table 22.3.

Table 22.3 : Hoop Reinforcement in Vertical Wall

Distance from Top Hoop Tension Reinforcement ]
= Rl Required {mm"] Number of ¢ 12 Bars
0.0to 1.0. 275 183 . 4_
| 1.0to 2.0 82.5 550 5
20w 3.0 - 137.5 917 | 9
310t4.0 192.5 1284 | 12

Average thickness of wall = 130 mm
Minimum percentage of steel for 130 mm thickness

= 024 - ﬁl—mﬁ_n—l—m}l % 0.08

= 0.233
Minimum steel reinforcement = 0.233/100 * 1000 * 130

Provide ¢10 @ 250 mm c/c vertical steel.

As the thickness of wall is less than 225 mm, therefore, reinforcement has
been provided in the middle of the thickness of wall.

(4) Design of Base Slab
As the slab is resting on the ground, provide a nominal thickness of 150mm.

‘Minimum steel, A; = % % 1000 x 150 = 360 mm? m in each direction

Provide half steel on each face.
Provide ¢ 8 @ 250 mm c/c in both directions and at top and bottom.
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Free board = 200mm

Diameter =1.0m

@10 @250

Izg12'| 9 P12 Ts ¢ uT L$12

1000 | 1000 ; 1000 ; 1000

% j A
gr‘rrr-’}; Prie 4.55-

v
. 8 (w 250
Copper waterstop ﬁ @

Figure 22.5 : Reinforcement in Tank Wall and Base Slab
{All dimensions are in mm)

Q. Redesign the tank of above example, assuming that the base of the wall is monolithic
with the base slab.

Solution
(1) Dimensions of the Tank

Diameter, D=11.0m (r =5.5m)
Height, H =4.0 m
Providing thickness of wall, 1 =150 mm

A

— S
Lood
causing l
hoop action
(H=h)
H
D E )
h
| B e

C
rH I\-l Load causin
cenhilever B

Assumed Load Distribution in Circular Tank with Rigid Base
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(2) Allowable Stresses and Design Constants
Grade of concrete =M 20
Grade of steel = Fe 415 (HYSD)

Permissible direct tensile stress of concrete, o, = 1.2 MPa
Permissible bending compressive stress of concrete, Ogpe = 7.0 MPa

Modular ratio, m = 280 _ =13

3 Ocbe
Permissible tensile stress of steel,
Og = 150 MPa upto 225 mm from water face
= 190 MPa beyond 225 mm from water face

N. A. depth coefficient, n = ————— = — - = 0,378
. O 150

—— I+ 13x7

Lever arm coefficient,j = 1 — n/3 = 0.874

k = %Ucbcnj = 1+155

(3) Design of Wall for Cantilever Action
Employing approximate method of analysis.

H  40*
Dt 110 x 0.15

Cantilever action will be upto h, where, h = H/3 or 1 m whichever is
greater.

=97

h=-=1333m

WIh

Maximum cantilever BM,

= %?th = % x 10 x 4.0 x 1.333% = 11.85 kN m/m
T
Effective thickness of wall required = \‘ _ ll }5355 X l{m =~ 102 mm

Effective thickness allowable,d = 150 — 35 = 115mm > 102mm (O.K))

Area of vertical steel required,

o om_ 1185 x 10° .
As = 5.jd ~ 150 x 0874 x 115 _ /o0 mm"/m
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Provide ¢12 @ 140 mm c/c (A; = 807 mmz} upto 1.4 m from base and above
this height curtail half of the bars. So, steel in the top 2.6 m depth will be
¢ 12 @ 280 mmc/c (A, = 404 mmz}. These vertical bars are to be provided
at inner face.

Minimum percentage of steel for 150 mm thickness
150 - 100

=024 - ~ 380 x 0.08 = 0.23
.. 0.23 2 2
Minimum steel = 100 x 1000 x 150 = 345 mm” < 404 mm* (O. K.)

(4) Design of Wall for Hoop Tension
Maximum hoop tension,
Ty=yr(H-h)=10x55x(4.0-1.333) = 146.7 kN at 1.333 m from base

Hoop Tension at 2.0 m fortop, T, = 10 X 5.5 x 2.0 = 110.0kN
Total hoop tension between 2.0 m from top to 2.667 m from top,
T = % (T + Tg}

= 1284 kN

T _ 1284x10°
oy 150
(provide 12 ¢ 10, A, = 942 mm?)

Area of hoop steel, A; = = 856 mm’

The hoop steel in vertical wall is given in Table 22.10.

Table 22.10 : Hoop Steel in Vertical Wall

Distance from top Hoop Tension Reinforcement
(m) T (kN) T -
Required (mmz2) Number of ¢ 10
bars
00w 1.0 27.5 183 | 3 on each face (min)
1.0t0 2.0 825 ) 550 4 on each face (min)
[
2027 128.4 | 856 6 on each face (min)
I
[ 27w04.0 —_ 404 (min) 3 on ecach face (min)
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Tensile stress in concrete
~ T ~ 1284 x 10°
T A+ (m-1)A; 667150+ (13-1)x942

=1.15 MPa< 1.2 MPa (0.K.)

Provide 150 x 150 mm haunches at the junction of wall with the base slab and
provide ¢ 8 @ 220 mm c/c in it as shown in Figure 22.8,

g {Free beord =200mm

$1Z2 @280
EF = Each face
‘ %
Haunch {150 x 150 )
§ 860 250

¢EE %0

(5) Design of Base Slab: Same as previous example.
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Q.2 RECTANGULAR WATER TANK DESIGN

Design a rectangular RC water tank (resting on the ground) with an open top
for a capacity of 80 000 litres. The inside dimension of the tank may be taken
as 6 m x 4 m. Design the side walls of the tank using M 20 grade concrete and
Fe 250 grade I mild steel. Draw the following views:

» Cross-sectional elevation of the tank showing reinforcement details in tank
walls.

« Plan of the tank showing reinforcement details.

1. Data
Capacity of tank = 80 000 litres
Size of tank = 6mx4mm
Free board = 150 mm
Materials: M 20 grade concrete
Fe 250 grade I mild steel
ey = 7 Nfmm?
oy = 115 N/mm? (on faces near water face)
gy = 125 N/mm? (on faces away from water face)
m =13,0=141,j=0.84

2. Dimension of tank

Referring to Fig. 5.4,

: 80 000 x 107
Height of water = (m) =335m
Free board = 150 mm
Heightof sidewalls H = (3.35+4+0.15) =3.5m
(L/B) =(6/4)=15<2

25m l
l H=35m

X X

a:m—i ""“’Hl'{'

Fig. 54 Rectangular water tank

It is assumed that the walls function as a continuous slab subjected to water

pressure above (H/4) or 1 m from the bottom, and as a cantilever for the bottom
1m.
Therefore intensity of pressurep  =w(H — &) at XX

= (10 x 2.5) = 25 kN/m?
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Alternatively, the design Tables of 1S:3370 (Part-1V)-1967, clause 2.2 can be used for computation of moments

in tank walls.

3. Moments in side walls

The moments in side walls are determined by moment distribution

L=6m B=4m
(2)- (252) -
(F—;‘i) - (25:62) = 112.5 kNm
() (255)-son

pB*\ _ (25 x 4%\ _
(22) - (222 - sorm

The moment distribution together with the BM diagram is shown in Fig. 5.5

Direct tension in shot wallT ={0.5x25x6)="T75kN

Referring to Fig. 5.6,

M-T T
Ay (long wall comers) = 'r) + ( _.)

O oid Tt
04 0.4
6m
0.6 0.6
+34|-75 +75 | =3
+251+ 16 -16|-25
+ 59 |- 59 kNm + 59| =-59

(a) Moment distribution

{b) BM diagram

Fig. 5.5 Moments in tank walls
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_ (59 % 10%) — (50 x 10° xgﬁ}] N [Sﬂx 10°
- 100 x 0.84 x 215 100

= 3480 mm?

Therefore 4,

1000 = 314

3480 )=90mmcfc

Spacing of 20 mm diameter bars = (

Adopt 20 mm diameter bars at 80 mm c/c (A, = 3928 mm?)

- 215 - /\
-ﬂ-——'rzm—ﬁ-i T Tj M

|
|
|
V- /

T = pull in steel
Net moment = (M - T x)

—--0--0-0—

Fig. 5.6 Moment and direct lension in tank walls

Reinforcement at centre of span (long walls)

© [{53 x 10%) — (50 x 10° x 90)
- 125 x 0.84 x 215

+[5u:< 10°

=7 2
135 ] 2500 mm

Half the bars from the inner face at support are bent towards the outer face at
the centre, providing an area of (0.5 x 3928) = 1964 mm?, For the remaining
area of (2500 — 1964) = 536 mm?, provide 16 mm diameter bars at 150 mm
c/c. For short walls, bend 50% of the bars towards the outer face at the centre.

5. Reinforcement for cantilever moment
(For 1 m height from the bottom)
Cantilever moment = (3.5 x 10 x 1/2 x 1/3) = 5.833 kNm

5.833 x 108
100 x 0.84 x 215

Therefore Ay = ( ) = 323 mm?
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0.3 x 1000 x 250
Minimum reinforcement =0.3% = ( X X )
100
= 750 mm?
Reinforcement on each face = (0.5 x 750) = 375 mm?
. 1000 x 50
Spacing of 8 mm diameter bars = (T:;) = 130 mm cfc

Adopt 8 mm diameter bars at 130 mm c/c on both faces.

6. Base slab

The base slab rests on the ground. Provide 200 mm base slab with 10 mm

diameter bars at 300 mm c/c, both ways on each face.
The reinforcement details in the rectangular tank are shown in Fig. 5.7.

—-{25{]:—- 6m

—1 250 |~
Section XX
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M 20 grade concreie
Fe 250 grade | steel
¢ 20 @ 160
/$16@150 i
= lf L L W L J
250
S N S— — _
\—¢2u@|ﬁu !
$20@ B0
>-—¢:u@1m ! ¥
-4:11 l
6m
150 = 150 fillets ¢ 20 @ 300
N "
v v —T—v—— —
o4 F & >\ 250

= T

Vertical steel ¢ 8 @ 130
All round, both faces

Fig. 5.7 Reinforcement details in rectangular tank

Numerical 3:

Design the sidewalls of a rectangular reinforced concrete water tank of
dimensions 6 m by 2 m and having a maximum depth of 2.5 m, using M-20
grade concrete al}d Fe-415 HYSD bars.

a) Data

Size of tank =6 m by 2 m
\ . Length=L=6 mand breadth=B =2m
Depthof tank=H=25m
Materials: M-20 grade concrete and Fe-415 HYSD bars

b) Permissible Stresses

G = 7 N/mm? Q=120
o, = 150 N/mm? j=086
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¢) Design of Long walls

L=6m and B=2m
(Ratio (L/B)=(6/2) =3 > 2
Long walls are designed as vertical cantilevers and short wall as a slab

spanning horizontally between long walls.
Maximum bending moment at base of long wzll is computed as,

o ] i
M, = [%’_] e [1@’?_5} 26.040N.m

s M _4[26 _xll[]""}'__a
*Noo =N 120x10 15 3mm

Adopt effective depth = d = 150 mun and overall ds:th = D = 180 mm

_[26.04x10°
"L L20x 10
Provide 16 mm diameter bars at 150 mm centres (A, = 1341 mm?) at the
bottom of the tank. Spacing increased to 170 mm for the top 1 m portion of
the tank.
Intensity of pressure 1 m above the base is computed as
P=w(H-h)=10(25 - 1) = 15 kN/m?
Direct tension in lang walls = 7} = [(15 x 2)/2] = 15 kN

J = 1340 mm?

B 15x10°} '
o A = = 2
" [ 150 ] 100 mm
Minimum area of steel = 0.3% = (0.003 x 180 X H}Uﬂj = 540 mm?

, 1000 x 79
) fhats = ———— | =
pacing of bars [ 540 J 146 mm

Since steel is distributed on both faces, provide 10 mm diameter bars at
280 mm centres on both faces in the horizontal direction.
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d) Design of Short walls

1
Intensity of pressure =p =135 kN/m . )
Effective span of harizontally spanning slab=(2+0.18) =2.18 m

2 2
: pL?| _[15x2.18%) _
Bending moment (comer section) =[—-12 ) = [-———12 5.04 kN.m

Tension transferred per metre height of short wall = (15 x 1) = 15 kN

ez ]
Au =|"6.jd )" Low

3
[(5.94 x 109 — (15 x 107) (150 - .90)] +[ 15x10 ] = 360 mm’
(150 % 0.86 % 150) 150

Minimum mmfurcemt:nt = 0.3 percent = (0.003 x 180 x 1000) = 540 mm’
Hence, provide 10 mm diameter "bars at 280 mm centres on both faces in
the horizontal direction with an effective cover of 30 mm

i

A—ﬂ

_e) Design for Cantilever effect of short wail

Maximum bending moment at bottom of wall is computed as, -
M=(05%x10x25%x1X 0,333)=42 kN.lEl_

Effective depth using 10 mm diameter bars = (180 — 40) = 140 mm

_ 42%10°
=71 150% 0.86 % 140

Minimum reinforcement = 0.3% = (0.003 x 180 x 1000) = 540 mm?
Provide 10 mm dlamemr bars at 280 mm centres in the vertical direct

on both faces.
The details of reinforcements in the tank walls are s}mwn in Fig. 15.12.

] =232 mm’
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Al 6000 - A8

i '|'I.¢‘.

al b7~#1ﬂ-230 (horizontal) .

d 4

3500 || H_#16-150 (vertical) {1
t’f.f/* I

4 ;__,,.-'“-#13"2-50 1
- ‘\(:% . ' : —‘f//
1 12 iy 1 G e S PN Y M4 Z
.+ : —
| #10~300
Sectional Elevation
™ 139 -‘ - - ¥ - ¥ - T N : '. ¥ X ' - Y - T ‘-
= 1 I
[ 4]—#16-150 (vertical) g
2000 |} J| ~#10-260 (horizontal} |
Teo (e o s
i " . - . 1
4180 6000 —{%}

“Section ot XX |
F:g 55.12 Réinfﬁrcement Details in Rectangular Tank
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