Preface

The extensive use of reinforced concrete for a variety of structural members
has necessitated a proper understanding of the design in structural concrete
members by the structural engineers. The wide spread use of reinforced con-
crete is the natural outcome of the rapid development in the theory and
design procedures with the introduction of the philosophy of limit state
design.

The book presents the design of a variety of reinforced concrete structures
like Continuous beams, Portal frames, Silos, Bunkers, Chimneys, Shells
Overhead Water tanks, Virendeel girders, Trusses, Deep beams, Box culverts,
Folded plates, Hyperbolic cooling towers, Curved girders, Poles, Pipes and
Bridge deek systems. The design of these advanced reinforced concrete struc-
tures conform to the revised Indian Standard Code IS : 456-1978 and S.1.
units have been adopted for all the design examples. The topics covered are
intended to meet the requirements of graduate and post graduate curicula of
most of the enginezring institutions in India. The book is primarily design
oriented with more emphasis on types of design with minimum extent of
theory, presented wherever required for application in design. The various
design steps are identified and provided in a logical sequence.

The book is extensively illustrated with working drawings showing the
reinforcement details. The examples for practice provided at the end of
each chapter is intended to help the students preparing for university
examinations.

The references provided at the end of the book have been extensively used
in the preparation of the text and are gratefully acknowledged. The author
is grateful to his wife, Pramila and daughters Sarvamangala and Amrutha
for extending their fullest co-operation in the preparation of the type script.
Finally the author welcomes constructive criticisms and suggestions which
wili immensely help in updating the contents of the book.

Bangalore N. KRISHNA RAJU
January, 1986
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Continuous-Beams

1.1 INTRODUCTION

In case of multistoreyed reinforced concrete framed buildings, the floor
slabs are generally cast integral with secondary and main continuous beams
supported on columns at regular intervals. The continuous beams framing
into main beams and columns are designed for moments and shears deve-
loped due to the dead and live loads. It is important to note that the maxi-
mum span moments develop, when alernate spans are loaded with Tive load

and TAXiUTT HEgative TIOMEnts at Supports develop. when adjacent spans”

are loaded.

1.2 EFFECTIVE SPAN

According to the Indian Standard Code IS: 456-1978, for a continuous beam
having a support width less than 1/12 clear span. the effective span shall
be as per freely supported beams i.e. clear span plus the effective depth of
beam or centre to centre of supports whichever is less.

If the supports are wider than 1/12 the clear span or 600 mm whichever
is less, the effective span shall be as given below:

(a) For end span with one end fixed and the other continuous or for
intermediate spans, the effective span shall be the clear span between the
supports and

(b) For end span with one free and the other continuous, the effective
span shall be equal to the clear span plus half the effective depth of beam
or the clear span plus half the width of the discontinuous support, which-
ever is less.
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(c) In the case of spans with roller and rocker bearings, the effective span
shall always be the distance between the centres of bearings.

(d) In the case of continuous monolithic frames, the effective span of
continuous beams are taken as the centre line distance between the members.

.

1.3 SPAN/DEPTH RATIO

The span to effective depth ratio has an important influence on the deflection
characteristics of the beams. The vertical deflection limits of span/350 or
20 mm, specified in IS: 456-1978, may generally be assumed to be satisfied
if the span/effective depth rath of contmuous members are not gredter than

consequently the span/effective depth ratio recommended in practical
designs are normally between 10 to 15. The use of the upper limit of span/
effective depth ratio of 26, results in shallow depths requiring high per-
centages of tensile and compression steel tending towards over-reinféreed
sections. - - ‘

The computations of the relative stiffness of members may be based on
the moment of inertia calculated on the basis of gross, transformed or
cracked sections, with consistency for all the members of the structure
throughout the analysis.

1.4 BENDING MOMENTS AND SHEAR FORCES

The following arrangement of superimposed loading is generally considered
for computation of maximum positive and negative moments at the cross-
section of a continuous member.

(a) Design dead load on all spans with full design live load on alternate
spans.

(b) Design dead load on all spans with full design live load on adjacent
spans. '
The position of incidental or live loads for maximum span and supports
moments are shown in Fig. 1.1The following Tables 1.1 and 1.2 containing
the moment and shear coefficients are recommended in IS: 456-1978 for
slabs and beams continuous over three or more approximately equal spans.
However redistribution is not permitted when using these coefficients.

Appendix-1 - shows the bending moment and shear force coefficients for
continuous beams of two to five equal spans with uniformly distributed
and central point loads. These bending moment coefficients are useful in



il

Continuous Beams 3

! phhhb
D E [4

?G

A B C
a) Maximum Sagg;ng Momeant in Span CD
(Alternate Spans Loaded)
L I

A1 2]
/
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Spans loaded)

Fig. 1.1 Position of live loads for maximum moments in continuous beams.

designing beams allowing for redistribution of moments. According to the
IS: 456-78 code, it is permitted to allow 15% redistribution in the working
stress method and 30% redistribution in the limit state method of design.

TasLE 1.1 Bending Moment Coefficients

Type of Load Span Moments Support Moments
. Near Middle of At Middle of 'At Support At Other
End Span Interior Span Next to the Interior
End Support Supports
Dead load and
Imposed Load .
(fixed) +1/12 +1/24 —1/10 —1/12
Imposed Load
(not fixed) +1/10 +1/12 -1/9 —-1/9

Note: For obtaining the bending moment, the coefficient shall be multiplied by the
total design load and effective span.

~

TasLe 1.2 Shear Force Coefficients
Type of Load At End At Support Next 0 the At All Other
Support End Support Interior
Outer side Inner side Supports
- Dead Load and
Imposed Load
(fixed) 0.4 0.6 0.55 0.5
Imdosed Load
(not fixed) 0.45 0.6 0.6 0.7

Note: For obtaining the shear force,

design load.

the coefficient shall be multiplied by the total
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1.5 DESIGN EXAMPLE

A continuous beam with simple supports has two spans each of 8 m./Thc
characteristic dead load is 10 kN/m and the characteristic live load is
15 kN/m. Design the critical sections of the beam and sketch the details of
reinforcements uStng working stress method. Adopt M-15 concrete and
ribbed tor steel.

1. Data

Effective span=L=8m
Dead load = 15 kN/m
Live load =25 kN/m
Concrete M-15 grade
Steel:~—High strength deformed tor steel

2. Allowable Stresses

oep=5 N/mm?2 m=19
o= 230 N/mm? 0=0.659
Jy=415 N/mm? 7=10.903

3. Depth of Beam
As the continuous beam carries heavy loads, a span/effective depth
ratio of 10 is provided.

span 8000

10 10

Adopt overall depth, D =900 mm and width /=300 mm
Effective depth, d= 8350 mm
Cover to compression and tension steel = 50 mm.

4. Effective Span

Effective span=L=8 m.

Effective depth = ( )= 800 mm

5. Loads
Self weight of beam = (0.3 x 0.9 x 24)=6.48 kN/m
Deadloadon beam . .. ....... .. =10.00 kN/m
Total dead load on beamsg= ... .=16.48 kN/m
Live load on beam = . g=....=1500kN/m
6. Bending Moments and Shear Forces

. L2 L2
Negative B.M at interior support = (-g]—é + ﬁ@_)

; R2 2
_ (16,4§0x8 NEEL 87_)=212 KNm o

LZ LZ
Positive B.M at centre of span= (%5 + ?10)

o 2
_ (V16.4i87x 82 N 15;;)8 )=i84 KN m
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Shear Force at the centre support
V=0.6L{g+q)
=0.6 x 8(16.48 + 15.00)
=151 kN.

Resisting Moment

Resisting Moment of balanced singly reinforced section
= M;=0.6595-d?
=0.659 x 300 x 850%
=142.8 x 106 N mm
=142.8 kN m.
Balance Moment = My = (M — M)
=(212-142.8)
=62.2 kN m.
Tensile Steel

Tensile steel required for balanced section is ¢btained as
B M\ 142.8 x 106 _ 2
Aoy = (cst‘j-d)m ( 230 x 0.903 x 850 ) =809 mm
Additional tensile steel for balance Moment Af3 is
M ) 69.2x106 ) _ 2
4 = ( va (- dg) = ('2'363& 0.903 800‘) =417 mm
Total Tensile Steel = As= (809 +417) = 1226 mm?
Use 4 bars of 200 mm diameter (4s= 1256 mm?)

Compression Steel

Assuming a cover on compression side dc =50 mm

_[ mda-(d-n) T | _

Ac = [""““"—( 1 35m— })(nc‘:'c'[c}"] and He = O?»d
_ 19 % 417(850 — 0.4 x 850)
T3 x19-1)(0.4 x 850~ 50)

Use 2 bars of 20 mm diameter (4. =628 mm?)

]: 507 mm?

Shear Stresses

3
Nominal shear stress, 7y= { v >={ 151 x 10

} = (.59 N/mm?
4

bd 300 x 850
1004,\ {100x1256Y
( bd }*(woxsso }“0'49

From Table 17 of IS: 456, 7.=0.29 N/mm?

Since 7, > 7., shear reinforcements are required. If two bars in the

tension side are bent up near supports,
Shear taken by bent up bars is
Ve = 0gy+ Agy-Sin @
_ {230 x2x314x0.707
1000

)ﬁ 102 kN.
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Shear taken by concrete = Ve=1e-b-d

_ (939x300;<850)=74kN

Total shear resisted = (102 + 74)=176 kN > 15] kN.
Provide nominal stirrups, using 6 mm diameter 2 legged links,

. _ (AsSy) _(56x415\ '
spacing s, = (m = m =193 mm

Use 6 mm diameter, 2 legged stirrups at 180 mm centres throughout
the beam as shown in Fig. 1.2.

}-—*——- § & stirrups at 180 c/c 7'
-20 -20 3

2-20 & L] E_,_;,_,.m]%_”-*y[/./.)201

( N\ d , ‘ 2L

‘2 )_(__J Hsoa--%_Y 2-70 & 1200

= f

o]

|
8000 8000 —
_.LSD ,
o
2-20 i:l:” T 4-20 5—H T
850 [— 6 8%-180-c/c —_ | 900
50 2-208—
bood|—t
k300 T 300
Sectjon-XX Section-YY

Fig. 1.2 Reinforcements in Continuous beam

1.6 DESIGN EXAMPLE

Design a continuous beam of two spans supported on stone masonry walls
using the limit state method and allowingfor 15% redistribution of moments,
The following data may be used.

1.

Data

Clear span between supports=6 m

Width of masonry supports = 300 mm
Thickness of reinforced concrete slab =150 mm.
Spacings of continuous beams =3 m c/c.

Self weight of floor finish = 0.4 kN/m?2

Live load on office floor = 4 kN/m?
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Characteristic cube strength of concrete = - fec= 15 N/mm?2
Characteristic strength of steel = f; = 415 N/mm?
. Characteristic Strength
Jy=415 N/mm?
S =15 N/mm?
. Depth of Beam
As the continuous beam carries heavy loads, a span/effective depth
ratio of 12 is adopted. '
Effective depth= —SPE—) = 6000 =500 mm.
12 12
Overall depth = 600 mm
Cover =50 mm
Effective depth= 550 mm
Width of beam = 300 mm
. Effective Span
Width of Support = 300 mm.

1/12 clear span = él—% P 6000) =500 m‘m

support width is less than 1/12 clear span therefore, effective span is the
least of

1. Centre to centre of supports
= (6000 + 300) = 6300 mm = 6.3 m.
2. Clear span + effective depth
= (6000 + 550) = 6550 mm = 6.55 m.
Effective span, L=6.3m.

5. Loads
Self weight of R.C slab =(0.15 x 24) = 3.6 kN/m?2
Floor finish cee =04
4.0 kN/m?

Dead load on beam = (4.0 x 3) = 12 kN/m

Self weight of beam = (0.3 x 0.6 x 24) =4.32 kN/m
Total dead load on beam (g)= 16.32 kN/m

Live load on beam (¢)=(4 x 3)= 12 kN/m _

The factored ultimate loads on beam are
gu=(1.5x16.32)=24.48 kN/m

ge=(1.5x12) =18.00kN/m.

. Bending Moments and Shear Forces

Referring to Appendix 1, the maximum negative and positive
moments at support and mid span sections are obtained as:
Negative Maximum Moment = 0.125(g, + gu)L?

=0.125(24.48 +18.0)6.32

=211 kN/m
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Solving Ag= 1109 mm?
Provide 4 bars of 209 (4, = 1256 mm?)

Shear Stresses

Ultimate shear force V7, = 166 kN.

(V) _{ 166x10%\ ,
o= (7)2.) - (______) = 1.00 N/mm

300 %550
1004, \ _{ 100x 1256  _
("bd )“(300><550 )*0‘76

From Table 13 of IS : 456, 7¢=0.54 N/mm?

If two bars are bent up at quarter span points, shear force taken by
bent bars is

Vus=0.87 f, Agy-sin «
_ (g_.gjx 415x2 % 314%0.707

1000
Shear taken by concrete=r.-b-d
0.54 x 300 x 550
= (————m—0~0~—~-~) =89 kN.
Total shear resisted = (160 +89) =249 kN > 166 kN
Provide Nominal Shear reinforcements. Using 6 mm two legged
stirrups, the spacing is given by

_ Asvf;' _~(56><415 B
SV“( 0.46‘)“ 0.4 300 ) = 193 mm

Adopt 6 mm diameter two legged stirrups at 180 mm centres, through-
out the length of the beam.

) =160 kN.

1.7 EXAMPLES FOR PRACTICE
1.

Design a continuous beam of 3 spans supported on stone masonary
piers 300 mm by 300 mm. Clear span between the supports= 8 m.
Thickness of reinforced concrete slab= 120 mm

spacings of continuous beams=2.75 m c/c

self weight of fioor finish= 0.6 kN/m2

live load on office floor =4 kN/m?2

concrete of M-15 grade and ribbed tor steel are available for use.
Design the reinforcements for the critical sections and sketch the
details using working stress method.

A continuous beam with simple supports has two spans each of 6 m,
from centre to centre of supports. The characteristic dead load is
15 kN/m and characteristic live load is 20 kN/m. Design the critical
sections of the beam and sketch the details of reinforcements using the
limit state method. Characteristic strength of concrete fo = 15 N/mm?2,
characteristic strength of steel =415 N/mm2. Sketch the details in
the continuous beam.
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Positive Maximum Moment

=(0.071g, +0.0964,)L2
=(0.071 x 24.48 +0.096 x 18.0)6.32
=138 kN/m.

Maximum Support Shear Force
=Vy=0.62(gy+qu)L
=0.62(24.48 + 18.0)6.3
=166 kN.

7. Redistribution of Moments

The design Maximum moment is obtained by decreasing the negative
moment at support 15 percent and incresing the positive span moment
by the same magnitude.

15 percent of Mgy =(0.15 x 21 1)=32 kN/m.
Design Moment at support section = (211-32)
=179 kN/m
Design Moment at centre of span section = (138 +32) = 170 kN/m

Since the design ultimate moment, positive and negative are almost

equal in magnitude, the sections are designed for an ultimate momnient
My=179 kN/m.

8. Moment-of Resistance
Moment of Resistance of balanced section is
Mub=0.36 fo - b xu(d~ 0.42x1,)
for Jy=415 N/mm?
Xy (maximum) = 0,484
Mub=3.36 X fo x b x 0.48 d(d - 0.42 x 0.48 d
=0.138fk-b-d? '
=0.138 x 15 x 300 x 5502

=187.8 x 106 N.mm
=187.8 kN.m > 179 kN.m

Since the Moment of Resistance of the balanced section is greater
than the design ultimate moment, the section is under reinforced j.e.

XulTax) (?ax) < 0.48

S. Main Reinforcements in Section
If Ay = Area of tensile steel in the section

bodfa
179x105=0.87><415><A.1x550[I- Au > 415 }

My=0.87f,dg-d [1 _ Aty ]

300x550x 5
A%~ 5966.8 Ag+5.37 x 106=0
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3.

A two span simply supported continuous beam is to be designed to
suit the following data :

Distance between centre to centre of supports =6 m.

The beam supports dead and live loads of 100 kN and 150 kN res-
pectively at the centre of spans. Using M-15 grade concrete and ribbed
tor steel, design the continuous beam using working stress method. *

A continuous beam of two spans is fixed at the end supports and
continuous over the central support.

Distance between the centre of supports =8 m

The beam supports a reinforced concrete slab 150 mm thick with
Live Load on floor=2 kN/m2,

spacings of continuous beams =4 m.

characteristic strength of concrete = 15 N/mm?

characteristic strength of steel = 415 N/mm?

Design the continuous beam using limit state method and allowing
for 15 percent redistribution of moments.

Design the interior span of a continuous tee beam of effective span
6 m. The beams are placed at 4 m centres and carry a slab of thick-
ness 100 mm. Dead load on slab inclusive of self weight may be
taken as 3 kN/m? and live load as 6 kN/m2. Use M-20 grade concrete
and grade-I mild steel.

Design the interior span of a rectangular beam supported on 500 mm
Square column and beam continuous over § m span. The beams
support a slab 120 mm thick and are placed 4 m centres and are
cast monolithic with the slab. The loading on the slab is due to self
weight, floor finish and plastering and live load of magnitude 5
kN/m2. Adopt M-20 grade concrete and ribbed tor steel.

A Reinforced concrete beam is continuous over two equal spans of
length 6 m each. It is simply supported at its ends. It carries a
uniformly distributed load of intensity 15 kN/m inclusive of its own
weight over its entire length of 12 m.

Design for flexure and shear a suitable rectangular section for the

beam. Adopt M-15 grade concrete and Grade-I mild steel.
(Bangalore University—January 1978)

A reinforced concrete continuous beam of three equal spans

AB=BC=CD=7m, is simply supported at the ends 4 and D,

If the beam supports a unifermly distributed live load of 10 kN/m
in addition to its own weight, design the beam for flexure and shear
and sketch the details of reinforcements in the beam.

{(Bangalore University—January 1 979)

A reinforced concrete beam, continuous over two spans AB=RBC=5

m and supported over masonary walls at ends 4 and C is required to

support a uniformly distributed live load of 20 kN/m. Design a suit-

able rectangular section for the beam and sketch the details of
reinforcements. Adopt M-15 grade concrete.

(Bangalore University—July I 979) -



Bunkers and Silos

2.1 INTRODUCTION

Bunkers and silos may be classified as storage structures generally used for
storing coal, cement, food grains and other granular materials. Reinforced
concrete bunkers and silos have almost replaced the steel starage structures
because of their ease of maintainance and superior architectural qualities.
The present day cement factories invariably opt for single or a battery of
silos to store the manufactured cement. The development of slip form
method of casting of tall cylindrical reinforced concrete structures has result-
ed in rapid construction of silos,

2.2 DIFFERENCE BETWEEN BUKNKER AND SiLO

(a) Bunkers
Bunkers are shallow structures in which the plane of rupture of the material

stored meets the top horizontal surface of the material before meeting the

opposite sides of the structure, as shown in Fig.2.1.

90+ ¢
2

The angle of rupture is at ( ) from the horizontal, where ¢ is the

angle of repose of the material.

The side walls resist the lateral pressure and the total load of the material
is supported by the floor of the bunker. The intensity of lateral pressure on
the sides is determined by Rankine’s theory.

(b) Silos
In a silo, the vertical walls are considerably taller than the lateral dimen-
sions resulting in a tall structure. Consequently the plane of rupture of the
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material stored meets the opposite sides of the structure before meeting the
top horizontal surface of the material as shown in Fig. 2.2.

i b }
|

~

— .
%
~ A h B, N
\1;/7 "/, \")6 h Q\O)f . \‘\
% (4 /’OA V@ . \
\"PQ @ Q“’e
\e":& \ N \
~ N\ , N\
NG ! ~
80 90
(——317/;,\ | (3048 )§

Fig. 2.1 Bunker or shallow bin Fig. 2.2 Silo or deep bin

Due to the high ratio of height to the lateral dimensions, a significant
portion of the load is resisted by friction between the material and the wall.

Only a fraction of the total weight of the material acts on the floor of the
structure.

If B=DBreadth
H=Height of the structure
¢ = Angle of repose

For a structure to be classified as a silo,

H>Btan(90+¢)

2
if ¢ =30°, H > 1732 B
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2.3 DESIGN OF SQUARE OR RECTANGULAR BUNKERS

The structural elements of a bunker are as shown in Fig. 2.3.
The various parts are

1. The vertical side walls
2. Hopper bottom
3. Edge beams
4. Columns.
|
‘ .
i Horizontal
- Stored Edge Beams
_‘q material
; |_-Vertical Side
b Walls Spanning
‘] . Between Columns
: .
2) Hopper Bottom *| ~Columns at
L - .{ Corners

Opening

L L

Fig. 2.3 Structural Elements of a bunker

(a) Design of Vertical Side Walls
Figure 2.4 shows the cross sectional plan and elevation of a rectangular
bunker of length L breadth B, and height 4. If p = Intensity of lateral pres-
sure at a depth %, then according to Rankins theory

cos a — 4/ cos? & — cos? qﬁ}

Pa=w h Cos « - Bt hd
cos a+1/cos? o~ cos? ¢
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Surcharge

-

]

Vo I

Fig. 2.4 Pressure intensity on walls of a bunker

where  «= Angle of surcharge
¢ = Angle of repose
w = density of material stored

The pressure acts

in a direction parallel to the surface of the retained
material,

Horizontal Component = P=pycos o

a=d¢, then p, = wh-cos ¢ and P=wh-cos? ¢
The design moments at the supports
are given as

if
and centre of long and short walls

Ma=Mg=Mc= Mp= “T% [L2+B2— BI]
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Positive Moment at centre of AR or CD

2
= [_’%_--_ £ (L2+BZ—BL)}

Positive moment at centre of BC or AD

2
= [ﬂgi - '1% (L2+32-BL)]
Direct tension in longwalls = (-I)-zq) g

Direct tension in shortwalls = (LZIL)

The thickness of side wall is designed for maximum bending moment.
The reinforcement in the walls are designed for bending moment and direct
tension.

If M =Bending moment

T'=Tension
x =distance between the centre of section and reinforcement position.

ost = permissible tensile stress in steel
d = effective depth of side walls
Q= Design constant
J=Lever arm factor
b= width of section

As = Area of tensile steel

then the effective depth is given by

_ [M=T%)
d= 05
and ta= (M=), (1)
oy j-d Ost

These reinforcements are arranged in the horizontal direction. Distribu-
tion steel is provided in the vertical direction. At top and bottom of the
vertical walls, edge beams of 300 mm by 300 mm section are provided to
allow for attachments of conveyer supports,

(b) Design of Hopper Botrom
The hopper bottom which is a sloping slab is designed for direct tension

developed due to the weight of material and the self weight of the sloping
slab. :

Referring to Fig. 2.5 (a and b)
If W, = Weight of the material, sloping bottom etc.

The direct tension = W, cosec 8
where 6 = Angle between the horizontal and the sloping slab.
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¥, Cy
0,
Spcg

8

wi

a) Direct-Tension in Sloping Slab

b) Bending ot Sloping Slab

Fig. 2.5 Forces acting on hopper bottom

The sloping slab is considered to span horizontally between the intersec-
tions of the adjacent sloping faces. The section of the slab at the centre of
the slope is designed.

If  W=Density of the material stored
h=average height at centre of slope
L = effective span at centre of slope.

Normal pressure intensity at a depth 4 is given by
Pa=wh cos* 8+ py-sin? 6 but py = wh cos? ¢
Pn=wh[cos? 6+ cos? ¢-sin? 6]
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If Wy =self weight of slab per unit length
Normal component = Wy-cos 8
Total Normal pressure= P = (py+ Wq4-cos )

Maximum Negative Bending Moment at supports=(PL?/12)
24

- . pLz
Positive bending moment at centre of span= ( = )

2.4 DESIGN OF CIRCULAR BUNKERS

In the case of bunkers, circular in shape the vertical walls are subjected to
hoop tension.

If D =Diameter of the bunker ‘
Pn == horizontal component of pressure at a depth £ from the top,
then
Hoov tension =0.5p, - D.

The reinforcements in the walls are designed to resist the hoop tension.
A minimum thickness of 120 mm is recommended from practical considera-
tions for the vertical walls. Distribution reinforcement of 0.15 percent of
the gross cross section is provided in the vertical direction.

The hopper bottom is designed for direct tensicn and hoop tension
developed due to the normal pressure on the sloping slab.

The columns of bunkers are designed for compression and bending
developed due to the vertical loads such as the stored material and self
" ‘weight of members and horizontal loads such as wind loads.

2.5 DESIGN EXAMPLE

Design the side walls and hooper bottom of a 3m by 3 m square bunke: to
store 30 tonnes of coal. Density of coal =9 kN/m?, ‘

, Angle of repose =30 degrees
Adopt M-15 grade concrete and ribbed tor steel. Sketch the details of
reinforcements in the bunker.
1. Data
Total weight of coal= 300 kN
Density of coal =9 kIN/m3
Size of bunker in pian=3m by 3m
Angle of repose= = 30 degrees
Grade of concrete = M-15, fer=15 N/mm?
Type of steel = Tor steel, - fy=415N/mm?
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2. Permissible Stresses

oep =5 N/mm? m=19
og =230 N/mm? j=0.903
0=0.659

3. Dimensions of Bunker
Volume of bunker= (320

Adopt a bunker of size 3m by 3m by 3 m with the depth of the
hopper bottom= 1.2 m as shown in Fig. 2.6.

) =33.33 m?

/// ~
7 . 860
//S =30° ~
N
— 3000 "
3000
1250540 fo— 1250
e | . S
bl 2;?; 1200
\"\.\ | l/
N\ | L
el ecec
__.r.. -
‘-
sho 3000
A |
15004 ‘
| |
f
I

Fig. 2.6 Dimensions of bunker
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The volume capacity of bunker is computed given below:
Volume of surcharge = (% x 3 x —%— x (.86 }m 2.5 m3

Volume of cubical portion of bunker
=(3x3x3)...=27.00m3
Volume of hopper bottom

= ; (324+0.52+ /37 +.05%) ... =4.29 m3

Total volume ... =33.87 m3
. Design of Side Walls
Horizontal pressure = p = wh - cos? ¢

=9 x3x0.8662

=20.25 kN/m?

Assuming 180 mm thick side walls
Effective span=(3.00+0.18)=3.18 m

. plL?
Maximum B.M at corners = M = T

_ (20.25 x3.18

2
_._ul—jﬁ——) =17.06 kN-m

2
Providing a cover of 30 mm, Effective depth d =150 mm
Net design BM = (M~ T x)

=(17.06 ~30.375 x 0.06) = 15.24 kN-m.
Effective depth required is given by
(M-T-x) [ 1524106
/06~ 0.659%71000
using an effective depth of d= 150 mm
e [T 1)
Ogt. ] d Ost

_ 15.24 x 106 (30375 x 103
~ \230%0.903 x 150 230

=(489-+132)
=621 mm?2

Direct tension in wall = T'= ( )= 30.375 kN

d= =152 mm

-

Use 12 mm diameter bars at 150 mm centres at corners
" (A4s="750 mm?) in the horizontal direction
Positive B.M at centre

= (%’%2): (2()_‘% ’3l.8_2}= 8.53 kN -m.

iy
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(M~T-x)=(8.53-30.375%0.06)=6.71 kN -m.
[ 6.71 x 108 ] [ 30.37 % 103 7
A= 441 -

230 % 0.903 x 150 230
=215+132
=347 mm?2
Use 12 mm diameter bars at 300 mm centres at centre of span (A

=375 mm?).

Distribution steel = (0.0012 x 1000 % 180) = 216 mm?

Use 6 mm diameter bars at 240 mm centres in the vertical direction
on both faces.

. 5. Design of Hopper Bottom
Weight of coal= 300 kN
Weight of sloping hopper bottom (180 mm thick)

- ( 3 +20'5 } (v T 2527 1.2%) (4 0.18 x 24) = 53 kN

Total load on 4 walls= 353 kN
Load on one wall = w,=(0.25 x 353) = 88.25 kN

- {1.20 e
»tan0=(—l-?-2-—5->—1.00.. 0=45

cosec 6 =1.44
Direct tension in sloping wall= wy-cosec+8
=(88.25x1.44)=127 kN

Tension/metre run = {J;Z? /} =42.33 kN/m

Steel reinforcement for direct tension

_ {4%.3;%010{} 184 mm2
But Minimum reinforcement = {0.0012 x 180 x 1000) =216 mm?
Use 6 mm diameter bars at 240 mm centres in the direction of the
* sloping faces.
Normal component of coal pressure at centre of sloping slab is given by
DPa= wh{cos? 0 +cos? ¢ sin? 0)
where w=9 kN/m?
A=[3+4+(0.5x1.20)+(0.5x0.86)]=4.02 m
0=45°
$=30°
Pa=9x4.03 (cos? 45 + cos? 30 x sin? 45)= 27 kN/m?
Normal component due to weight of sloping slab
=Wwg-cos 0
=(0.180 x 24 x cos 45)
=3.00 KN/m?
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Total normal pressure = p = (Pa+wq-cos 6)
=(27+3)
=30 kN/m2

Effective span = 7 — (3—135) +0.18=1.93m
~ 7

2
Maximum Negative B.M = (:”}%)

12
Effective depth available = (180 ~30)= 150 mm
{ 9.31 x 1086

Aat =

2
_ (30 x1.93 ): 9.31 kN.m/m

230 % 0.903 <150

Use 10 mm diameter bars at 260 mm centres at corners.

} =299 mm?

. . L2
Positive maximum B.M at centre = {%—}

30x1.932
:{ 5a «)-4.66 kN-m.

* 6

A= (73%%9%071%} =150 mm?

but minimum area of reinforcement

=(0.0012 x 180 x 1000} =216 mm?

Use 10 mm diameter bars at 260 mm centres at centre of span,
6. Edge Beqms ‘

Provide edge beams of 300 mm by 300 mm connecting the corner

columns at the top and the junction of vertical walls and sloping slab.

The details of reinforcements in the side walls, hopper bottom and
edge beams are shown in Fig. 2.7.

2.6 DESIGN EXAMPLE

. Design a circujar cylindrical bunker to store 20 tonnes of coal. Density of
coal =9 kN/m3, Angle of repose =30 degrees. Use limit state method of
design and adopt characteristics strength of concrete and steel as 15 and
415 N/mm?. Sketch the details of reinforcements in the bunker.

1. Data

Total weight of coal = 200 kN
Density of coal =9 kN/m3
Angle of repose = 30 degrees
Grade of conerete = M-15

Type of steel = Ribbed tor steel.
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k—zco +M 1500 ——
- T W_ﬁ
300 W e L-12 & in E(’.gfz Beams
4 4 .

4 8 &~ 240 c/c

—H

L

/12 %-300 c/c at Cemtre of Span

2.

12 §-150 c/c at Corners

P

300

180—
10 &-260 c/c

N 6%~ 240 |c/c

T 4-12 & in
300 Edge Beams

- *——300—-\*25

300 x 300 RC Columns
at Corner

Flg. 2.7 Reinforcement details in bunker

2. Characteristic Strength and Partial Safety Factors
Characteristic strength of concrete = fok = 15 N/mm?
Characteristic strength of steel =f,= 415 N/mm?
Partial safety factor for live and dead loads= 1.5
Partial safety factor for concrete= 1.5
Partial safety factor for steel= 1.15

3. Dimensions of Bunker
Volume of bunker = (g%q) =22.2m3
i
Adopt a bunker of diameter 2.6 m and
height of cylindrical portion= 3m
Depth of hopper bottom = 1.2m

The overall dimensions of the bunker is shown in Fig. 2.8.
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Fig. 2.8 Dimensions of circular bunker

The volume capacity of the bunker is computed as given below:
Volume of surcharge =(1/3 x 7 x 1.42 x 1.4 tan 30)=1.64 m?

7% 2.82

Volume of cylindrical portion = ( 1

x 3.00 ) = 18.46 m?

Volume of frustrum of cone = 7—;—/% (d;2 +didy + dﬁ)

7x1.2

=5 (2.824+2.8 x0.5+0.5%)
=290 m3

Total volume =23.00 m® > 22.22 m3

23
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4. Degsign of Cylindrical Walls

Horizontal pressure = p = wh.cos? ¢
=9 x 3 x(0.866)2
=20.25 kN/m?

Hoop tension in the cylindrical wall per metre height=0.5 pD
={0.5x20.25x2.8)

=28.35 kN
Ultimate hoop tension = (1.5 x 28.35)=42.53 kN.
. 42.53 x 10% .
Area of reinforcement Ay = (m> =118 mm?

Using 150 mm thick walls,

Minimum reinforcement = (0.0012 x 150 x 1000) = 180 mm?
Use 8 mm diameter hoops at 250 mm centres, provide vertical .
reinforcement of 8 mm diameter bars at 250 mm centres.

5. Design of Hopper Bottom

Provide a sloping slab 150 mm thick with 30 mm lining.
Total thickness =180 mm v

weight of coal =(23 x 9) =207 kN

weight of sloping bottem

b] - —_
=w[“'8goé+0.18\/2 } 0.18 x /2 x 24 =42 kN

Total load = (207 +42) = 249 kN,

If T=tension per metre run,
Mean diameter at centre of sloping slab=1.85m

7={— 2%\ cosec 45=60.6 kN
S\ 7185 ) 0% e

Ultimate tension = (1.5 x 60.6) =90.9 kN
90.9 x 103

. _ )
0.87 ><415) 250 mm
Use 8 mm diameter bars at 200 mm centres in the direction of the
sloping slab.
Normal component of coal pressure at centre of sloping slab is given

Steel reinforcement for direct tension = (

by
Pa=wh(cos? 8 +cos? ¢-sin? 9)
whete w=9 kN/m3
h=3+(0.5x1.2)+(0.5 % 0.80)
=4.00m
0 =45°
& =30"

pn =9 x 4(cos? 45 +cos? 30 x sin? 45) = 31.5 kN/m?
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Normal component due to weight of the sloping slab = wg-cos ¢

=(0.18+24 x cos 45)

=3 kIN/m?
Total normal pressure p = (pn+wa cos §)

=(31.5+3)=34.5kN/m?
Mean diameter at centre of sloping slab
= (24%945} +0.184/2 = 1.90m

Hoop tension/metre = (0.5 x 34.5x 1.90) = 32.8 kN
Ultimate hoop tension= (1.5 x 32.8) =49.2 kN
49.2 < 103
0.87 x 415
But minimum area of steel=(0.0012 x 180 » 1000) = 216 mm?
Use 8 mm diameter hoop reinforcement at 220 mm centres in the
sloping slab. The details of reinforcements in the circular bunker is
shown in Fig. 2.9.

Area of hoop reinforcement =( }-»: 137 mm?

| —-«{ 300 f— 1400 ——

i _
300 {::1,;—»442 & ]
I S ”_“T 4

) sad 8% -250c/c

© 3000
. 2700 N8 § - 250 c/c (Hoops))

8&-200 cfc

{ !
T3p0 1250

Fig. 2.9 Reinforcement details in circular bunker

6. Edge Beams

At the junction of the cylindrical wall and hopper bottom and at the
tcp of bunker, edge beams of 300 mm by 300 mm are provided to
increase the rigidity of the structure.
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2.7 DESIGN OF A BATTERY OF BUNKERS

A battery of bunkers consists of more than one.compartment interconnec-
ted to form a series of cells, generally square or rectangular with different
ratios of side length of walls to the height of the bunker. The design
moments to be considered are influenced by the ratio of side length“to
height and the loading pattern of the compartments.

The following two cases are generally considered for obtaining the design

positive and negative moments in the side walls of a battery of three
bunkers.

Case-a: Battery of Bunkers with H. igh Side Walls

When the sides of the bunker is less than 0.75 times the height, the clabs
span horizontally and moments are induced at the junction of side walls
and partition walls. The typical direction of moments developed in a
battery of bunkers is shown in Fig. 2.10. By analysis the maximum
moments developed in each of the walls are determined.

'F,,*_ L i SN [ ‘:_ e L ___,_f
a N /b ____w‘@_____hm —
T < 1T
| .
A ’ 8 C )
[ L
d 4 H = -

Fig. 2.10 Moments in battery of bankers

The following moment coefficients compiled in Table 2.1 may be used
for a battery of three bunkers as shown in Fig. 2.10.

M = Coefficient x pL2 '
p=Maximum pressure at the bottom due to the stored material

R= (—LL—,)= Ratio of shorter side to longer side. Moment is positive

when it causes tension on the inside face of walls.

TABLE 2.1 Moment coefficients for battery of bunkers (with high side walls)

Moment A-Loaded B-Loaded C-Loaded
Mab= Mg 0.0362+0.470R? 0.0076(R*—1) -
Mba 0.0695-+0.0138R2 —0.038(R*—1) 0.008%(R*—1)
Mbe 0.0250-+0.0585R?) —(0.0228+0.0605R%) —~0.00535(R*—1)
Mpe 0.445(1 - R*) 0.06064-0.0227R2 +0.0143(R*—1)
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The table gives the support moments developed when each of the punkers
are loaded. The maximum span moments are obtained as the difference
between the value of (pL?/8) and the support moments.

Case-b Battery of Bunkers with Low Side Walls

When the side walls are low, the slabs behave as iwo way slabs in the vertical
as well as horizontal direction. The approximate moment coefficients for
practical purposes are those in Table 2.2

TasLe 2 2 Moment coefficients for battery of burnkers (with low side walls)

o Values of coefficients when (Ly/Ly) is
Position of moment T e

125 1.20 0.75

Vertical span-Ly

Top end-A4 1/30 1/45 1/90

Bottom-B 1/20 1/30 1/60

Midspan-C 1/40 1/60 1/120
Horizontal span-L,

Ends-E 1/80 1/45 1/30

Midspan-D 1/160 1/90 1/60

-

£2

These coefficients are applicable under the following conditions.

(a) The bunker is nearly square in plan.

(b) The side of bunker is more than 0.75 and less than 1.25 times the
height.

(c) The bunker may be an isolated one or any one in the battery.

(d) In case of battery of bunkers, all walls, top and bottom slabs should
be reinforced on both faces for positive and negative moments.

2.8 DESIGN OF SILOS

In deep bins (SILOS), the weight of the material stored is not completely
supported by the bottom of the silo. A part of the load is resisted by fric-
tion between material and side walls of silo, resuiting in the reduction of
lateral pressure. Hence Rankines theory can not be used for determining
the pressure intensity. The vertical weight carried by walls causes direct
compression in the wall.
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The pressare intensity in silos where friction exists between material and
wall surface can be determined by H. Janssen’s and W, Airy’s theories.

(ai Janssen’s Theory

The following assumptions are made in the design of silos by Janssea’s

* theory;

(i) The material is uniform in texture
(i) The material has a definite angle of repose
(ili) The coefficient of friction between material and side walls has a
constant value,
The following notations are adopted in the analysis by Janssen’s theory:
pr= Horizontal intensity of pressure af a depth 4 (kN/m?%)
pv= Vertical intensity of pressure at a depth # (kN/m?)
r=radius of the silo (metres)
pn' = coefficient of friction between wall and material
R =Hydraulic mean radius

-(3%)- (3)

n=Ratio of { !ﬂ\%
Py

w = Density of material (kN/m?)
Referring to Fig. 2,11, for the equilibrium of vertical forces in the disc.
w2 dhow =mr2. dp, - w'py - 2or - db

Dividing by =r and putting pp, = np, and rearranging the terms,

¥
dh= {W- ZMPv} Py =
Integrating, we get
r ’
h= — m loge (wr —2p npy)+ ey
but at h=0, =0

- ._’:._ o w,
€= 2u'n B Wr

The solution of the differential Eq. 1 is given by

F

e log, wr

r T 7 v
fi= — S 10ge (wr—2u'npy) +

ro, wr — 2u'npy
; = e [ —“_"’“"ﬁ}
' T o 08 < wr

2u'nh {wr —2u'np,
T Tles (T
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Fig. 2.11 Equilibrium of forces in silos

- _{2p/nhNY _ 2p'npy\
(-2 (229

2u' npyy [ {2p nh\)
S Y=l —expt — - :
()= 1-e{ -(5)
wr { 2’ nhyy
e T By Lexpl — TR0
-
{
But Hydraulic mean radius =R = i%}
R ‘nh
w1 =oo(- 7))
Also pn=1n-py
WR{ { ,u’nh‘a)
= — 1@3( - i
PRy P\" R f

For large value of 4

3

exp — {“ nh»} = ,1, - ] = very small quantity

Hence Dh= éﬂ{‘é

N1
"
M Py va
I
Ph W/// 7 ~| ¢k
T T
{p,#dpy
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The vertical walls are designed for hoop tension of py-r also for the
vertical load supported by the wall.
The load taken by wall is due to friction= .’ py
Total vertical load taken by wall for a depth % is given by the expression,

kWwR /
u J d ;—{I ~exp<~ ’f-gh))'%r-dh
o M
h 4
= w~AJ (1 - cxp( - ﬁ—b.ifwh-}) dh
0 R

where A =cross-sectional area of silo

_ R w'nh\\*
—wed(n o (= 1))

_ R w'nh
=W A[h H,n(l - exp( - —R-)}

=w-A-h—A4-p,
=Awh—-p,)

(b) Airy’s Theory

Airy’s theory of design of silos is based on coulomb’s wedge theory of
earth pressure. The results obtained from this theory also fairly agree with
the experimental results although the basis of the theory is different from
that of Janssen’s theory. Using Airy’s formula, horizontal pressure per
unit length of periphery and postion of plane of rupture can be determined.
Knowing the horizontal pressure, vertical pressure and also vertical load
taken by wall can be evaluated. Depending upon the plane of rupture two
cases are considered.

Case-1  Plane of rupture cuts the top horizontal surface
(shallow-Bin or silo)
Referring to Fig. 2.12, the forces acting on the wedge ACE of grain is
given below:
AE = Plane of Rupture
W =Weight of wedge
R =Total Reaction on side AC
~  Rp=Total Reaction on side AF
P = Reaction from wall
R = Reaction from material
b = Diameter of the silo
h = height of the silo

Resolving the forces in equilibrium along AE and perpendicular to AE
R+ P-cos =W -p'Pysin b
R~ A-sin f=(W~- w' Py cos 0
Witan 8 — )
tan O(p+ ')+ (1 —pp')

solving, P=
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D

! b’ ]

Fig. 2.12 Equilibrium of forces (shallow-bin)

since CE=~hcot 8

wh

e )
W=(1/2x k cot 6 x h x5 ~{——2~~)§ cot 0
I (tan 0 — u) k wi?
P= :
{ (1—pu)+tan Ou+py | 2 cot f

for Maximum value of 7,
dpP
(7;1'9’) =0

Differentiating and equating to zero it can be shown that

)
tan 0 = pu -+ ’Lim—p}j
(etp)

Substituting this value in Eq. (1)

v [ ! ]
S 2 LV ee )V O

) gt
"\ dh V(e +u)+ VTR

Total lateral pressure=7-b p
Vertical load taken by walls=m-b-p-p’

The depth up to which the silo will act as a shallow bin is given by

-

(D
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Case-2  Plane of rupture cuts epposite side
{Deep bin or silo)
Referring to Fig. 2.13, the forces acting on the wedge ACDE of grain is
given below:
W= Weight of wedge ACDE
DE=(h—b tan 8)
wbh

5—-b tan 0

ra

W=wph—

_wb
W= -MZJ (2h—btan &)

A =

- b !

Fig. 2.13 Equilibrium of forces (deep-bin)

As inthe case-1, by studying the equilibrium of forces on the wedge
_ W(tan 9)
tan O(p+ p') {1 —pp')
Substituting for W and differentiating for maximem value of 2, we have

2h— 6
wb (i?ﬂ———E (tan 8 — p)
P
wh T (2h—b tan 0) (tan 0 —u)
= (p+pytan O4+(1—pup'y

5
P

wr [T
= | [ ) (0= ) = T
2w+ p' P i,\/ b _ 127200 i #

ot
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! Differentiating and equating to zero

Z!, =0, yields

tan 6= - (Lmpe’) o f2h (T3 (4 p?) (= )
(r+p) "4 b (u*u) ' (s +py?
substituting this value for tan 4,

wh (tan 0 — p)
p=2 (2!1 i‘“3-“m{(“+uhan5*(f—f*#)}

. d wh V(142 7
ph:B’LZ wﬂ&)(l e
A/*‘(#"’M)‘F(I“PP)

Vertical load taken by walis 7rb Py

For the design of conical hopper bottom, the :,mcharge pressure is given
by the expression

wh?
»~A——nu}z —ab . py. p'

Strcharge pressure = {
=

The values of the coefficient of friction p and p” are compiled in Table 2.3.

TasLE 2.3 Values of Friction Coefiicients

Coefiicient of Friction

) Density Filling on Fithng on f—sin é
Material kN /mE Filling () Concrete (u) K= { T4sin é
Cement 14.40 0.316 0.554 0.5371
Coal 8.00 0.706 0.760 0.2709
Anthracite 8.35 0.510 0.510 0.3753

© Coke 4,50 0.839 0.839 0.2174
Sand 16.00 0.674 0.577 0.2830
Wheat 8.50 0.466 0.444 0.4062

2.8 Si1LO8 FOR STORAGE.OF CEMENT

The cement manufactured in a factory is generally stored i a battery of
silos which are circular in shape with diameters of cylindrical containers
up to 10 m and height 25tc 30 m. A typical battery of silos to store
130,000 kN of cement is shown in Fig. 2.+,
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Fig. 2.14 Battery of Cement silos

The horizontal pressure distribution at various depths in cement silos
predicted by Janssen’s and Airy’s theories are compared with the experi-
mental values reported by Faber and Mead in Fig. 2.15. Truly frictional
noncohesive materials behave in accordance with Janssen’s theory. In
materials like cement, due to the erratic cohesive nature of the material,
the pressures obtained using Janssen’s theory varied widely with the actual
experimental observations.
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Full scale experiments of cement silos indicate that the Jateral pressures
are very much underestimated towards the upper half of the silo by the
Janssen’s theory. In contrast, the lateral pressures are very much over
estimated towards the lower half of the silo by the Airy’s theory. Towards
the bottom of the silo, the lateral pressures reduce due to the arching

action.
30 — S
\J Experimental
{Observed)
25 ]
£ Y
S 20
O
w Janssen \
: AN
= 15
© \ Airy
o
>
£
< 10
= Recommended ‘
w o —
2 For Design \!
T 5
4 { §
/ %
0 |
0 20 40 60 80 100 120

Lateral Pressure, kN/m?

B

Fig. 2.15 Horizontal pressure distribution in cement silos

The depth of cement occurring below any particular level under conside-
ration influences the lateral pressure. The cement below suffers a cushion-
ing effect packing tighter as the head of cement overburden is increased
until it acquires its state of maximum density. At depths where maximum
density is reached, the maximum angle of internal friction is also develo-
ped. Compacted cement can stand for considerable heights with a vertical
face, whereas shallow lightly sprinkled cement exhibits properties not far
removed from that of a fluid. Maximum pressures indicated in the figure
are useful in design of silos.

2.10 DESIGN EXAMPLE

A cylindrical silo has an internal diameter of 6 m and 20 m deep (cylindri-
cal portion) with a conical hopper bottom. The material stored is wheat
with a density of 8 kN/m? The coefiicient of friction between wall and
material is 0.444. The ratio of horizontal to vertical pressure intensity is 0.40
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Angle of repose = 25 degrees. Design the reinforcements in the silo walls,
Adopt M-15 grade concrete and ribbed tor steel. Adopt Janssen’s theory
for pressure calculations.

1. Data

Diameter of silo=6 m

Depth of cylindrical portion =20 m

Density of wheat= 8 kIN/m3

coefficient of friction between wall and material = 0.444
The ratio of horizontal to vertical pressure intensity = 0.40
Angle of repose =25 degrees.

2. Allowable Stresses
gep =5 N/mm? m=19
og =2 N/mm?
ost =230 N/mm?2

3. Dimensions of Bunker

Diameter of bunker=6 m

Height of cylindrical portion=20 m

Deepth of hopper bottom=2.5 m

Diameter of opening in hopper bottom=1m
4. Design of Cylindrical Walls

Using Janssen’s theory

. wR ‘nh
Horizontal pressure = py, = —~,~~é’/ I—expi~ fﬁ«ffv\é
B ‘ R J
{1 - Vo7 1 —gip U5°
pe{imsmen (1=sn25 o0
 T+sin ¢/ i&mmz‘ J

oy 7
R = Hydraulic mean radius = i{i) I= E-EE =1.5
L4/ (4
_W{EQ{}X L5 Y[, oo/ 0464040 % h
2= 0444 /EL R s T A

=27.03 (1-ex)

For different valuesof h=4, 8, 12, 16, 20 and 22.5 metres from the
top the value of e~*is caloulated and the value of py is compiled
in Table 2.4. Appendix 2 gives the values of of e~ for different
values of x.

Maximum horizontal pressure in the cylindrical portion (20 m from

t0p) = pn=24.58 kN/m?

rloop tension in cylindrical wall per metre height = 0.5 p,,.D
=(0.5%24.58 x 6)
=73.74 kN
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TapLe 2.4 Horizontal Pressures in Silo Walls
Depth from top Horizontal pressure
(h) metres pr=kN/m?
4 i0.54
8 C16.67
12 20.62
16 23.05
20 24.58
22.5 2513

73.74 x 107

Area of hoop reinforcement= Asisé: }z 321 mm?

230
Adopt 8 mm diameter hoops at 140 mm centres. {4y provided =359
mm?)
Using 150 mm thick cylindrical walls,
. . F \
ensil Ss concrete = | ————— |
Tensile stress in ¢o < R )5
[ 73.74 % 103

T (I50 % T0%) + (19 x 359) |
=0.47 N/mm? < 2 N/mm? permissible stress
Minimum area of steel =0.129 ‘
=(0.0012 x 150 x 1000)
= 180 mm?
Adopt 8 mm diameter hoops at 270 mm centres towards the top of silo.
The details of reinforcements to be provided at different depths on the
cylindrical silo walls is compiled in Table 2.5.

Tasre 2.5 Reinforcement details in silo walls

Depth from top Spacings of 8 mm Vertical distribution

{(m) diameter hoops steel
0-12 180 mm 8 mm diameter at
12-16 160 mm 250 m: centres

16-20 140 mm throughout the whole depth

5, Design of Hooper Botiom
Provide a sloping slab 150 mm thick with 30 mm lining.
Total thickness = 180 mm
Surcharge Load on hooper bottom/metre

{ 7 4!'7'3'/“-’1%‘1
ph— -

b
4% 24.58 x 0.44
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Weight of sloping bottom
:w[(@;j)wh()‘m\/?] x0.18%x4/2 x24

=72 kN

Total load = (153 +72)=225 kN
If T=Tension per metre run
Mean diameter at centre of sloping slab= 3.5 mm

e
r:( 225 }Cosac»éﬁzin KN

mx 3.5
Steel reinforcement for direct tension
3103

“1230

Use 8 mm diameter bars at 200 mm centres in the direction of the
sloping slab.

) = 130 mm?2

Surcharge pressure on hooper bottom = (;;m> = 1,35 kIN/m?

42

Maximum horizontal pressure in hoper bottom pp, =25.13 kN/m?2
If pu=Normal pressure intensity
DPa=(1.35 cos? 0+ py-sin? 0)
=(1.35 x cos? 454 25.13 x sin? 45)
=13.24 kN/m?2
Normal component due to self weight of sloping slab
=wq-cos 0
=(0.180 x 24 < cos 45)
= 3.00 kN/m?
Total Normal pressure = £ = (py + wyg cos §)
={13.24 + 3.00)
=16.24 kN/m?
Mean diameter at centre of sloping slab
= {»—2~~> 0.184/2=3.75m
Hoop tension/metre = (0.5 x 16.24 x 3.75)
=30.45 kN

. 30.45x 103
Area of hoop reinforcement = (~—-7%—0~*—) =133 mm?
Y )
Use 8 mm diameter hoops at 200 mm centre in the hopper bottom,
6. Edge Beams
At the junction of the cylindrical wall and hopper bottom and at the
top of the bunker, edge beams of 300 mm by 300 mm with 4 bars of
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12 mm diameter are provided to increase the rigidity of the structure.
The arrangement of reinforcements are similar to those shown in
Fig. 2.9.

2117 DESIGN EXAMPLE

A cement silo has an internal diameter of 10 m with the height of cylindrcal
portion being 30 m. The density of cement is [5.2 kN/m3. Coefficient of
friction between concrete and material =0.70. The angle of repose of the
material is 17.5 degrees. Adopting M-15 concrete and ribbed tor steel,
design the thickness and reinforcements required at the bottom of the
cylindrical portion of the silo using Janssen’s theory.
1. Data

Diameter of silo=10 m

Depth of cylindrical portion= 30 m

Density of cement=15.2 kIN/m3

Coefficient of friction between wall and material = p' =0.70

Angle of repose of material = ¢ =17.5°

Ratio of horizontal to vertical pressure intensity

,_!I"‘Sin(f)‘“_ 1_03\*
”~‘\1“}“Siﬂ {]')}— {I'i‘03§—0“54

2. Allowable Stresses

oeb =5 N/mm? m=19
oo =2 N/mm?
oy = 230 N/mm?

3. Design of Cylindrical Walls

Using Janssen’s theory

Horizontal pressure = py = }gj(l - exp{ - ’f?’?}}

Dy 10)_
!{=<T> - (71_, =25
1= 0.54 w=15.2 kKN/m?
=30 m W =0.70

At the bottom of the cylindrical portion (2 =30 m), the horizontal
pressure is given by

N S LRI ().7()><0.54,\:3(}'i
et S | Ly el

-
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Hoop tension in cylindrical wall per metre height

=0.5pn- D
=(0.5x 54 x 10}
=270 kN
Area of hoop reinforcement = 4y = élw} = 1174 mm?
L0230
Adopt 16 mm diameter hoops at 60 mm centres {4y provided =

1256 mm?)
. Using 200 mm thick cylindrical walls tensile stress developed in

concrete is given by
F }
P . T
ot /{g -+ f?’l/{sg',

270 x 108 }

=1.20 N/mm? < 2 N/mm? permissible stress
Vertical presure intensity at a depth 2=30 m is

Pv = (Opgzi}éoé%} =100 kN/m?
. 100
Equivalent depth of cement = 3= 6.57 m
Even though there is 30 m depth of cement, the effective vertical load
is only due to 6.57 m of cement.
30 m depth of cement corresponds to a pressure

(15.2x 30) = 456 kIN/m?
Vertical pressure intensity at 33 m depth = 100 kN/m?
and is= {120 100} = 21.9% of total weight
456 /
The remaining 78.17; is transferred to the silo walls by friction,
Provide vertical distribution steel of 0.12% of the cross section

equivalent to 8 mm diameter bars at 160 mm centres.

2.12 DESIGN EXAMPLE

‘Compare the horizontal pressures developed at 5 m intervals in a cement
silo of internal diameter 10 m and height 30 m using Janssen and Airy’s
theories.

Density of cement=15.2 kN/m?

Coeflicient of friction between concrete and cement =’ =0.554

Coeflicient of friction between filling on filling =1 =0.316

Angle of repose of cement = ¢ = 17.5 degrees

I~sin ¢
"§m§~”-5“
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(a) Janssen’s Theory

ph_‘ﬂ‘i{ 1 exp— {ag}}
< 7)-(7)-25

15.2x 25\ {0‘%54>034>/h
0554 JITTPT A TTas

=68.59(1 — e—x)

For different values of A= 5, 10, 15, 20, 25, 30 m from top, the vaiue of
horizontal pressure py is evaluated,

(b) Airy’s Theory
1. The depth up to which the silo will act as shallow bin will be given by

h= biﬁ A+ '/’T(T:H:?)]
(n+p)

r—lo[ 0316+/W]
(0.316+0.554)
=948 m

1
= W}
o m[{"»/rt(w*#)ﬁﬂx/l*? pas }

- i5.2h[_——.——~.~» ! _
{4/0.316(0.316+0.554) + 1/ 1 + 0.3162)
=6.1484 kIN/m?2 valid up to 2.48 m

2. The horizontal pressure intensity at depths greater than 9.48 m is given
by

- \/1 :“‘
[)b (;L"‘—[Ll) }w AL -
“(}L»{—p,)—}-({ /'ﬁ‘"/)
LA VIT03Te
[O3T670558) |~ s o
/ (0316+()554)4‘(1~0316x0554;

=174.7~183(0.174h -+ 0.825)-112

Using this equation the values of py at depths of 10, 15, 20,25 and 30 m
is evaluated and the values are compared in Table 27%.

In deep bins, Airy’s theory predicts higher values of horizontal pressure
than that resulting from Janssen’s theory for increasing depth from top. At
greater depths, the pressures computed by Airy’s theory is nearly 509
greater than that evaluated by Janssen’s theory.
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TaBLE 2.5 Horizontal pressure in cement silos

BDepth from top Values of pn (kN/m?)

(m) Janssen’s theory Airy’s theory
5 31.00 30.74

10 47.87 60.40

15 57.25 75.88

20 62.41 86.30

25 65.16 94.30

30 66.71 100.00

2.13 EXAMPLES FOR PRACTICE

1.

h

A reinforced concrete circular bunker is 4 m in internal diameter. The
circular wall is 4.5 m high. It has a 45 degree conical hopper bottom.
The hopper has a concentric circular opening of diameter 0.5 m. The
bunker is supported on four columns.

The bunker is used for storing material weighing 8.5 kIN/m3. Angle
of friction is 20 degrees. The coefficient of friction between the con-
crete surface and the material is 0.4, Design the circular walls of the
bunker and the conical hopper bottom. Adopt M-20 grade concrete
and ribbed tor steel Fe-415 grade.

(Bangalore University—January 1978)
A cylindrical silo having a ratio of height (cylindrical portion) to the
diameter of 4, is required to store 2000 kN of wheat having a density
of 8 kN/m3. The coefficient of friction between grain and concrete is
0.444 and the ratio of horizontal to vertical pressure is 0.4. Design
the reinforcements in the walls and conical bottom of the silo using
Janssen’s theory. Adopt M-20 grade concrete and Grade-1 mild steel

(Bangalore University—-January 1979)
A coal bunker is to be designed to store 300 kN of coal having a unit
weight of 8 kIN/m?. The bunker should be square with 3 metre sides.
The stored coal is to be surcharged at an angle of repose which is
30 degrees for coal. Adopt M-15 grade concrete and Fe-415 steel and
design the side walls and hopper bottom and sketch the details of
reinforcements.
A rectangular shallow bin 3 m by 2.5m in plan is required to store
240 kN of foamed slag aggregates. The unit weight of the aggregates
being 9.5 kN/m3. The bin is supported on four R.C columns at the
corners. Using M-15 grade concrete and Grade-1 mild steel, design
the side walls, hopper bottom and the column and sketch the strue-
tural details. Angle of repose =30 degrees, Angle of surcharge =25
degree.
A circular grain silo of 3.6 m diameter is reinforced with horizontal
hoop reinforcenment of 10 mm diameter. Calculate the maximum pitch
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for these rods at depth of 24 m below the surface of the grain. The
unit weight of grain is 8 kN/m3 and the coefficient of friction between
grain and silo walls is 0.41. The ratio of lateral to vertical pressure at
any point is 0.6, Adopt M-15 concrete and Grade-1 mild steel and use
Janssen’s theory. i

The vertical reinforcement of the 125 mm thick concrete shell con-
sists of 24 rods is 10 mm diameter equally spaced. Determine the
vertical stress in concrete at 24 m depth assuming the silo to be full
and neglecting wind forces. Allow for a superimposed load of 11 kN/
m? at roof level, modular ratio = 19.
A cylindrical silo having the ratio of height (cylindrical portion} to
the diameter of 4 is required to store 2000 kN of wheat weighting
8 kN/m3. The coefficient of friction between grain and concrete is
0.444 and that between grains is 0.466. Compare the lateral pressures
developed at 4m intervals using Janssen’s and Airy’s theories.
Design the reinforcements in the wall and the conical bottom for the
worst case. Adopt M-20 grade concrete and ribbed tor steel.




Chimneys

3.1 GENERAL

During the last few decades the use of reinforced concrete chimneys in place
of brick masoury and steel chimneys have become very popular due to
their low cost and durability. Composite material like reinforced concrete
is eminently suited for chimney stacks. Brick chimneys are very heavy
requiring expensive foundations. In contrast to the steel chimneys, the
maintenance costs are minimum in the case of concrete stacks. Also the
development of skp form method of constructing cylindrical stacks has
resulted in rapid construction in the case of concrete chimneys.

The thickness of the concrete shell generally varving from 120 to 300 mm
is considerably smaller than that required in the case of brick chimneys.
Concrete stacks with lesser maintenance costs are architecturally superior
to masonry and steel chimneys.

3.2 PARTS OF CHIMINEY

A reinforced concrete chimney is generally circular in shape with a rigid
concrete shell cast with a rich concrete mix of M-20 to M-25 grade and
provided with longitudinal vertical reinforcement and horizontal hoop re-
inforcement. A fire brick lining 100 to 150 mm thick is provided inside the
concrete shell with an air gap of 80 to 150 mm thick to reduce the tempe-
rature gradient from the interior surface of fire brick lining to the exterior
surface of the concrete shell.

Reinforced concrete brackets with holes are provided at regular intervals
to support the fire brick lining. At the bottom of the chimney, provision is
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made for a fiue opening. The chimney rests on a circular raft foundation.
The various parts of the chimney are shown in Fig. 3.1.

R C. Shell
(M 20 to M 25 Grade Concrete)
) l\’ 7 100 mm Thick
Butside of 4«4 ~"Fire Brick Lining
himney NN
{// Hot Gases
Horizontal |- inside Chimney
Hoop Bars™|, '
- ] —— Temperature
Vertical i~ rT Gradient
ars - s A N
po——et—80 to 150 mm Air Gap
Y
N //,—Fire Brick Lining
* 77
Conerete A ' 0 j
Shell T3 )

YR .C. Brackets to Support
.] Fire Brick Lining at
Regular intervals

Vo H _ )
R.C.Chimney._ | . ~—_————Fuel Opening

K e e e - ez,
’z// R C. Raft Foundation ]

Fig. 3.1 Parts of R.C.C. Chimney
3.3 DESIGN FACTORS

Reinforced concrete chimneys are designed to with stand the stresses deve-
loped due to

(a) Self weight of chimnev

(b} Wind pressure
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(¢) Temperature stresses

(a) The self weight of the chimney is comprised of the dead weight of
the concrete shell and the fire brick lining together with the brackets.

(b) The wind pressure depends upon the velocity of wind at the given
place. The velocity of wind increases with the altitude above the ground.
The wind pressure in different zones can be obtained from IS: 875-1964
code for purposes of design. The design wind loads on the chimney depends
upon the cross sectional shape of the chimney and the values of shape

, factor for different cross sectional shapes such as, circular octagonal and
square are compiled in Table 3.1.

TasLe 3.1 Shape Factors for Chimneys

Ratio of height

to base width Otod 4108 8 or over

Cross sectional

i s
shape of chimney Shape Factor

Circular 0.7 0.7 0.7
Octagonal 0.8 0.9 1.6
Square (wind perpendi-

cular to diagonal) 0.8 0.9 1.0
Square (wind perpendi-

cular to face) 1.0 1.15 1.3

(¢) Due to the temperature gradient between the inside and out side faces
of the chimney, temperature stresses are induced in the chimney walls both
in the vertical and horizontal planes. The inner surface of the shell being
at a higher temperature, tends to expand morc than the outer surface;
which restrains the expansion of the inner fibres to a certain extent. This
restrained expansion results in compression of the inner fibres and tension
of the outer fibres. In consequence of this effect, the concrete shell is sub-
jected to a bending moment in the vertical plane as shown in Fig. 3.2

In the vertical cross section, P, @, R and S represent the temperature
gradients in the chimney. Experiments have shown that the rate of fall of
temperature is steeper in the fire brick lining than in the concrete shell.
The slope of PQ is nearly 6 to 10 times that of RS. The temperature at P is
slightly lower than that of flue gases and at §, it is slightly higher than the
atmospheric temperature.

In horizontal sections of the chimney, the action due to temperature is
similar so that the inner fibres are compressed in a horizontal plane while
the outer fibres are stretched.

3.4 STRESSES IN R.C. SHAFTS DUE TO SELF WEIGHT
AND WIND LOADS

The following notations are used in the analysis of stresses in R.C. shafts.
W = Total weight of the shaft above the considered section
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Fig. 3.2 Temperature Stresses in R.C. Chimney

P =Resultant wind force acting at a distance % from the section
As= Area of reinforcement assumed to be in the form of a ring at the
centre of thickness of shell
ts= Thickness of steel ring
R =Radius of the centre of thickness

= A2
R VT )
d = Outside diameter of the shell
to= Thickness of concrete shell

n = Coefficient of neutral axis depth

o= Compressive stress in concrete at the centre of thickness of shell
o;= Tensile stress in steel

o= Angle subtended by the neutral axis at the centre

m =modular ratio

M = Bending moment at the section

Refcrring to Fig. 3.3, consider a strip R-d6 at an angle 6 from xx. Stress in
concrete at the jevel of elementary strip,

, Rcosb+Rcoso [ cos b +cosa
¢ FO¢ =0
R+ R cos « 1 +cosa

Q

Area of strip=(R.df- 1)
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o
po—t— (R + R Cos &)

! ‘
I r——R Cos 8 +R Cos or}~]
o

Gl‘c ﬁlc' : : R-RCosﬁ)

Fig. 3.3 Stresses in Chimney Shafts

Area of steel in strip=(R-df- 15)
Total compressive force in concrete and steel

(mr—eL}
c=2{"" (R-doye-oe {EOS b %95*1}
Jo [+cos a

(- ) y. [ cos f+cosa
. . 1y, | COSO+cosa }
+LL (R-db)te-(m—1) "C{ [+cosa ]

. . ['.gRgctg (-n——ﬂl)
C“U-%cosa. 0 (c0s 0 +cos =) b
A — (mr—u)
{ z_R%gJ%ns_;g] j " (cos 0-+c0s ) af

Integrating and simplifying

C= [ 2Ro.

T+ oos m] [{te + (m— D)ts}] [sin o + (7 — &) cos ]
Similarly total tension in steel is given by

Rcosf—Rcosa
R+Rcosa

T=2 j “(R d@)ts-mcc(
o

_ [2Roe-mis
T} I+cos«a

}{s'm o —o COS a]
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Equating the sum of the internal forces to external load W
W=(C-T)
2Ro,

W= {m—;] [(zc = #5) {sin o+ (7 — ) cos o} -Fmmise cos o] H

Equating the element of external forces to the sum of the moments of the
internal forces we have

{(m—ot} k4
sz C-R‘cosﬂ-ﬁ-‘[ T-R-cos ¥
0 0

2R? (m—a)
M= [] +c§;§} [te +m = 1)ts] fo (cos? 6+ cos 6 cos o) df
YR25 3. T :
+ [“ffccg;;s ] j (cos2 0 —cos 0 cos «) db
: < 1o

Integrating and simplifying we have the final equation for the moment M, as

[ 2R2. 4, sin2a (w—o)
LT‘J:E‘(;:E:’ [(lc“f-(/?’l-‘ ])/s)] [“‘"4 — 4= 2 "]

+ [E{@-nzrs} [ o sin 2a ]

M =

I +cosa 274
_[ 2R?%, sin 20 w—ua mtg- w
M= | T+cos oc] [(Z° ’s)( B B )+ 2 ] @)

Eccentricity e = (M/W)

(te—1 sin 2e W—oc) Hictgem
e=R : S)( at 2 ! 2 %

(fe— ts)[sin o+ (7 = ) COS o] -+ 7ty -cOS o

G)

The value of « which satisfies the Eq. 3 is determined by Trial and Error.
Knowing « the stresses in concrete and steel can be evaluated using Eq. 1.

3.5 STRESSES IN HORIZONTAL REINFORCEMENT DUE TO
SHEAR FORCE

If = Horizontal shear force at the section
d=diameter of the chimney
'S = pitch of hoop bars
Ar=Area of hoop bars in one pitch length

Area of steel resisting shear in one metre height = (2—4‘71929

) If o.=stress
in steel

Shear force resisted = (

24,1000 ) ©
If horizontal distance between reinforcement on both sides is assumed as 0.84,

H x 1000 1000H
Leverarm / ~\ 0.84

shear/metre = ( (b)
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Equating (a) and (b)

(% x 1000 x o ) - ‘OOQE)
s “\ 084

H-s
”‘”(1-6&4) (4)

Where d and s are expressed in mm units and 4, is in mm?2 units.

3.6 STRESSES DUE TO TEMPERATURE DIFFERENCE

In the walls of a reinforced concrete chimney, stresses are developed due to
the temperature gradient between the inner and outer surface of the walls.
This temperature drop from inside to outside surface tends to expand the
inner surface relative to the outer one. Due to the monolithic action of the
entire wall, differential expansion is not possible and hence equal expan-
sion takes place so that the shell is compressed on its inside surface and
pulled on the outside surface. As a whole there is ‘an average increase in
the length of the shell due to the temperature gradient.

3.6.1 Effect of Temperature only on Stresses in
Chimney Walis

Let T° = Temperature difference between inside and outside with a linear
temperature gradient.

= Coefficient of expansion of steel and concrete
e=strain due to temperature difference
m=modular ratio -

fs= Area of reinforcement per unit width
fe= Area of concrete per unit width
oc = stress in concicte due to temperature
oy = stress in steel due to temperature

p=(ts/1c)

k= Neutral axis depth constant

Referring to Fig. 3.4 and considering the force equilibrium we have the
following relations.

(1/2)oct k-t = I ogu=p lc-og

oc-k ate— ki, (a=k)
Ogg = "‘——2«;)“ =M -0t "*——k*r—*—*- =Moe - "—k"-'~

<

k2= 2pm(a~ k) and

k= —mp++/2mpa+ pim2 (%)
Rise in temperature in reinforcement = (1-aT
Free expansion of steei =(l -a)aT
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The tensile stress in steel is due to the difference between that due to strain

e and due to temperature rise (1 — a)T
Stress in steel og = Ef(e — (1 — a)aT]
At the neutral axis, there is free expansion due to strain ¢
e=(1-kyT
. Stress in steel  og = Ef(1 = k)oT— (1 = a)x T}
osu=FEs o2 T(a—~k)
Stress in concrete o= E(Tu— ey = E[To~ (1 — k)xT]
: ca=FE. 0k T

6)

(7)
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3.6.2 Combined Effect of Wind Loads, Self Weight and
Temperature on Stresses in Chimney Walls

The stresses developed at the neutral axis, compression zone (Leeward side)

and tension zone (Wind ward side) of the chimney due to the combined effect
of wind loads, self weight and temperature will be examined separately.

Case 1. Stresses at Neutral axis

There are no stresses at the neutral axis due to the external loads. But there
are stresses developed due to temperature difference

Stress in steel = EqwT(a—k) (6)
Stress in concrete = EcakT (7)

Case 2. Stresses in Compression Zone (Leeward side)
The Leeward side of the chimney is under compression due to the effeet of
wind loads and self weight. If the temperature stresses are superposed, the

final effect will be to increase the compressive stress in concrete and decrease
the stress in steel.

Referring to Fig. 3.5 and using the following notations:
ate — .
N

te

Outside |+ ,~ Joo 0o T | Inside

Stresses Due -to Wind

iy
and Self Weight ¢
|
|
S ote
N '
S
oc

Fig. 3.5 Temperature Stresses, Compression Zone
(Leeward Side)
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o= Compressive stress in concrete assumed uniform due to the effect
of self weight and wind loads
k't = Position of neutral axis
ol = Compressive stress in concrete due to the combined ff ect
o{=Stress in steel due to the combined effect
e = Strain due to temperature difference of 770
Total compression will remain unchanged in the section.
Considering the force equilibrium, we have
o te+(m— Dits-oc= (4ot k'te)— t;- ol
If s=pic

- y
Uc'fc‘?-(ﬁ?‘“l)p'[cﬂ'c-“—“(%oc’- k’Afc)—-chmc [o 28 (27(7“)

o t[l +(m—1) pl=ol- tc[/c’/ ~mp (%,—li)]

g = | CellAOn—1)p] ®
\k'/zh mp (L’Z'*;C,k )/
Change in stress in concrete at inside face = (o, — o,) (a)

(0i—0c) = E(To.— €)

Change of stress in steel = (o5 + ma)

(oi+moc)= EJe—(1-a)uT] (b)
But o; = Oé m (9:%{{?“)
. (a -k’ )
o uk«;»« M- o
g |+l -aul=¢ )]

Also from Egq. (a), we have

To— *(icifc—) =g (d)
Equating Egs. (c) and (d), we get
. [ E.oa - Ta
e 1+ (a_,k’) ®
.
Equating Eqgs. (8) and (9)
odl+(m-1pl [ EcaTa (10)
k'[2~mp (fz:!i) 1+ (a— k'}*
. = 7 7

For given values of the various variables, we can evaluate &' from Eq. (10)
and then compute o¢ from Eq. (9) and o/, the stress in steel.
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If k' is more than unity, the whole thickness of concrete 7. will be in
compression and the stresses can be analysed using the same procedure.

Case 3. Stresses in Tension zone (Wind ward side)
The chimney section in the wind ward zone is in tension due to the effect
of self weight and wind loads. Concrete is assumed to take negligible tension
and hence the whole tension is resisted by steel.

Referring to Fig. 3.6 and using the following notations:

o, = Tensile stress in steel due to the wind loads and self weight
k't.=position of neutral axis
o= Compressive siress in concrete

as= Stress in steel due to the combined effect

te

__r
2]
=

[a}

Outside | ° : E ( ', Inside

Stresses due to
Wind and Selt Weight

'

Gc

Fig. 3.6 Temperature Stresses, Tension Zone (Wind Ward Side)

The effect of temperature is to develop compressive stress in concrete and
increase the tensile stress in steel.

The total force in the section remains unchanged, considering the equili-
brium of forces

IgrOs= (ls‘(’é - %Uék,[c)

/ ,fa— .
But Cos =1 o (T“) and tg=p-tc
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L fa—k' C
pPrlcos=p-icn- o; ——/;‘,‘7 "'fO’ck fe

D 0s ] .
% a—k' K ( (1
‘[pﬂl ( k ) —2_]5

Change in strain in concrete at inside face is

_[os e
bﬂs EC
Os ol _ o

e-——{:Ta—»-U—S—« i’i} (a)

Change of strain in steel is given by,

<%Efs ) =[e= (1~ ayT]

():(_({%;scfs )+(l —a)a T (b)
Equating the Eqs. (a) and (b) we have the relation,
oe=la - aTE,—o5/m]
substituting for o and simplifying

ot=aoTEk' (12)
Equating the Eqs. (11) and {12), we have

U /"fi,,,, -;_v.w’]:g,T.EC/\j' (13)
)77} q_:./f_ — k'
p g k' [l J
The value of k" can be evaluated using the known values of the other vari-

ables and then the values of the stress in concrete o and the stress in steel
og can be estimated using relevant equations.

3.6.3 Stresses in Horizonta! Reinforcement due to Temperature
Difference

At high temperatures, the inner surface of the chimney is prevented from
expansion and therefore gets compressed. The outer surface will expand
more than the natural expansion and will be in tension. Due to temperature
stresses, generally the hoops tries to expand and consequently tensile
stresses develop in the hoop reinforcement.

Taking unit height of wall and referring to Fig. 3.7 and using the follow-
ing notations.
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‘T—- v
lem CB/
i

at;

Fig. 3.7 Stresses in Horizontal Reinforcement due to
Temperature Difference

k't. = position of neutral axis
o.= Compressive stress in concrete

a¢=Tensile stress in steel
A.= Area of hoop reinforcement/unit height

As= Cross sectional area of horizontal steel

s = Spacing
As=(As/s)=p-tc
' os=m-ofa~k')k’' (14)
Consider the force equilibrium of the section, compressive force in concrete
on the inner side = tensile force in horizontal reinforcement

Yol K'te= AL 0! =p-temo (_%m)
k'[2=mp (a_;(‘/k_' )
k'=\/ 2pma+p2m?~ pm (15)
Using this equation the position of the neutral axis is determined.
Let e = actual strain
stress in concrete =o!=(aT - e)E,
stress in steel =o{=[e— (1 ~ a)xT]E;
From these two relations,
e=[aT~ol/E] and e=[o(/Es++T(1 - a)]
[T~ ollE]=[0i/Es+2T(1 - a)]
(16)

[oi+nic]=EaT a
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Knowing the value of k', the stresses in steel and concrete of and o; can
be obtained by solving Egs. (14) and (16).

3.7 EXAMPLE

A reinforced concrete chimney 50 m high above ground has an outside
diameter of 4 m. The thickness of the shell is 20 cm at the top and it is
increased to 25 cm and 30 cm at 18 m and 30 m from the top. Vertical steel
bars =1 percent of the cross sectional area throughout. The total wind load 1
above the section at 18 m from top may be taken as 93 kN. Find the stresses ‘
developed due to wind and dead loads at the Section 18 m from the top of
the top of the chimney. Assume modular ratio m= 3.

Weight of concrete shell = (7 x3.8 x 0.2 x 18 x 24)

W=1031 kN
Ay=0.01 x 7(22 — 1.82)10% = 240 cm?

As 240
= — = e P = 7
fs (27712) (z 7 x 190 ) 0.20em

Equivalent second moment of area
Io=[n/64(D* — d*%) + (m ~ 1)mriiy)
=[m/64(400% — 360%) + (13 - )7 x 1903 x 0.2]
=480 % 106 cm*
Equivalent area = Ag=7/4(D2— d2) + (m ~ 1)As
Ae=7/4(400% - 3602) + (13 — 1)240 = 26,300 cm?
Horizontal wind load= P =93 kN
Moment due to wind load at a Section 18 m from top
=M=(93x9)=837 kN.m.
eccentricity e = (M/W)=(837/1031)=0.81-m
For no tension to develop

o (20 2{,43911_06)—91 cm
max =R n )T 26,300 x 400 a

Hence the entire section is in compression
Maximum compressive stress in concrete
oo = [V_V_ N @]2 [1031 x 103 + 837 x 106 x 2000
A ! 26,300 x 102 480 x 1010
Compressive stress in steel=m-o.=(13 % 0.74) =9.62 N/mm?

]=0.74 N/mm?

3.8 DESIGN EXAMPLE

A concrete chimney of height 80 m with the external diameter of the shaft
being 4 m at top and 5 m at bottom is required in a place where the wind
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intensity is 1.5 kN/m2. Thickness of fire brick lining =10 ¢m. Temperature
difference between the inside and outside of shift = 75°C. Permissible bear-
ing pressure on soil at site = 150 kN/m?2.

Adopt M-25 grade concrete mix and tor steel Fe=415 grade and design
the following, ,

(a) Base section of the chimney
(b) Foundation for the chimney.
(1) Permissible Stesses
M-25 grade concrete .. o= 8.5 N/mm?
Fe =415 grade steel m=11
o =230 N/mm?
(2) Loads Referring to Fig. 3.8
Weight of chimney = (7 x 4.2 x 0.3)80 x 24 = 7600 kN
Weight of fire brick lining (10 cm thick)
=(7x3.8x0.1)80 x 20=1920 kN
Total wind load above base =[(0.7 x 1.5 x (4+5)/2 x 80]= 375 kN
acting at a height of 40 m above base
Total dead load above base (W)= (7600 +1920)= 9520 kN
Bending moment at base due to wind loads

M=(375%40)=15,000kN-m

- M 15,000} _
Eccentricity e= (W ) = ( 9520 )— 1.575m

(3) Reinforcements

Providing reinforcements of 1% of the cross sectional area,
Ag =0.01(m x 4600 x 400) = 57,805 mm?2
Using 25 mm & bars

_ (57,805
Number of bars = (—45-1»)_ 117

provide 120 bars of 25 mm diameter bars
Equivalent thickness of steel ring is given by

1_(_45:)*(_&@0_ —4m
= \ndn )~ \Fxd600 )= 1™

(4) Analysis of Stresses at Base Section

Referring to Fig. 3.8, If « =angle subtended by the neutral axis at the
centre, the eccentricity is written as,

( o fsin2a  m—a)  ometem
RS» [(tc ts)(—z-nt—z—-)f 5 ]

(fc — ts){sin o+ (77 — @) COS o} + M -15-COS o /%

e =
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Fig. 3.8 Details of R.C. Chimney

In this equation
¢=1575 mm f¢=4 mm
R=2300 mm fe =400 mm
Trial values of = (varying from 70° to 80°C)
Assumed until the value of calculated eccentricity coincides with the

actual value of ¢ = 1575 mm.
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Trial 1: Assume « = 70°

The right hand side of equation=e = 1742 mm
which is greater than 1575 mm

Hence reduce the value of « for the second trial.
Trial 2: Assume « = 60°

(mmts-cos a)=(m x 11 x4 x 0.5)=69.11

in?2
(.S’“ ““‘) =0.216

4
- a m—1.047
(‘“T) _ (‘“’2‘““) — 1.047
sin a = 0.866
(7 —a) cos o= 1.045
R.H.S=2300

p [(400; 4)( sin4120 i 12.047 )+ 11 ><24 X T }
%(4()0 ~4){sin 60+ (m — 1.047) cos 60} += x 11 x4 x cos 60
= 1586 mm =~ 1575 mm

Hence the value of angle o = 60°

Using this value of « in Eq. (1) given by,

2Ro,

W= [___
1+cosa

][tc = ts){sin o+ (7 — ) COS a} + mm - £5- cOs ]

2 x 23000, ] . _ "
T sov60r | (400~ 4)(sin 60+ (= 1.047) x cos 607}

+7 % 11 x 4 x cos 60]

9520 x 103 = [

solving stress in concrete o, = 3.75 N/mm?

Stress in steel oy =m- o [%%igg; %))' ]

(1 ~cos 60)

== q B

]= 13.73 N/mm?

The stresses in concrete and steel are within safe permissible limits.
5. Design of Hoop Reinforcement

Shear at the base of chimney = 375 kN
Mean diameter at base = 4600 mm
using 10 mm diameter hoops at 200 mm centres, using Eq. 4

_HS ) _(375x ,,191%__2_09)
1.64:-d]  \ 1.6 x 79 x 4600

=129 Nymm? < 230 N/mm?
Hence stresses are within permissible limits.

Stress in steel = oy = (
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6. Temperature Stresses (Combined effect of wind loads,
self weight and temperature)

(a) Compression Zone (Leeward side)

Providing an effective cover of 50 mm to steel

te=400 mm ts=4 mm
at.= 350 mm oa=0.875
p=(ts/tc) =(4/400)= 0.01

T=75°C
a=11x10-6/°C m=11

210 x 103

Eo=(EJm)= ( -~-T‘}--~)
oc=3.75 N/mm?

Using Eq. 10

ofl+(m-0pl [ EcaTa

K (a:lc} - 1:(—a-k’)

7P\ k

210 x 103
e x 0.875 x 75 x 11 x 10-6
3.75[1 + 10 x 0.01] _( 7 X 0875 x 75 x 1l x )

0875-k"\ 0.875—k'
0.5k"~ 11 x0.01 (»—«E«-) [1 +(»——~E—~)]
solving £'=0.70

From Eq. 9, the stress in concrete o/ is

— 103
210-10° x0.875x75x 11 x 10“5)

g,

-~ =11.0 N/mm?
k' 0.70

. {'Ec-a-Tn} _ ( 11

LH a—k (1 N 0.875—0.70‘)

The permissible compressive stress for M-25 grade concrete when wind
loads are also considered is (1.33 x 8.5)=11.33 N/mm?2.

: ’ a4 k‘l
Stress in steel = of = mog Ve

0.875-0.70

=11><11.0( 090

) =30.25 N/mm? < 230 N/mm?
permissible stress
(b) Tension Zone (Wind ward side)
Using the Eq. 13
P s =T Bk’

EEOE

S S S




62 Advanced Reinforced Concrete Design

0.01x 13.73 s [“ % 106 x 75 x =

0.875-k' e

Solving k'=0.55
Stress in concrete o, =aT E.k’

3
210 10 Xk]

210 x 108
11
=8.66 N/mm? < 11.33 N/mm?2

K (0.875-0.55
- )—«IIX&.GG( s )

=56.28 N/mm? < 230 N/mm?

(¢) Stresses at Neutral Axis

(Equation) 12 :(11 <1076 x 75 x ><0.55)

. a
Stress in steel as=m-a§(

Using Eq. 5
k= —mp+\/2mpa+ pm?
p=0.01 m=11 a=0.875

k=—=11x0.01++/2x11x0.01 x0.875 + (0.01)%(11)2 = 0.342
Stress in concrete = o¢p = E.okT
(Equation 7)

< 103
- [3407’1119 K11 %106 % 0.342 - 75] - 5.386 N/mm?

Stress in steel=og = E5-2T(a — k)

(Equation 6)
=210 103 x [1 < 1076 % 75(0.875 — 0.342)
=92.34 N/mm?2

The stresses are within safe permissible limits

7. Stresses in Hoop Steel due to Temperature

Hoop steel of 10 mm diameter at 200 mm centres provided at base
section.

As 79
P= ( A ) = (%‘0‘*740“0 ) = 000098
(]=0875 I’n:]l
Using Eq. 15

k'=/2pma+ p?m? - pm
=14/2x0.00098 < 11> 0875 = (0.000982)(112) - (0.00098 x 11
=0.127
using Eqgs. 14 and 16 we have

—k 755 0.12
ai=m-o; (gk,k' ) =110/ ( 0875 O'I:Z») =60.450/

0.127
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~ Also (ci+moy)=ExT-a

(60.450+ 11ad)=(210x 103 x 11 x 1076 x 75 % 0.875)
solving o¢=2.12 N/mm?
and = o0,=128.25 N/mm?

Total stress in hoop steel = (stress due to shear)
+ (stress due to temperature difference)
=(129+128.15)
=257.25 N/mm? > 230 N/mm?
Hence the spacing of the hoop reinforcement can be reduced to
150 mm instead of 200 mm centres.
. Design of Foundations
A circular R.C. slab foundation is designed for the chimney.
Total vertical load on base=9520 kN
Bending moment = 15,000 kN-m
Allowable bearing pressure = 150 kN/m?
Self weight of footing (assumed at 109;) =950 kN
Total load on soil= (9520 +950) = 10,470 kN
If D = diameter of the circular footing for no tension to develop,

W\ (M\ /10,470 15,000 o
(—Z") = (7) . *;Ez— &= ”‘7’;55" SOIVlng D= 1 14 m
7 32

The loading on the base is taken as annular loading on the mean
diameter. The bending moments in the base obtained by superposing
_the two types of loading shown in Fig. 3.9.

w

4
Ewa‘—:i N 2a

2a w

Fig. 3.9 Bending Moments in Circular Foundation Footing
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10,470

[ntensity of soil pressure (w)= Pl 103 kN/m?
4
Ja=11.4m 2b=4.6m
Maximum bending moment in the section is governed by the radial
moment.

M. = bending moment at centre of footing

W . L 513 o
= o [2 Loge(a/b)+ 1 — (blay ]16 W

104707, (57 23)2] 3 o

=476.28 KN-m/m
M (max) = Moment at junction of footing and chimney walls at a radius
of 2.3 m.

W

3
2100 (alby -1 —(bia2l 2 2 2
T [A. loge (a/b)+ 1 (b/a)j} e w(a? - b?)

10.470 5.7 2.3\21 3
ES ' 2 B N Bk = - 2
S [k log. (2 2) + 1 (5.7) ] T3 103(5.72-2.32)

=578.38 kN-m/m
Using M-20 grade concrete Fe-415 Tor steel

e 578.38 x 108
Effective depth d= / 0.897 « 103 = 802 mm

Adopt an etlective depth ¢ =800 mm and
over all depth /1=850 mm

_ (578385106 \ 2
A5 (Wm) = 3492 mm

: . 1000 x 491
NI, " A et o= L
spacing of 25 mm diameter bars = ( 3493
Provide 25 mm bars at 140 mm centres in perpendicular directions

both ways as shown in Fig. 3.10. Also provide 12 mm diameter bars
both ways at top footing.

): 140 mm

3.9 DESIGN EXAMPLE

A circular R.C. chimney has a constant shell thickness of 300 mm and an
external diameter of 4 m. The section is reinforced with one percent steel
located at 50 mm from the outer face. The temperature different between
the inside and outside face of concrete is 70°C.

Modulus of elasticity of steel = 210 kN/mm?

Modulus of elasticity of concrete = 19 kN/mm?2
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fr——— 5m
r-———--r4-2 m——q 400

il 25 §
10 % -300c/ |, ! {
1 { [T 10 &-200c/c

L 12 §-200 c/c

) il Hy

L25 & 140 c/c
(Both ways)

Fig. 3.10 Re‘nforcement Detaiis in Chimney and Foundations

Coseflicient of expansion of concrete and steel = [1 x 10-6/°C

Compute the stresses developed in concrete and steel due to the temperature
gradient.

I

Shell Properties

fe =300 mm Ag=0.01(7 x 3700 x 300)=34,872 mm?
_ [ As 34,872 \
fs = ( :—dm) = ( g ;;'3‘70‘(5) =3 mm

m=(Es/Ee) = (210/19)= 11
p=1{1s/tc)=(3/300) = 0.01
ate=250 mm
250\ .
a= <300) =(.833

If & = neutral axis depth constant

k= —mp+/2mpa + pim?
k=(=11x0.00)+4/(Ix11x0.0]%0% 33)+(0.01)?x (0.833)2
=0.338

stress in steel oy = EgnT(a~ k)
=210x 10%x 1 x 10-6 x 70(0.833 — 0.338)
= §0.04 N/mm?
stress in concrete ogy = Eo o kT
=(19x103x 1] x 10-6 x 0.338 x 70) = 4.944 N/mm?

e

s
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3.10 DESIGN OF REINFORCEMENTS IN CHIMNEYS
USING CHARTS

Design the vertical reinforcements at the base section of a chimney using
the following data and the design chart shown in Fig. 3.11.

3.0
oy | | p=h
I 5 //% = rL’L
/ ,4
y I AT e
/’-’_!//
25— \J/ = -
e
o %/MJ—%*Z’”’"’”
A ;36
/ 10 L
o~ _ 2.0

\ -
N
N

N
FlE
A\w\

15 3

L tChange of Scale

}/ i00A
: L
[ Gy = KO
1.0 . , | . st = b 1
5 5.7 3.5 77 16 7.0

(/1)

Fig. 3.11 Interaction Diagram for Circular Chimney Shell in Bending

‘

Total vertical load at base section = = 10.000 kN
Bending inoment at base section= M= 17.000 kN-m
Thickness of chimney shell = 7= 300 mm
Mean radius of the shell=r=2m
Concrete M-20 grade and Grade-/—mild steel
The following parameters are computed for using the chart.
eceentricity = ¢ = ( A{) = (~1@00) =1.7
w 10;000

(elry= (,1772)) =0.85 gep =7 N/mm?2 = 7000 kN/m?2

M) (700
t-rice 0.3 < 22x 7000
From the chart the value of percentage of reinforcement p is obtained as.

p=1.0%, and K=10
stress in tensile steel = K oy = (10 7)= 70 N/mm?
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3.11 ANALYSIS AND DESIGN OF R.C. CHIMNEYS
SUBJECTED TO DYNAMIC LOADS

Tall and slender structures like chimneys are subjected to severe wind loads
and earth quake forces. Hence a dynamic load analysis of the structure is
essential to study the performance of the structure under dynamic loads.
The dynamic analysis for wind loads involves the computation of the
natural frequencies and fundamental periods of the structure using the
several empirical formulas suggested in the Indian Standard Codes IS:
1893-1975, IS: 4998 (Part-1 1975), ACI-505 and the methods proposed by
Housner, Keightly and Mitchell.

Due to air pollutian control, tall chimneys in the range of 300 to 400 m
height have been constructed. The advent of modern high speed digital
computers has made it possible to analyse the tall chimneys subjected to
dynamic loads and to compute stresses for various loading conditions ina
rigorous and at the same time accurate and economical methods. Typical
investigations of the dynamic analysis of a chimney stack of height 180 m
and outer diameter varying from 6 m at top to 15 m at bottom and the
thickness of concrete shell being 22 cm at top and 40 cm at bottom, when
subjected to wind loads varying from 2 kN/m? at bottom to 2.88 kN/m? at
top indicates that the design bending moments under dynamic loads are
considerably higher than the static load computations. Under dynamic
analysis. the permissible stresses in concrete are restricted to 0.4 fu and the
permissible stresses in steel are limited to 0.6 foy. A separate analysis is
made to calculate the temperature stresses.

3.12 EXAMPLES FOR PRACTICE

1. A reinforced concrete chimney having a wall thickness of 15 cm  has
o mean diameter of 2.5 m. The section is reinforced with sixty bars
of 16 mm diameter. If the effective wind pressure is 1.4 kN/m? on
the projected area, evaluate the maximum stresses in concrete and
steel at a section 25 m from the top of the chimney. Assume modular
ratio=15.

2. A reinforced concrete chimney of 60 m height above ground level
has an outside diameter of 4 m. Thickness of fire trick lining provi-
ded up to 40 m above ground level is 10 cm. Density of fire brick
lining =20 kN/m3. The lining is supported at every 6 m intervals.
The thickness of concrete shell is 200 mm at the top and is increased
to 250 mm and 300 mm at 24 m and 48 m from the top respectively.
Vertical steel bars of 17, of cross section is provided throughout the
chimney. Wind load is 1.65 kN/m? for the top 24 m and 1.5 kN/m?
over the rest of the chimney héight. Temperature difference between
inside and outside of concrete shell = 707 C. Coefficient of expansion
of concrete and steel =11 x 10-6/°C. Modular ratio= 11,
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Using M-25 grade concrete and Grade-I mild steel design the
chimney and check for stresses at the base section. Also design suit-
able foundations for the chimney assuming the safe bearing capacity
of the soil as 150 kN/m?2.

3. A circular R.C. chimney 50 m high above grbund has a constant shell
thickness of 300 mm and an external diameter of 4 m. The effective
wind pressure on the projected surface is 2 kN/m2 The section is
reinforced with 1 percent steel in the vertical direction. If modular
ratio= 11, find the position of the section from the top where the
resultant stress distribution due to dead and wind loads is such that
there is maximum compressive stress in concrete at the Leeward side
and zero stress at the wind ward face. Evaluate the maximum stresses
in concrete and steel at this section.

4, A reinforced concrete chimney 100 m high above ground has an
external diameter 4 m at the top and 5 m at the ground level. The
thickness of concrete shell varies from 200 mm at the top to 400 mm

~at the bottom. The wind pressure at site may be taken as 2 kN/mz2
Assuming a modular ratio of 15, design suitable reinforcements in
the shell walls.
Adopt M-15 grade concrete and Grade-I steel.




Curved Beams

4.1 GENERAL

Beams curved in plan are often used to support the circular walls of rein-
forced concrete water tanks, curved balconies and circular domes. The
curved beams are generally supported on columns spaced at regular inter-
vals. Since the loads and reactions do.not lie along the axis at any point of
the beam, torsional moments develop at certain cross sections of a curved
beam. However in the case of circular beams supported by symmetrically
placed columns, the vertical reactions are provided by the columns and due
to the symmetry, the torsional moments at the centre of the curved
beam between any two consecutive supports will be zero. Also the maxi-
mum negative bending moment develops at the support sections and
positive maximum bending moment &t sections in between the supports.

Maximum torsional moments will develop at sections nearer the supports
and where the bending moment is zero. In other words, the maximum
torque occurs =t points of contraflexure. Also the shear forces will be
maximum at the support sections.

Hence the support sections have to be designed for maximum negative
" bending moment and shear and sections where the topque is maximum has
to be designed for maximum torsional moment and the corresponding shear
force at the section. ’

4.2 ANALYSIS OF HENDING AND TORSIONAL MOMENTS
IN CIRCULAR BEAMS

The bending and torsional moments developed in curved girders can be
analyzed by strain energy methods. The magnitude of moments and their
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location is influenced by the number of supports and the radius of the
curved beam. Figure 4.1, shows a typical curved beam circular in plan
supported on eight columns. Referring to Fig. 4.2, the maximum positive
and negative bending moments and the torsional moments can be expressed
in the following form:

Negative maximum bending moment =K W-R
Positive maximum bending moment =Ky W-R
Maximum torsional moment =K3-W-R

where W =total load on the curved beam = 2+R -1
where w=uniformly distributed load per unit length of beam
f = Angle subtended at the centre by the ends of the beam
R=Radius of the circular girder

/Column Support
Ring Beam -

Fig. 4.1 Ring-Girder Supported on Eight Columns

K1, K> and K5 are moment coefficients, the values of which are compiled
in Table 4.1.

The critical sections to be designed are the support sections subjected to
maximum negative and positive bending moments and the section subjected
to maximum twisting moment associated with some shear force. At this
section, the bending moment is zero. Hence this section has to be designed
for combined torsion and shear.
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TaBLE 4.1 Moment Coefficients in Circular Girders Supported on Columns
Moment Coefficients

Positive Maximum f
Number of Negative Bending Twisting Angular distance B
columns Bending moment at moment or for maximnm i
n moment centre of Torque torsion 18
at support spans K, i
K, K,

4 90° 0.0342 0.0176 0.0053 19°—12

5 60° 00148 0.0075 0.0015 12°—-44'

8 45° 0.0083 0.0041 0.0006 9°—-33"

10 36" 0.0054 0.0023 0.0003 7°-30

12 30° 0.0037 0.0014 0.0017 7°=15

4.3 MOMENTS IN SEN! CIRCULAR BEAMS SUPPORTED

The magnitude and position of maximum positive and negative bending

moments and the twisting moments in a semicircular beam supported |

on three equally spaced supports are given by the following relations: '
Maximum positive B.M. = 0.1520 wR? at sections 29° — 44’ from the end

columns.
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Maximum negative B.M. over the central support= —0.4290 wR?
Maximum twisting moment =0.103wR? at sections $59°-29 from the
end columns.

4.4 DESIGN EXAMPLE -

A circular R.C. girder for the foundation raft of a water tower has a
mean diameter of 10 m. The uniformly distributed load transmitted by
eight symmetrically placed columns on the girder being 300 kN/m. The
width of the beam is 500 mm and the over al] depth is 1000 mm. Using
M-20 grade cancrete and Fe-415 grade for steel. design suitable reinforce-
ments in the circular girder and sketch the details of reinforcements at
critical sections,

1. Datu
Radius of girder=R=5m
Width of girder = b= 500 mm
Depth of girder = D = 1000 mm
Load on girder = g =300 kN/m
Angle=§ =45°

2. Permissible Stresses

M-20 grade concrete and Fe-415 grade steel

aep="7T N/mm? 0=0.897
oy =230 N/mm? J=0.906
m=13
3. Louds

Self weight of beam = (0.5 x 1 x 24)=12 kN/m
uniformly distributed load =300 kN/m
Total design load w=312 kN/m
Total load on circular girder =W=(2nR w)= (Zx7x5x312)
=9802 kN

4, Bending Moments and Shear Forces
Maximum negative B.M. at support sections
Ma=0.0083 - R =(0.0083 x 9802 x 5) =407 kN -m

Maximum positive B.M. at centre of supports
Wp=0.0041WR = (0.0041 x 9802 « 5) =201 kN-m

Maximum torsional moment at an angle of 9.5 degrees from support
is given by

T'=0.00061- R = 0.0006 x 9802 x 5)=30 kN-m
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Shear force at support section is

V-[ 312 % ‘321( MLZ-]:()IQ KN

Shear force at section of maximum torsion is

i 312x5xmx9.5
={612——-—————1—%-~ ]~% 54 kN

Design of Support Section
M=407 kN -m
V= 612 kN
d= / M - 952 mm

O-b A 0.897 % 500

Adopt effective depth d= 950 mm
over all depth = 1000 mm
% 106
Asi = (nsi\/fd \}( 73(?270@%?‘9‘56‘) 2056 mm?

Provide 5 bars of 25 @ (As =2455 mm?)

4 3
Ty = (L} = (M_O,) =1.28 N/mm?

5d) =\ 300 %950
1004q | _{ 1002455 .
{ bd )‘( 500 < 950 }*0‘”(’

From Table 17 of IS: 456 code, permissible shear stress in concrete
7.=0.3 N/mm? < 7y
Hence shear reinforcements are required. Shear taken by comncrete

0.3 »x 500 x 950
=(recbed)= ( T 1000*"") = 142kN
Balance shear = V= (612 — 142)=470 kN
Using 10 mm @ 2 legged stirrups, the spacing is
. (wf'fstsv'Cf} _ ( 230 x 2 x 79 x 950
oY Vs 470 x 103

Adopt 10 mm @ 2 legged stirrups at 70 mm centres.

} =73 mm

Design of Mid Span Section

Maximum positive moment M =201 kN m

As= ( 735(%%%};(—)555}— 1022 mm?
But minimum area of steel is given by
w{ Q{.}Sde)_( (.85 x 500 x 950
i U A 413

- provide 3 bars of 22~ @ (4 =1140 mm?)

E =984 mm?
/
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7. Design of Section Subjected to Maximum Torsion and Shear

T=30kN-m D =1000 mm
V=354 kN #= 500 mm
M=0
_M1=T[ 1’*‘[“7%) ]:30 [m--——wl +(~I?O$/500) ]=54 KN-m

Mo =(M+M)=54 kKN-m

. 54x105 N oo
AS‘“( 230 % 0.9 x 9?’5‘0“)“27’ mm

But minimum area of tension reinforcemeut should be not less than
that given by,

_{0.856dY [ 0.85x500x950) _ 2
Provide 3 bars of 22 @ as main tension reinforcement (4, = 1140 mm?2)
Equivalent shear=V,=(V+ 1.6 T/b)

=(354+ 1.6 20 ):453 KN
1

0.5
(Ve [453x10%\ 2
'rve--( b?f) = (»560 > 950-)~ 0.953 N/mm
10045 | {100 %982}
( bd )‘( 500 x 950 )’0'206

From Table 17 (IS: 456), 7.=0.20 N/mm? < 0,953 N/mm?2

.". Shear reinforcements are required.

Using 10 mm two legged stirrups with side covers of 25 mm and
bottom covers of 50 mm,

by=450 mm =900 mm Asy=(2 x79) mm?

2
Sy= Ay 0 [%@"":gﬁi‘}
an | 450950 2.5x900 | _
—2><79><230[ 305105 354><I03}—746mm

But 4, {( T"°Sm Te ).b -y

. Asv ‘Osv 2x79%x230 _

T e b (0.953 - 0.20) 500 =96.5 mm

Adopt 10 mm & — 2 legged stirrups at 90 mm centres. The typical
cross sections are shown in Fig. 4.3,

4.5 DESIGN EXAMPLE

Design a semicircular beam supported on 3 columns equally spaced. The
centre of the columtns are on a curve of diameter 8 m. The superimposed
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Fig. 4.3 Typical Cross Sections of Circuiar R C Beam

load on the beam per metre length is 20 kN. Adopt M-20 grade concrete
and Fe-415 grade tor steel.
1. Data
Radius of girder=K=4 m
Assume width of girder= b =400 mm
Depth of girder = D =800 mm
Live load on girder= ¢ =20 kN/m
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2.

(9%}

Permissible Stresses

M-20 grade concrete and
Fe-415 grade steel

ocb =7 N/mm?2 0=0.897

ot = 230 N/mm? J=0.906 m=13
Loads

Self weight of beam = (0.4 » 0.8 « 24)=7.68 kN/m

Live load on beam =20.00 kN/m

Finishes etc. =2.32 kN/m

: . Total load = w = 30.00 kN/m

Bending Moments and Shear Forces

Maximum negative B.M. at middie support= - 0.429w-R2
=(-0.429x30x42) kN-m= —206 kN-m

Maximum positive moment = 0.152w- R2=(0.152 x 30 x 4y=73kN-m
Maximum torsional moment =0.103w. R? = (0.103x 30 x 42) = 50 kN - m
Reaction at end supports = R, :
Reaction at mid support = R,

Then R, = “-’i[i(w ~2) Ry=2w-R

3
Shear at end support R; = Wé’i(n -2)= --()—,)%—4& —2)=69 kN

2
Shear at mid support section = (“ﬁﬁ.}e) =wR=(30x4)= 120 kN

Shear at the section of maximum twisting moment = (R, — wRf)
where 8 = 59°~ 39° = (69 — 30 % 4 x 1.039)= — 55 kN

5. Design of Mid Support Section

Moment M =206 kN -m V=120 kN

M /7206106
d= | M _ [ 206105 _
Job ./ 0879%a00= 7577 mm
Adopt effective depth = 760 mm
Over all depth =800 mm
M N 206x108 y )
Ase= ( 4‘;.(1) - (Eé;*““o 0.9 m) = 1910 mm
Provide 4 bars of 22 mm diameter at the top (As = 1520 mm?)
VY_ (1200 105y ;
o=l }= -} =0.394 N/mm?
v (bd} (400 x 760) 0-394 N/mm

/Wst}ﬁ (roox 1520'}= s

Vood 1 V460~ 760
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From Table 17 of IS : 456 code permissible shear stress in concrete
7.=0.3 N/mm?2, which is less than r,=0.394 N/mm?2. Hence shear
reinforcements are required. Shear taken by concreter

0.3 > 400 x 760

Vereb-d= (._k,_mmnon—r )=91 kN

Balance shear= Vo= (V- V) =(120-91)=29 kN

Using 10 mm @ - 2 legged strirrups, the spacing is given by,

. osv Asy-d _ 230 x 2% 79 x 760 _0&n
Sy = (——T) = ( 20 T8 )_ 952 mm
) (A S (2379 %415 v
Also  sy= (‘(T.Zb)ﬁ (l)/lx 00 1~ 409 mm

Adopt 10 mm 2 legged stirrups at 400 mm centres.

Design of Maximum Positive Moment Section
Maximum positive moment M= 73 kN-m
73 x 108
=f 7Y 46 2
Ast (230 X 0.9 760} 464 mm
But minimum area of tension reinforcement should be not less than
that given by ’

o (0.85&0’) _ (0.85 % 400 x 760
<hst ™ =

7 L ‘M) =623 mm?2
) R

Provide 2 bars of 22 mm @ as main tension reinforcement

(A = 760 mm?)

Design of Section Subjected t0 Maxinuom Torsion and Shear

T=50 kN-m ‘ D =800 mm
V'=55kN b =400 mm M=0
M, = T[!- *I(f;b)] - 50[1,;’% ,(b.]o,%’f QQ).,] =89 kN m

Mes = (M + M) =89 kN -m

89 x 106 ,
Ast= {'ﬁ() <09 76(‘?) = 306 mm?

But minimum area of tension reinforcement as calculated earlier is
0.85hd R
Asz(« ——————— =623 mm?

Provide 2 bars of 22 mm & at top and bottom (As =760 mm?)

. . . 503
Equivalent shear=Ve="" -1.67/b}= (35 +1.6x )* 25

04 kN

W
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Ve 255 %103
Tove =f7—8=§ —u % _ 2
ve (bd) (400 X 760) 0-838 N/mm
1004 _ (100 x 760
bd ) 400 % 760
From Table 17 (IS : 456), r. =0.22 N/mm? < 0.838 N/mm?

". shear reinforcements are required. Using 10 mm 2 legged stirrups
with side curves of 25 mm and top and bottom covers of 40 mm.

b1 =350 mm dy =720 mm Asv=(2x79)=158 mm?

):0.25

bidy  2.5d
Sy= Asvgsv{"”%ﬁ]’ + I/“L]
350 x 760 2.5 720
= < 230 L 2 LY
158 % %0{: 50706 -+ 55100 ] 1380 mm
But Agy € (T"’U—‘ Tf)b.sv

Sy = Asos _ 2x79 <230 147
V—_(Tvc_Tc)— (0838*055)2@— mm

Adopt 10 mm @ -2 legged stirrups at 140 mm centres,

4.6 EXAMPLES FOR PRACTICE

1. A circular girder of a water tank has 2 mean diameter of 10 m, and it is
supported on six symmetrically placed columns. The uniformly distributed
load on the girder is 200 kN/m. Design the critical sections of the girder
using M-20 grade concrete and Fe-415 grade Tor steel. and sketch the
details of reinforcements.

2. The circu}ar girder of an intz type water tank of mean diameter 10 m
and supported on eight symmetrically placed columns, SUpports an uni-
formly distributed load of 500 kKN/m exclusives of its own self weight.
Design the girder using M-20 grade concrete and Fe-415 grade Tor steel.

3. Design a semicircular R.C. beam supported on 3 columns equally
spaced and supporting an uniformly distributed load of 30 kN/m. The
radius of the centre line of the beam is 5 m. Adopt M-20 grade concrete
and Fe-415 grade Tor steel.



Towers

5.1 GENERAL

Reinforced concrete tower frame works comprising of the columns and
braces are penerally used to support over head water tanks. The columns
having the same cross section are symmetrically placed to tesist the dead
_loads and wind loads. The effective length of the columns are reduced by
providing a horizontal frame work of braces at suitable intervals. The
braces reducer the bending moments developed in the colummns.

The columns and braces are designed for direct loads and bending
moment developed at critical cToss sections based on an approximate ana-
lysis. An accurate procedure for determination of forces and moments in
the columns and braces involves a sway analysis of wind Joads using any
of the well established methods.

A typical tower frame work for supporting a water tank is shown in
Fig. 5.1. Generally the braces are spaced at intervals of 2 to 3 m.

5.2 DESIGN PRINCIPLES

The approximate method of analysis is based on the following assumptions:

(a) The braces are stiff and integral with columns so that they are held in
position and direction.

(b) Contraflexure points are assumed to develop at mid points of columns
and braces.

(¢) The inner columns are assumed to resist, twice the shear taken by the
outer columns since the inner columns are stiffened by double bracing.
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Water Tank

4.

T
Spacing Braces Columns
15 to 2 m

WWWM~_—~ Columne

Fig. 5.1 R.C. Support ing Tower

(d) The end conditions of the columns at footing are assumed to be
hinged unless the footing is made rigid by means of piles or rafts or
by horizontal braces.

The moment at each end of a brace is the sum of the moments in the
column above and below the brace. The shearing force in a brace is equal to
the change of bending moment from one end of the brace to the other.
divided by the length of the brace.

The brace is designed for bending moment and shear developed due to
external loads and self weight. The brace is generally reinforced with equal
areas of steel at top and bottom so that it is safe to resist wind from one
side or the other.

5.3 COMPUTATION OF MOMENTS DUE TO WIND LOADS

Case a: Two columns hinged at base -
Referring to Fig. 5.2, let
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Fig. 5.2 Two Columns Hinged at Base

W = Horizontal wind force resisted by one row of columns.
V' = Vertical reaction
taking moments about B, we have the relatfon
Vx L=WxH

L o} L ‘
v v
Fig. 5.3 Three Columns Hinged at Base

B. M. D. S F.O

WH
- (%)
B.M. in each column= (%{1—)
S.F. in each column = /2
Vertical thrust in each column= (‘-iﬁr) _
Case b: Three columns hinged at base
Reterring to Fig. 5.3.
w
]
i
H
( h
l- d)q.._w//* O W/2 (“) - LW/ o

The central column is assumed to take double the shear resisted by the
exterior columns. Hence we have

4 — W . - V= I}LH
V-2L=W H . ‘—(2[{)
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B.M. in exterior column =(wh/4)

S.F. in exterior column = (w/4)

Vertical thrust in exterior colunmn = (WH/2L)
B.M. in interior column =(WH/2)

S.F. in interior column = (w/2)

Vertical thrust in interior column = 0

Case ¢: Two columns Sixed at base
Referring to Fig. 5.4, let
Ma = My = Moment developed in columns at 4 and B
"= Vertical thrust in the columns by taking moments about B.

w w
R
| ooy
h72
H b w/2 W72
wW/2 W/2
h/2
1 Ma Mg
i, w/2 2 £ § "

——

W
VTI T —-——
‘._‘ L \_..f M D SF D
Va \:]

Fig. 5.4 Two Columns Fixed at Base

we have

! W-H=V L+ M+ Mg

V-L=W-.H~(Ma+Mg) = W-H - (Whj4 + Wh4)
V=W/L(H - h)2)

B.M. in each column = Z}'

S.F. in each column = w2
Vertical thrust in each column = WIL(H ~ h)2)

Case d: Columns braced at intervals with fixed base
Referring to Fig. 5.5, let .

H”=load resisted by one row of columns assuming caontraflexure points at
ventre of panels,
Shear force in each column = W2

- (8- ()

Moments
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(Why
vn= (")
Wh
Mpc=Mcp= (-2—2')
Wh
Mcp=Mpc= (‘53)

Moments in brace at any junction=sum of the moments in the column
above and below the brace.

w
My = Mg = (Mgpa + Mgc) = 7{(/’11 + ho)

Mep=Mypc=(Mcs+Mcp)= —4—(/12 +13)
Shear force in brace is obtained as

w

Sse =57(/ +h2)
: w

I Scp=5~[:(/12+h3)

i Case e: Columns braced at intervals with hinged base
Referring to Fig. 5.6, let
W =1load resisted by one row of columns. Assuming contraflexure points at
centre of panels, shear force in each column =W/

‘IW——& -——-—-b—-w
W/2Z | w2 | !

Wh
y |
H ey T
Iy Why b7 7
Wzl oo~ w/z | 4 > :
! ¢ N2

e
T
/

Y

h-

1 D(T}‘JWZ EL . w/2 __L_ {g ,AV

{al Shcar Forces (b) Moments

Fig. 5.6 Column Braced at Intervals with Hinged Base
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Moments

W\ (h w
s (B (%)

. Mpc=Mcp=Why/4)

W
-

Mpc=0
Mg = Mgp=(Mspa+ Mgc)=W/A(hi + ha)
Mcp = Mgc=(Mcg + Mcp) = W/A(h2+ h3)
Spg = W/2L(h{ + hy)
Scr = W/2L(h2+h3)

5.4 WIND LOAD ANALYSIS OF A TOWER WITH CIRCULAR
GROUP OF COLUMNS

In the case of over head circular tanks, the tower consists of a number of
columns braced together on the periphery of a circle. The moments and
shears in the columns and braces due to wind loads are analysed by assum-
ing contraflexure points at the mid heights of columns between the braces.
Referring to Fig. 5.7, let

W, W, Wa, Wi and W, be the wind loads acting on the tank and columns
at different nodal points maximum. Moments and shears occur in the
bottom panel.

Shear in the bottom panel = (W + Wi+ Wi+ W3)

Moment about the base due to wind is calculated as,

Mi=W.H+ Wx(h; -k g+ b3y -+ Wo(hy -+ h3)+ Ws-hs

Taking moments of all the forces about the axis yy at the base,
we have

. / .
My=Y M4+2Vr + 4kV- fri)rz
i

where Y M=(W+Wi+Wa+t WS)’J%

and V =the vertical reaction developed in the exterior column B. 7, and r2
are the distances of the column B and C respectively measured from the
central axis yy.

M= Y M
i

The maximum moment in brace — BC, occurs when wind is blowing normal
to brace BL.
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Fig. 5.7 Wind Load Analysis of Circular Tower

Moment at the junction of column in the direction BK =(Mpa + Mpp)
Moment in the direction of brace BC is given by

Myc = (Mpa + Mpp) sec. 45° = (Mga + Mpp)\/2
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Shear force in the brace is given by

S= Moment in the brace
L (length of brace)

-~

5.5 DESIGN EXAMPLE

A rectangular water tank 3 m by 3 min plan and of depth 3 m is supported
on a tower 6 m height. Number of columns = 4. The columns are braced at
mid height. The wind pressure on the tank may be taken as 1 kN/m2,
Assume dead weight of tank =160 kN. Weight of water in tank = 280 kN.
Adopt M-15 grade concrete and Fe-415 grade Tor steel and design the
columns and brace of the supporting tower. The columns are provided with
a rigid foundation so that fixity conditions may be assumed at' the column
base.

1. Data

Height of columns =3 m

Length of brace=3 m

Dead weight of tank = 160 kN

Weight of water= 280 kN

Wind pressure =1 kN/m?

M-15 grade concrete and Fe-415 grade tor steel

2. Permissible Stresses

Gee =4 N/mm?2 0=0.659
oep=5 N/mm?2 j=0.903
056 = 190 N/mm? m=19

og =230 N/mm?
3. Leads and Moments

Referring to Fig. 5.8
Wind load on tank =(3 x3x 1)=9 kN

Load on columns:

Dead weight of tank 160 kN
Weight of water 280 kN
Self weight of columns=(4 x 0.3 x 0.3 x 6 x 24) 52 kN
Self weight of braces =(4 x 0.3 x 0.3 x 3 x 24) 26 kN

Pr—

Total dead load = 518 kN
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Forces
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!— 3m ;
Fig, 5.8 Wind Load Analysis of Water-Tower
518
Dead load per column = )= 130 kN

shear force in each column due to wind =9/4=2.25 kN
bending moment in column =(2.25 % 1.5)=3.375kN-m
If V= direct load due to wind, taking moments about B, we have

(2V x3)+(3.375x4)=(9 x 7.5) . V=9kN
4. Design of column secrion

Size of column = 300 mm x 300 mm
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Axial joad =P =(130+-9)=139 kN
Bending moment = M =3.375 kN -m

3.375 x 108

eccentricity e= M/P = ( "1-?;9:—?:763-“) =24 mm

The load and eccentricity being small, try minimum steel of 0.8%; of
concrete section.

A :( 0.8

L fop 7300300 ) =720 rm

Provide 4 bars of 16 mm diameter (4 = 804 mm?)
Ae= (300 x300) +(1.5x 19 x 804) = 112914 mm?

3 3
]c = {{)%} + I.SHZAs:: hzl = [3““"“"—‘_“00 ;2300 + 1.2 x 19 X 804 v 1002]

=9.04 x 108 mm*
using a cover = 50 mm A =100 mm

Stresses in concrete

. {139 x 103y
Compressive stress = ('wl 15914 )— 1.23

Bending strass o f 3375 % 1065 150
néme s ress“( T9.04% 108

Jec  Teb) -y I;ﬁ;’+9.;§6 =0.412 < 1
Oce  Ycb, 4 5

Use 300 x 300 mm column with 4-20 mm diameter bars.

):().56

. Lateral Reinforcement

Diameter of ties = (20/4)=5 mm
Pitch shall be the least of

(a) least lateral dimension of column=300 mm
(b) 16 times the longitudinal bar = (16 x 20) =320 mm
(c) 48 times the lateral reinforcement = (48 x 5) = 240 mm

use 5 mm ¢ ties at 240 mm centres.

. Design of brace

Moment in the brace =(2x 2.25» 1.5)=6.75kN-m
Moment in brace ) - (?:7 5
1 length of brace / ~ \ 1.5
The cross section assumed for the brace is 300 mm by 300 mm

LM\ [ 675k108 ) _ X
As= ((751-7vd )“( 230 % 0.9 x 270 )‘ {21 mm

Shear force in the bracc=( )= 4.5 kN
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But minimum area of steel is given by
Ao (O:Sde) (0.85 x 300 x 270
st = =

fy ] 415

Provide 2 bars of 12 mm diameter ( V=226 mm?), both at top and
bottom with a cover of 30 mm.

): 166 mm?

: I 44 4.5x10% } )
NOmlnal shear stress Ty = (E) = (M) = 0.055 N/mm
From Table 17 of IS: 456-78, The permissible shear stress in concrete
7¢=0.29 N/mm? since =, < 7,, Nominal shear reinforcement are
provided.
Using 6 mm diameter 2 legged stirrups the spacing is given by,

. Asvfy)w 2x28x415
v 0.4b ] \ 0.4x300

Provide a spacing of 190 mm for the stirrups.

)= 193 mm » (0.75x270) » 202 mm

5.6 DESIGN EXAMPLE

A circular over head water tank has a diameter of 10 m and a height of
5m. The tank is supponted on a tower 13 m in height which is braced at
intervals of 5m. The R.C. columns have a cross section 300 mm by 500 mm
and the braces are 400 mm by 450 mm. Number of columns in the tower
=8. The columns are arranged at intervals of 45°, The total wind loads
acting on the tank and tower are as given below:

Wind load Distance from base
(kN) (m)
W=63 18
Wi=23 15
Wy=36 10
Wi=36 5

The total dead load due to the self weight of concrete and weight of
water acting on each column at the base is equal to 700 kN, If Jox =20 N/
mm? and fy = 250 N/mm2. Design the reinforcements in the column section
at base and in the braces assuming raft foundagions.

1. Data

Column section = 300 mm by 500 mm

Brace section = 400 mm by 450 mm

Wind loads: W=63 kN, Wi=23 kN, Wy=W;=36kN
/11=h2=h3=5m H=18m

Dead load on each column at base = 700 kN

M-20 grade concrete and Fe-250 grade mild steel.
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2. Stresses ,
Jex =20 N/mm? fy =250 N/mm?

3. Loads and moments

Referring to Fig. 5.9, we have
M =Moment at the base of the columns

— W+ W+ Wa+ W3) f’zi
— (63423 +36+36)5/2 =395 kN-m

4
Zm
W= 63 kN ’ T
1 ) 5m
W1= 23 kN —_1
5 nf
Wa = 36 kN i
H=18
m 5m
 W3=36 kN
Sm
R A AN Ay AN M
s rr7 TFETF Frr77r77 PP TTT7TFTTT7TT 7T 7 77
v | v?
Columns
300 x 500 mm

Braces
400 x 450 mm

,l= 10m |
/Fig. 5.9 Wind Loads on Water Tank Tower
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If M;=Moment due to wind loads about base
Mi=(63 x 18)+(23 x 15)+(36 x 10)+(36 x 5)=2019kN-m

If V=reaction developed at the base of exterior columns
V
M=% M+ - [
1

2019=3954+V/5[(2 x 52) +4(5/4/2)3] ... V=89kN
Total load on Leeward Column at base = (700 + 82)=782kN

Moment in column at base = (3§5—) = 50kN-m

Moments in brace BC

. 2 36 - —
- [L@i%gi?@ " _75_ . i@?:ﬁ;gjé_t@_ “ %] V2 =124 kN-m

124

shear force in brace = (

. Design of Column section

Ultimate load P,=(1.5x782)=1173 kN
Ultimate moment M, = (1.5 x 50)=74kN-m

b=300 mm D =500 d'= 50 mm
Ratio (d'/D)=0.10

3
( fcf%b”') ~( 255 350 +-505 ) = 0391
"( A
Jac-b-d2] — 120 x 300 x 5002
Referring to the interaction diagram, corresponding to
Jy =250 N/mm? and (d'/D)=0.1
(Refer page 181 of book Design of R.C. Structures by Author)

)=0.05

(Pifa)=0.05 . p=(0.05x20)=1Y%
§ = (‘%%)) = (l—xégg—gjgp—) = 1500 mm?

Provide 6 bars of 20 mm ¢ distributing 3 bars on either face.

Transverse Reinforcement
Using 6 mm diameter ties, spacing of the ties is the least of

(a) Least lateral dimension = 300 mm
(b) (16 x20)=320 mm
{c) (48 x 6)=288 mm

Adopt 6 mm diameter ties at 280 mm centres.
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5. Design of Braces

My=(1.5x124)=186 kN-m

Ve=(1.5%x65.3)=98 kN

Section -of brace is b =400 mm
D =450 mm
d =400 mm

Maim = (0.148f - b-d?) = (0.148 x 20 x 400 x 4002)
=189.4x 106 N-mm= 189.4kN-m

A 0.36fab(0-53d)] _T 0.36 % 20 % 400 x 0.53 x 400
st™ T 0.87 % 250

= 2807 mm?
Use 6 bars of 25¢ on each cide (As= 2946 mm?)

{Vu 98 x 103 | ,
Tv—(w):(m“)‘o.6l N/mm

10044 100 x 2946
bd ]~ 1400 <400

From Table 13 of IS: 456-1978, permissible shear stress
7¢=0.76 N/mm? > 7,
using 10 mm ¢— 2 legged stirrups as nominal shear reinforce-
ments, the spacing is given by,

(As Sy 27><Q7_9M><250 _ .
Sy = (’6:'47)7 =\"04x 21—()_5) = 250 mm, centres.

)=1.84

5.7 EXAMPLES FOR PRACTICE

1. A square water tank 4 m by 4m by 4m is to be supported by a 4
column tower of height 4 m. The columns have independent footings and
their base may be considered as hinged. If the dead weight of the tank is
400 kN and weight of water in the tank is 640 kN, design the supporting
tower allowing for a wind load of 1.5 kN/m2 Adopt M-20 grade concrete
and Fe-415 grade tor steel. '

2. A rectangular water tank 3m by 4m with a tank depth of 3 m is
supported on a four column tower 6 m in height, braced at the mid height.
Assuming the dead weight of tank to be 300 kN and the weight of water as
400 kN, design the columns and braces of the supporting tower. Assume
the columns as fixed at the base. Intensity of wind pressure is 1.5 kN/m?.
Adopt M-200 concrete mix and Fe-415 grade tor steel.

3. A circular R.C. water tank 6 m diameter and 5 m height is supported
by a tower consisting of 6 R.C columns on a circle of diameter 5 m. The
tower height is § m with bracing at a height of 4 m from the ground. The
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tank is designed to hold water up to a depth of 5.5 m. The self weight of
the tank is estimated to be 1750 kN. Intensity of wind on tank is 1.5 kN/m2,
Using M-20 grade concrete and Fe-415 grade tor steel design the support-
ing tower of the tank.

4. The staging for a water tank of 12 m diameter and 6 m height com-
prises of 12 R.C columns arranged concentrically on a circle of 12 m dia-
meter. The height of the staging is 12 m with bracing at 3 m intervals. The
columns are 450 mm square while the braces are 400 mm square. If the
dead weight of the concrete tank is 2250 kN and the weight of water is
three times the self weight of tank, design the reinforcements in the column
and brace assuming a wind intensity of 1.5 kN/m?2. The columns may be
assumed to be fixed at the base.

5. A reinforced concrete rectangular water tank is 3 m by 6 m witha
depth of 3 m. The tank is supported on six columns provided with rigid
foundation. The dead weight of the tank is 400 kN and the weight of water
may be taken as 500 kN. The height of the staging is 6 m with braces at
3 m height above the ground. Assuming a wind pressure of 1.5 kN/m? and
M-20 grade concrete and Fe-415 grade tor steel, design the columns and
the brace. b
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/

6.1 TYPES OF OVER HEAD WATER TANKS

The most common types of over head water tanks are,

~(a) The circular tank
(b) The intz type tank
(c) The conical or funnel shaped tank.

Circular tanks with a horizontal or flat floor slab is economical for
smaller storage capacity of up to 200,000 litres and with diameters in the
range of 5 to 8 m. The depth of storage is generally between 3 to 4 m. The
side walls are designed for circumferential hoop tension and bending
moment since the walls are fixed to the floor slab at the junction. The design
forces are determined using coefficients recommended in IS: 3370 (Part IV).
The coefficients are expressed as a function of the nondimensional para-
meter (H?/Dt),
where > H = Height of the water tank

D = Diameter of the tank

¢ = Thickness of the tank wall. ,
The circular floor slab of the tank is designed for circumferential and radial
moments developed in the slab. .

Design<cxamples of circular slabs fixed at the edges and circular tank
walls fixed at the base are presented in Chapter 5 and Chapter 14 of the
text book ‘Design of R.C. Structures’ by the author.

6.2 INTZ TYPE TANK

In the case of large diameter elevated circular tanks, thicker floor slabs arc
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! required resulting in uneconomical designes. In such cases, intz type tank
: with conical and bottom spherical domes provides an economical solution.
The proportions of the conical and the spherical bottom domes are select

¢d_s0_that_the outward thrust from the bottom dome balunc

thrust due to the conical domed part of the tank floor.

nces the inward

(@)  Structral elements of Tntz tank

Referring to Fig. 6.1, the various structural elements of an intz type tank
comprises of the following:

1. Top spherical dome
2. Top ring beam
3. Circular side walls

Top Dome
1oP

: Top Ring Beam
= T— —_——te b D '

Side Wall

0:6t007D

Bottom Ring Beam

Bottom Dome Conical Dome

Circutar Ring Beam o« SFrEteT

[ —— Braces

~

{——Circular Group of
Columns

r
N

(
_~Circular Girder
. =
Py ~
i ol L" 7 = U,Lj, Ratt
J— J —‘\\/j Foundation

Fig. 6.1 Structural element of intz type tank.
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. Bottom ring beam

. Conical dome

Bottom spherical dome

Bottom circular girder

. Tower with columns and braces
. Foundations.

If D = diameter of the tank, the proportions of the various other structural
elements in terms of the diameter are shown in Fig. 6.1.

(b) Design principles of intz tank
1. Top spherical dome

Referring to Fig. 6.2 .

t = thickness of dome generally varies in the range of 75 to 100 mm.
h=rise of dome=1/5 to 1/6 diameter of tank (D)

R = radius of dome

w = uniformly distributed load per unit area of surface.

Fig. 6.2 Dimensions of top dome

The reinforcements in the dome are designed for maximum meridio-
nal thrust and circumferential force given by,

T1 = Meridional thrust = (Tﬁ )

I+ cos 0
73 = Circumferential force = wR{ cos 6 — e
1+cos
2. Top ring beam
N,
Hoop tension in ring beam = (_ZLC_OZL_Q/)

The cross sectional area of ring beam is determined by limiting the
tensile stress in the ring beam to values specified in IS: 456-1978,
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depending upon the grade of concrete. The tensile stress is calculated

by the equation, given as

F
( Ac +mA3t

where  F,=djrect or hoop tension
Ac = cross sectional area of concrete
m = modular ratio
As = cross sectional area of steel.

- Side Walls of Tank

The side walls of the tank are designed for hoeop tension developed
due to the water pressure in the tank,
w-H-D
=)
where w= Density of water (10 kN/m3)
H =Height of vertical walls
D = Diameter of tank

Maximum hoop tension x{

A minimum thickness of 150 to 200 is provided at the top of the
tank and the thickness at the base of the vertical wall is designed by
limiting the tensile stress, The spacing of the hoop reinforcement js
gradually increased towards the top of the tank. Distribution and tem-

perature reinforcement of 0.3 76 of the gross section is provided in the
vertical direction.

Bortom Ring Beam
Referring to Fig, 6.3

——5ide Wall

Conical
Dome

Fig. 6.3 Forces in bottom ring beam
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If V= weight of roof, side wall and top ring beam per ‘metre run of
the ring beam
h = height of water above the ring beam
7' =Thrust in the conical dome
D = Diameter of the ring beam
H = Horizontal force developed at the Jjunction
d=depth of ring beam
Then for equilibrium of the forces, we have
T-sin 6=V, S (HIV)=cot 8
T-cos 0=H H=V;cot #
.. Hoop tension in the beam
(g;l} =+ yj’iéﬁ)
5

The reinforcements in the ring beam are designed to resist the hoop
tension and the section is designed limiting the tensile stress in concrete.

. Conical dome

Referring to Fig. 6.4
Water Laevel

=

i
io

Fig. 6.4 Forces acting on conical dome
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If V,=Total load/metre run at the base of the conical dome
T'= Meridional thrust in the slab due to V>
H=Hoop tension due to water pressure and self weight of conical

dome slab

p = Intensity of water pressure at a depth % below the water
level :

g = Weight of the conical slab per square metre of the surface
area

6 = Angle made by the conical slab with the horizontal
D =Diameter at a depth 4 from top.

The meridional thrust and hoop tension in the conical dome is com-
puted using the following equations:

Meridional thrust 7=V, cosec 8

Hoop tension= H=(p-cosec +¢-cot §) D2

The reinforcements in the conical dome is designed for hoop tension
and meridional thrust.

5. Bottom spherical dome

The design of the floor dome is similar to that of the top dome. The
design load for the dome includes the self weight of the dome and the
weight of water column above the dome. The dome reinforcements
are designed for meridional thrust and circumferential forces.

6. Bottom circular girder
Referring to Fig. 6.5, let

T, =Thrust in the direction of the conical dome acting at an angle
o to the horizontal

T,=Thrust from the bottom spherical dome, acting at an angle £ to
the horizontal

P = Net horizontal force on the ring beam

Conical Dome Bottom Dome

Circular Girder

Fig. 6.5 Forces acting on circular girder
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If 7, cos « > Ty cos B, the ring beam is subjected fo a compressive
force. The magnitude of this compressive force is negligibly small in
well proportioned tanks.

The vertical load on the ring beam is obtained by the relation,
(71 sin -+ T» sin «) or alternatively by dividing the total vertical loads
by the perimeter of the bottom ring beam.

The ring beam is supported by a number of columns equally spaced
along the periphery of the circle. Depending upon the number of
columns, moment coefficients compiled in Table 4.1, (refer Ch. 4,
curved girders) are useful in computing the maximum bending and
torsional moments in the circular girder. The procedure outlined in
Ch. 4 can be used to design the reinforcements in the ring beam.

Tower with columns and braces

The procedure explained in Sec. 5.4 is useful in the design of a tower
with circular group of columns braced together at regular intervals.
The columns and braces are designed for the maximum forces and
moments developed due to the dead loads and wind loads acting the
tower.

Foundations

The foundations for a circular group of columns generally comprises
of'aring beam with raft slab. The ring beam is designed for maximum
bending and torsional moments while the annular raft slab is design-
ed for maximum soil pressure from the bottor.

The design procedure is illustrated by the following example.

6.3 DESIGN EXAMPLE OF INTZ TYPE WATER TANK

Design an intz type water tank of 1 million litres capacity. supported on an
elevated lower comprising of 8 columns. The base of the tank is 16 m above
ground level. Depth of foundations I m below ground level. Adopt M-20

5

grade concreic and Fe-415 grade tor steel. The design of the tank should
conform to the stresses specified in IS: 3370 and IS: 456.

¥

P

Data

Capacity of tank = 1 million litres = 1000 m?
Height of supporting tower=16 m

Number of columns = §

Depth of foundaiions =1 m below ground level.

Permissible Siresscs

M-20 grade concrete and Fe-415 grade tor steel, for calculations relat-

ing to resistance to cracking (IS: 3310}

e = 1.2 N/mm? oep= 1.7 N/ymm? og = 150 N/mm?
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For strength calculations the stresses in concrete and steel are same
as that recommended in IS: 456.

occ =35 N/mm? m=13
op=7 N/mm2 0=0.897
j=0.906

3. Dimensions of Tank

Referring to Fig. 6.1 let
D =Inside diameter of the tank. Assuming the average depth = 0.75 D,
we have

{?L?; % 0.75D Em 1000 m?
D=12m

He;ght of cylindrical portion of tank=8 m
Depth of conical dome=2m

Diameter of the supporting tower=8 m
spacings of bracing =4 m.

The salient dimensions of the tank and the staging is shown in
Fig. 6.6,
. Design of Top Dome

Thickness of dome slab= = 100 mm
Live load on dome = 1.5 kN/m?
Self weight of dome= (0.1 x 24)= 2.4 kN/m?

Live load=1.5
Finishes =0.1

Total load =w=4.0 kN/m?2
If  R=Radius of the dome
D= Diameter at base=12 m
=central rise=(1/6 x12y=2m

2 2 2 2
{(1)/2) +r ] [ézj;zﬁ ]=10m

cos 6=(8/10)=0.8

= 36°-50'
e wR 4 x10
g al t} st = e B f T 22.0
Meridional thrust= T, (I oS 9} (E 08 } 22.22 kN/m
Circumferential for &l cos 8 I "[‘ 17
Circumferential force = w g:w:«, - qu&—)—ﬁ}: I . 228}
=10 kN/m
[22.2
Meridional stress = { 1(}0} 0.22 N/mm? < 5 N/mm?
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bm

|

‘ 8 m ]

Fig. 6.6 Salient dimensions of intz tank

( 10 x 103

Hoop stress= \m

}: 0.10 N/mm? < 5§ N/mm?

The stresses are within safe limits.
Providing nominal reinforcements of 0.3%

e

_ £0.3x100x 1000 _ )
Au= (= 55— } =300 mm

Prooide 8 mm @ at 160 mm centres both circumferentially and
meridionally.



104 Advanced Reinforced Concrete Design

5. Design of Top Ring Beam
Ty cos G'D}_ (22.22 x0.8x 12
= 5

2

L L

Hoop tension= Fi = ( }: 106.6 kN

106.6 x 103

Aw= (“‘1’5‘@"‘

Provide 8 bars of 12 mm @ (4 =904 mm?)
If A.=cross sectional area of ring beam

106.6 x 103 }_ ) _ 5 2
(A:“_M—H}x%zi = 1.2 . Ac=77,082 mm

Provide 300 mm by 300 mm size top ring beam, with § bars of [2 mm
@ as main reinforcement and 6 mm ¢ stirrups at 200 mm centres,.
6. Design of Cylindrical Tank Wall Vs *@
Maximum hoop tension at base of wall
wh-D
s ()

where w =density of water and

):710 mm?

/

10x8x12

fi=depth of water ... F, =< 3

>=480 kN/m
410 x 103
A““{ 150

Provide 20 mm ¢ at 180 mm centres on each face (4y = 3492 mm?)
steel area required at 2 m below top Is Ay = (2/8 x 3200) = 800 mm?
Provide 10 mm & at 180 mm centres on each face

If ¢=thickness of side wall at bottom

480100 1 . _
{1’(76&)71 (13 % 3492) } =12 S 1=358mm

Adopt 400 mm thick walls at bottom gradually reducing to 200 mm

at top.

} = 3200 mm?/m height

Distribution Steel

At bottom, Ag= (02% 41%%)( 1000 ) = 800 mm?

Provide 10 mm & at 1"mm centres on both face

32 <
At top A= éO 3~ 200 = 1000

00— )=60() mm>

Provide 10 mm @ at 250 mm centres on both faces.
The details of reinforcements provided in the cylindrical tank walls at
different heights are as follows:



Elcvated Water Tanks 105

Distance Main hoop steel Vertical distribution
from top {each face) steel (each face)

0-2m 10 mm-180 mm ¢/c 10 mm-250 mm ¢/C

2 m-4 m 16 mm-2G0 mm ¢/ 10 mm-250 mm c¢/c

4 m-8 m 20 mm-180 mm c/c 10 mm-180 mm c/c

7. Design of Bottom Ring Beam
Loads on ring beam
(a) Load due to top dome= (Meridional thrust x sin 8)
=(22.22 x sin 36°-50")=13.3 kN/m
(b) Load due to top ring beam= (0.3 x 0.3 x 24)=2.16 kN/m
(c) Load due to cylindrical wall

~40.4+0.2
= Q.._Tw
(d) Self weight of ring beam (Assuming a section 1.2 m by 0.6 m)
=1.2x0.6x24)=17.28 kN/m
. Total vertical load = ¥V;=91 kN/m

Horizontal force = H =V cot =(91 x cot 45°)=91 kN
.. Hoop tension due to vertical loads is given by

Hy- (%Q‘P - (9_‘%1?:} — 546 kN

Hoop tension due to water pressure is

= (PED) < (1085001 12) g

)x § % 24 = §7.6 kKN/m

2 2
. Total hoop tension = (Hy+ Hy)= (546 +288) = 834 kN

_ (834x10°
st 150

Provide 18 bars of 20 mm (As = 5562 mm?)
Max. tensile stress

834 x 103
R S ATh. A 2 9 2
[(1200 % 600y + (13 5652)] 1.05 Nfmm? < 1.2 N/mm
Provide a ring beam of 1200 mm wide by 600 mm deep with
18 bars of 20 mm @ and distribution bars of 10 mm ¢ from
cylindrical wall taken round the main bars as stirrups at 180 mm ...
centres. s £

) = 5560 mm?

8. Design of Conical Dome
. . 1248
Average diameter of conical dome= § — =10 m

Average depth of water =(842/2)=9 m
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Weight of water above conical dome = (;r X 10 X9 x2x10y= 5655 kN
Assuming 600 mm thick slab,
Self weight of slab=(m x 10 x 2.83 x 0.6 x 24)= 1280 kN
Load from top dome, top ring beam, cylindrical wall and bottom
fing beam = (7 x 12 x 91} = 3430 kN
‘. Total load at base of conical slab
= (565541280 +3430) = 10365 kN
Load/unit length =V, = 5’%9—3-@5:5 =413 kN/m
¢ Y x8
Meridional thrust
=T =Vy.cosec 6= (413 x cosec 45y =584 kN
Meridional stress
= {M@} =0.973 N/mm? < 5 N/mm? (safe)

Hoop tension in conical dome will be maximum at the top of the
conical dome slab since diameter D is maximum at this section,
Hoop tension=H=(p . cosec b +g¢ cot 6) D/2
Water pressure=p= (10 x §) = 80 kN/m?
Weight of conical dome slab per m? is computed as,

g=(0.6 x 24) = 14.4 kKIN/m?

6= 45°

D=12m

H =(80 x cosec 45° + 14.4 x cot 45°) 12/2 =765 kN

2y 103
Age = {765 10 \‘?z 5100 mm?

IRE
Provide 25 mm @ at 180 mm centres {Ag = 5470 mm?) on both faces of
the slab
. . 3.2 x <
Distribution steel = 0.2 yéﬁ%;ﬁﬁo} = 1200 mm?
%‘ b,
Provide 10 mm @ at 130 mm centres on both faces along the
meridions
Max. tensile stregs =
765 % 103 } ;
= e O 1113 2 & 1.2 N/mm?
[(600>< 1000jF (13 x 5470y | = 1+13 N/mm? < 1.2 N/mm

(safe)
9. Design of Bottom Spherical Dome
Thickness of dome slab assumed as 300 mm
Diameter at base=D=8 m
Central rise=r=(1/5%x8)=1.6 m
If R=radius of the dome
(2R = ryr =(D/2)
(2R-1.6)1.6=42 . R=58m
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Self weight of dome slab=(2 x 7 x 5.8 x 1.6 x 0.3 x 24) =420 kN
Volume of water above the dome is=7 x4%8+2) -

[2#><5.82>< 1.6 wx42

- (5.8~ 1.6) | =440 m?
3 5 ( )}

Weight of water = (440 x 10) = 4400 kN
Total load on dome = (420 +4400) = 5320 kN

5320

Load/unit area = w= (W

)z 106 kIN/m?

Meridional thrust = 7 = {%)

Ay .
cosf = (ﬁ}_o.,z4 . 0=44.5

106 x 5.8
= é 1+0.724

}:357 KN/m Vo

‘g 357 % 103
CESS = e ———————— =3 1 ] 2 (g
Meridional stress (300 > IOOO} 1.19 N/mm? (safe)
Circumferential force=wR {cos 8 — S S P 106 x 5.8
14cosb
. | i
88.5 x 103

Hoop stress= { ) = 0.3 N/mm? (safe)

300 x 1000
Provide nominal reinforcement of 0.3%}

Ag= (2_3_1}.095 El(}g } =900 mm?
Provide 12 mm at 120 mm centres circumferentially and along the
meridions.

10. Design of Botrom Circular Girder

#.  Thrust from conical dome= Ty =413 kN/m
acting at an angle of a=45° to the horizontal.
g Thrust from spherical dome=T7,=357 kN/m V ag
acting at an angle of 8=44.5° to the horizontal.
Net horizontal force on ring beam = (77 cos «~ 73 -cos 8)
[(413 x 0.707)— (357 x 0.713)] = 38 kN/m
Hoop compression in the beam = { %87 8 }= 152 kN 'i

i

Assuming the size of the ring girder as 600 mm wide by 1200 mm deep,
152 < 103
= =02 2 (
Hoop stress (600 ” 1200) 0.21 N/mm? (safe)
Vertical load on ring beam = 77 sin « + 77 sin f)

= (413 x 0.707) +(357 x 0.70)] = 542 kN/m
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Self weight of beam = (0.6 x 1.2 x 24) = 17.28 kN/m
Total load = (542 + 17.28) = 560 kN/m
Total design load on the ring girder=W=(=-D. w)=
= {7 x 8x 560 = 14074 kN

The circular girder is supported on § column. Using the moment
coeflicients given in Table 4.1,
Maximum negative B.M. at support section = 0.0083 W.R.

= (0.0083 x 14074 x 4} =467 kN -m
Maximum positive B.M. at mid span section =0.0041 W.R

=(0.0041 x 14074 x4)=231 kN-m
Torsional moment = 0.0006 WR. = (0.0006 x 14074 x 4)=34 kN-m
Shear force at support section is

V= [5,90;‘5 42* (=/4) } =880 kN

Shear force at section of maximum torsion is (At an angle of 9.5° from
higher support)

560x mx4x9.5
V= [880 - "'*_1‘8"0'”*—“] =521 kN
Design of support sectior
“““““ M =467 kN.m
V=880 kN

367 % 106
d= /0.897&?(‘)6 =931 mm

Adopt effective depth d=1150 mm cover = 50 mm

A= 467 » 106
T RIS0%0.9% 1150

Provide 6 bars of 25 mm @ (4 = 2946 mm?) v

‘(880\/\103

} = 3008 mm?

OoUx 1Ty L, ,
6()O><[150) 1,27 N/mm

10044, ) [ 1002946
bd 600 1150

since 7¢ < 7y, shear reinforcements are required.
0.27 x 600 x 1150
shear taken by concrete = § 70 2 000 T 200N
1000

Balance shear= (880~ 186) =694 kN
using 12 mm @-
' 150 x4 113+ 1150}
= ( R 7 vt } =112 mm

\P =0.426 1o =027 N/mm?

}=i86 kN

4 degged stirrups, spacing is,
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: Adopt 12mm®-4 legged stirrups at 110 mm centres near supports.

pe b e *,r"’\\‘(

150 0.9 x 1150
But minimum area of steel in the section is

(0.3 600 % 1200
= 100

Provide 5 bars of 25 mm at mid span section, stirrups 10 mm 4 legged =
at 300 mm centres.
Design of section sub)ected to maxmmm torsion

IS 6
Am:( 231> 10 )=1488mm2

)-:—2160 mm?

T=34 kN-m D= 1200 mm
V=521 kN =600 mm
1 M=0 d=1150 mm
M= T[ 1+(D/ d)} _34 [iig%gg/ﬁooo) ] =60 kN-m
Mey= (M + My)=(0+60) =60 kN-m
60 x 106
Pl R —— 2
Ast (150x0‘9x 1150) 387 mm

But minimum area of tension steel is,

e 0.3 <600 x 1200
st 100

Provide 5 bars of 25 mm @(A4x = 2455 mm?)

) 2160 mm?

Equivalent shear =V, =(V+1.6 T/d)= (52[ +1.6 x gi) =612 kN

0.6
’/ !

54) =\ 600 - 1150
1004y | {100 %2455\ _ . .
(7‘,(7_):(m)_0.32 . 7o=0.24 N/mm

since 7, > 7., shear reinforcements are required.
Using 12 mm @ — 4 legged stirrups with side covers of 25 mm and top
and bottom covers of 50 mm, spacing is,

o Asveosy | [ _4x113x150 | o0 o0
VE G — b | | (0.88=0.24)600 |

Adopt 12 mm @ - 4 legged stirrups at 180 mm centres

11. Design of Columns of Supporting Tower

The supporting tower comprises of 8 columns equally spaced on a
circle of 8§ m diameter.
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Loads on Columns

(a) Vertical load on each column = { 14274

) = 1760 kN
(b)  Self weight of column of height 16 m and diameter 650 mm s
=(7/4x0.652 x 16 x 24)=127 kN
(¢) Self weight of bracings (3 numbers of 4m intervals, size of
bracing is 500 mm x 500 mm)
=(3x0.5%0.5x% 7/8 x 24y = 57 kN
Total vertical load on each column
=(1760+}27+57): 1944 kN
Wind Forces on Column
Intensity of wind pressure = 1.5 kN/mz2
Reduction coefficient for circular shapes=0.7

(a) Wind force on top dome and cylindrica] wall
=8+2/2)x07x15%12= 114 kN

(b) Wind force on conical dome = (2x10%0.7x 1.5)y=21 kN

(¢) Wind force on bottom ring beam =(1.2x8x%x0.7 L5)=11 kN

(d) Wind force on five columns = (5x0.65x16x0.7 x 1.5)=55 kN

(e} Wind force on bracings =(0.5x 8 » 3 x [.5)=18 kN

Total horizontal wing force=(114+21 41 F+55418y=219 kN

Assuming contraflexure points at mid height of columns and fixity at
the base due to raft foundations, the moment at the base of columns
is computed as

7/ e
M= é ﬁhj_ff} =438 kN-m

If M;=Moment at the base of the columns due to wind [oads
=(14>23) 1+ 215 17) £ (11 16)5(6 5 12)+ (6 x 8) + (6 x 4)
=3299 kN.m

If V= Reaction developed at the base of exterior columns

Mi=vm+ Lig
i

3299 =438 + 1412 « )44V - =179 KN
Total load on Leeward column at base = (1944 + 1 79)=2123 kN
139y
Moment in each column at base = {—4»3-8} =55kN-m
Reinforcement in column
Axial load = P~ 21723 kN
Bending moment = M=55kN.m

55x 106

CCCeNITiCity = o = ( Af/p) =256
CNIrICiy = ¢ {M/ J (m} 9 mm
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Since eccentricity is small, direct stresses are predominant.
Using 8 bars of 32 mm @ and lateral ties of 10 & at 300 mm centres
Ase = (8 x 804) = 6432 mm?

2
Ae= l'l’f%(l +(1.5x 13 x 6432)]= 0.45 % 106 mm?
"

[ mx 3254 . . I~ = ong § 27512]
Ie= (m—-—r——)Jr(I.S ,<13)[(2><2504x273)+4A804<{/—5)J
=13.48 x 108 mm*

. . , 2123 x 103
Direct compressive stress = o/, =

0.45x 106
55« 1085 325
13,48 108
Permissible stresses in concrete are increased by 33.33% while consi-
dering the wind effect.

7 s \§
{Occ , Pcb ~
Zee _; <1
Tce Fch

): 4.71 N/mm?

Bending stress= o, = ( } =1.32 N/mm?

4.71 1.32
AL - - (safe)
<5x 133 7% 1‘33} 084 < 1.0 (safe)

. Design of Bracings

Moment in brace = (2 x moment in column x V' 2)=(2x55x V' 2)
M=156 kN-m
Section of brace =500 mm by 500 mm
oo b=500 mm d=450 mm
Moment of resistance of section is
My =(0.897 x 500 x 450%) = 91 « 106 N.omm =91 kN.m
Balance moment = #/; = (M - M,)= (156 - 91)=65kN.m
_ G1 x 108 ~ k_c} 2
Aui = §‘5§@“‘“,«< 635 450 | =976 mm
A= [ 05X 105
27 1230 < 0.9 « 400
As[ = (Ag[i -+ ASIZ) == 1761 mm2
Provide 4 bars of 25 mm ®(4y = 1964 mm?) at top and bottom since
wind direction is reversible.
Length of brace= L =(2 » 4 > sin 22.5%=3.06 m
Maximum shear force in brace

Moment in brace 156 5 g
= S ONEEe g 290 Ve 102 kN
{ # length of brace } é 0.5x 3.06 } 10

) =785 mm?

102 > 103y
_— { 0210 ) .45 N/mm2

500 = 450 f
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[004s ) _ (1001964 _ e 2
( ,,,,, )”( DX 450_) ~0.87 - 7.=0.37 N/mm

cince Ty > Te, Shear reinforcements are required.

shear carried by concrete = (9} ZH\%(S)_((;_g'xiSQ ) =83 kN

Balance shear=(102—83)= 19 kN

using 10 mm @ -2 legged stirrups, spacing is given by
(2302279430
TIOR8

But s, % 0.75d or 450 mm whichever is less=(0.75 % 450)=337 mm

Adopt 10 mm @~ 2 legged stirrups at 330 mm centres.

)== 860 mm

13. Design of Foundations

A circular girder with a raft slab is provided for the tower foundations.
Total load on foundations = (1944 x 8) = 15552 kN

Self weight of foundations at 10%, = 1555
Total load . . .- .- - = 17107 kN
w Safe bearing capacity of soil at site =250 kN/m?
) . (17107 B )
Area of foundation = ( 50 ) =68.4 m

providing a raft slab with equal projections on either side of a circular
ring beam and if b=width of raft slab, then
(wx8><b)=68.4
. b=2.72m
- Adopt a raft slab having 5 m, inner diameter and 11 m outer diameter
(b=3m)
Design of Circular girder of Raft slab
Total load on circular girder=W= 15552 kN

Load per metre yun on girder = (lﬁ%): 618.8 kN/m

7T X

Referring to moment coefficients given in Table 4.1, the maximum
moments in the circular girder is computed.
Maximum negative moment at support

~0.0083W.R =(0.0083 x 15552 x 4) =516 kN-m
Maximum positive moment at mid span= 0.0041 W.R

~(0.0041 x 15552 x4)=255 kN-m

Maximum torsional moment (At 9.5° from either support)

— 0.0006 W.R =(0.0000 > 15552 x4)=37.3 kN-m
shear force at support section is,

Vo 9,‘?,%;1*.(1@ =072 kN
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shear force at section of maximum torsion is

618>—r:4 957  <xn
[9 72— e —180 ] =562 kN

The support section is designed for a maximum negative moment of
M =516 kN -m shear force ¥'=972 kN
Assuming the width of section b=750 mm

/5 <106
Effective depth=d= \/6“—;—96;3;17(-%6 =875 mm

Adopt d=930 mm and over all depth D= 1000 m cover = 70 mm

516+ 106
Ao = I - =7 2
As ( 330 0.9 % 930 ) 2680 mm

Provide 6 bars of 25 mm ®(4q = 2946 mm?2)

972 103
[ S — C 2
Ty (750x€)30) 1.39 N/mm

(10_01@‘) - ( 100 x 2946
bd — 4 750 %930

since 7, > 7¢, shear reinforcements are required.
0.26 x 750 x 930
1000
Balance shear = (972~ 181)="791 kN
meg 12 mm @ — 4 legged stxrrups spacing is,

[ 230x4x 113 % 930
Sv= 791 107

)= 042  7o=0.26 N/mm?

Shear taken by concrete= ( ): 181 kN

)- 122 mm

Adopt 120 mm spacing for stirrups. Steel required for mid span

section is
255 % 106
- A 19 2
Asi (230 0.9 - 930) 1325 mm

(\E»de) (085 750 ~ 930

But minimum steel Ax= (~ ffffff 415 ) 1429 mm?

Provide 3 bars of 25 mm at mld span section.
The section subjected to maximum torsional moment and shear should

be designed for the following forces:

T=373kN-m D= 1000 mm
V=562 kN b =750 mm !
M=0 d=930mm

/ (
Mt:T[iiw-‘I(?‘b)]. 373 {” —w—ﬂi?;w"”lﬁt KN-m
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S My =(M+M)=(0+51)=51 kN.-m

SIx106 N oo
A"‘( 230 % 0.9 x 930 )"265 mm

Minimum area of steel 4y = 1429 mm?2
Provide 3 bars of 25 mm @ (44 = 1473 mm?)
Equivalent shear

Ve=(V+1.6T/b)=[562+ 1.6 (37.3/0.75)] = 641 kN

(641 x10°
™=\ 750x930

1004, ) _(100x 14733

bd - ] { 750%x930 )
From Tables 7.=0.21 N/mm?, r, > 7., shear reinforcements are
required,

) =0.92 N/mm?

0.21 x 750 x 930
1000

using 12 mm @ -4 legged stirrups, spacing is,
[ Awos 1 [ 4x113x230 1
‘”"[(TV~TC)5‘]‘ { (0.92=0.21) 750 ]" 195 mm

Adopt 12 mm & — 4 legged stirrups at 190 mm centres.
Design of Raft slab
Maximum projection of raft slab from face of column

Balance shear = [64] - ] =495 kN

=(3‘0'75): 1.125m
)

. _ 15552 )
Soil pressure = G5i—25y = 206 kN/m

Considering 1 m width of raft slab along the circular arc,

2
Maximum B.M. = (39—6—%—1—1—«) =124.63 kN-m
124.63 x 106
d= / 0.897 < 1000~ /3 MM

Provide 500 mm over all depth with effective depth d=450 mm
to contain the shear stresses within permissible limits.

A= (- 12463 <108

*71230x0.9%x450

Provide 25 mm bars at 200 mm centres to reduce shear stresses
(Ast =2454 mm?)

)= 1205 mm?

" Distribution steel = ( 0.12 x 500 x 1600 )

100
=600 mm? - provide 12® - 180 c/c
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shear force at a section 450 mm from face of column is

V'=(206 x 0.65 x 1.00) = 134 kN

134 x 103
o= (“fm) =0.29 N/mm2
1004, | { 100x2454 \
( bd ”)‘( 1000 x 430 )‘0'545

From Tables, r.=0.31 N/mm?

since 7, < 7., no shear reinforcements are required.

The thickness of the footing is retained at 500 mm up to a distance
of 500 mm from the column face and there after gradually decreased
to 250 mm at the edges. The details of reinforcements in the various
structural elements of the intz type tank are detailed in Figs. 6.7, 6.8
and 6.9.

6.4 CONICAL OR FUNNEL SHAPED TANK

Conical or funnel shaped over head water tanks are often preferred to
other shapes mainly due to their aesthetic and superior architectural
features in comparison with other types of over head tanks. Basically a
conical over head tank comprises of the following structural components
as shown in Fig. 6.10.

(a) Conical dome covering the tank

(b) Top ring beam

(c) Conical shell

(d) Bottom spherical dome and internal shaft
(e) Bottom ring beam

(f) Supporting cylindrical shaft

(g) Raft foundation

For supporting towers higher than 25 m, reinforced concrete cylindrical
shells are economical and can be rapidly constructed using the slip form
process of casting. They can also be built using precast concrete elements.
The conical shell walls are sloping at 45° to the horizontal and the thick-
ness of the walls gradually increased towards the bottom of the tank and
designed for hoop tension and meridional thrust. The top and bottom ring
beams are designed for hoop tension.

The supporting cylindrical shell tower is designed for combined thrust
and bending due to wind and seismic forces. A rigid raf: sizb foundation
is provided to support the shaft. The design of a conical or funnel shaped
elevated water tank is illustrated by the following example.




116 Advanced Reinforced Concrete Design

iCOr
e T _Y'
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8-12 & —6 § - 200 c/c
200 na
10 & -180 c/c Zm
™10 & -250 c/c
10 §-250 c/c -
™16 & -200 c/c
L Zm
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Fig. 6.7 Reinforcement details in intz tank
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6-25§ 12 §-10 ¢/ 625 &
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/ / \ ﬁ . -
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10 & -300 c‘/c

==

Fig. 6.8 Reinforcement details in ring girder columns and braces.

6.5 DESIGN EXAMPLE OF FUNNEL SHAPED
OVER HEAD TANK

Design a funnel shaped over head water tank to suit the following data:
Capacity of the tank = 350,000 litres
Height of tower shaft =20 m above G.L.
Basic wind pressure = 1.5 kN/m?2
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Ring Beam

12 &-120 ¢ /c g -12 &

Ratt Slabe_

= =

/ N
25 &-200 c/c 6-25%

12 §-180 c/c

Cross Section of Ring Girder

8-32 % 10 & -300 C/CS“\

3-25 & 6-12%

s B »

N T

| LT =

: | I i
O C T T ERL L) -
N2 ¢ \‘Q§§‘12 § -120 c/c '

Fig. 6.9 Reinforcement details in ring beam and raft slab.

Adopt M-20 grade concrete and Fe-415 grade tor steel for all R.C.C.
work.

Depth of foundations= 1.5 m

Safe bearing capacity of soil =200 kN/m?

Design the conical shaped tank, supporting cylindrical shaft and founda-
tions for the tank and sketch the typical reinforcement details in the
various structural components.

1. Data
Capacity V= 350,000 litres
Height of supporting shaft=20 m
Wind pressure = 1.5 kN/m?
S.B.C. of soil =200 kN/m? ' .
Depth of foundations =1.5 m
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Top Conical Dome

o f@\
_—Internal
. Shatt

:

Top Ring

N
Beam Conical Shell

Bottom Spherical
Dome

Bottom Ring Beam

Supporting
> " Cylindrical Shatt

Brackets

~ !
E,ﬂ——-mdder
P 7R e N PR Ca
. Ratt
~ Foundation
o ‘%

A Fig. 6.10 Structural components of funnel shaped tank.

Permissible Stresses

For M-20 grade concrete and Fe-415 grade steel

oet=1.2 N/mm? m=13
Gee = 5 N/mm? 0=10.897
oep =7 N/mm? j=0.906

gg =150 N/mm?
Dimensions of Tank

Diameter of the supporting shaft is assumed as 5 m.
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Let R=radius of the conical shell. The dimensions of the tank can be
expressed in terms of R as shown in Fig. 6.11.

| R

mlin

T c T
R
457 r=im
. A \\ . // 8

—

AJ

....x....1|

Fig. 6.11 Dimensions of conical shell

x=Radius of shaft=2.5m
H=(R-x)=(R~-2.5)
h=(H-r)=(R-25-1)=(R-3.5)
If V'=volume of the tank
Then, V'=(Volume of cone ODC) - (Volume of cone OAB)
= (Volume of dome AEB)~(Volume of inner shaft)
= Volume of cone ODC
=1/37R-R?*=1/37R3
V,=Volume of cone OA4AB
=1/3 7. x2=1/37 x2.53
= Volume of dome AEB

Vs=Volume of inner shaft ==(0.5)2 (R - 3.5)
V=(Vl"£/ —V;—l/4)

2
= %C (3R

=1/37R3-1/3 n(2.5)3——7§T~ (3R~ 1)~ 7(0.5)2 (R~ 3.5)

350.000
= T ] 3
But V ( 1000 ) 350 m
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350=1.047 R®*~16.36 - 3.14 R
+1.047-0.785 R+2.7489
1.047 R?-3.925 R-362.57=0
solving R=7.15m

Adopt R=7.5 m to allow for free board. The capacity of the tank
with a radius R=7.5 m is computed as V=388 m3. Which is margi-
nally greater than the required volume capacity of 350 m3.

. Design of Top Conical Dome

The geometry of the conical dome is shown in Fig. 6.12.

Top Conical
Dome ™

Fig. 6.12 Top conical dome.

Assuming a central rise=2 m

If 0. = semi-vertical angle at apex, tan « = (lffs

):3;75
=750 =15 |
t = thickness of slab= 100 mm -

Self weight of slab= (0.1 x 24) = 2.4 kN/m?
Live load -o.coovivviiiin, =0.6 kN/m? :

Total load w= 3.0 kN/m?2

Maximum meridional thrust at base

wh Ix2 ,
Tl=(2coszoc)=(2cosz 75°)‘45 kN/m

Maximum circumferential force at base,
Ny=wh-tan? a = (3 x 2 x tan? 75%) = 84.3 kN/m

. TS [ 45x103
P Merldlondl stress = (m@’o‘)
=0.45 kN/mm? < 5 N/mm? (safe)
84.3 %103 )
Hoop stress = (/I«Gm) =0.843 N/mm? < 5 N/mm? (safe)
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- Since stresses are within permissible limits, nominal reinforcements
are provded in the conical dome.

_{0.3x1000x100Y _ 2
AS! - (__‘AM’——W6—77 ) - 300 mm
Provide 8 mm @ at 160 mm centres both meridionally and circumfe-

rentially.
S. Design of Top Ring Beam
Ty cos 0D )_(ﬁ; cos 15° ?571441:_3_(!_)
3

Hoop tension = Fy = (

2 2
=311 kN
311 x 103 5
Asg = ("-“—TS—O“‘_) = 2074 mm

Provide 8 bars of 20 @ (A4g = 2512 mm?)
If A.=cross sectional area of ring beam

311 x 103 _ ) - 2
<_ o 3;_2751.7)_ 12 - A.=225,610 mm

Provide a ring beam of size:600 mm by 400 mm.
Provide 8 @ stirrups at 200 mm centres. :

6. Design of Conical Shell
The geometry of the conical shell is shown in Fig. 6.13.
Thickness of shell at top =200 mm, at bottom =300 mm
Average thickness =250 mm r;=7.5m
Slope of wall =45° r3=2.5m
Height of cone =h3= 5 m,
Self weight of slab =(0.25 x 24) = 6.0 kN/m?
Length Lo =1/ (r2— r3)2+h2 =+/(71.5-2.572+52=7.07 m
Weight of conical wall
7.54+2.5
2
Weight of water over the conical wall
=Wp=m(52~2.52) 5x 10 =2945 kN
Self weight of top dome = (7 x 7.5 x7.76 x 3) =549 kN
Self weight of top ring beam= (0.4 x 0.6 x 7 x 15.4 x 24)=279 kN
.. Total vertical load at base of conical shell
=W =(549+279 + 1333 +2945) kN = 5106 kN
W.cosec 0} [ 5106 x cosec 45° )
h 27 % 2.5
=460 kN/m

=W1=2><77{ )><0.25x7.07><24=1333 kN

.. Meridional thrust T=(

27‘1‘"3
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Fig. 6.13 Geometry of conical shell.

Assuming thickness of conical shell at base == 300 mm

3
Meridional stress= (fl%%(%)é\' 13%6) =1.53 N/mm? << 5 N/mm? (safe)
The hoop tension in the conical shell varies with the depth of water
and is given by
Hoop tension Fy=(p-cosec §+q-cot ) D/2
where, D =diameter at any horizontal section
p =Intensity of water pressure normal to the inclined walls
=(10 h) kN/m?
" Ji=height of water above the section
g =angle made by the conical shell with the horizontal
g = weight of conical slab per square metre of surface area.

Hoop Tension at bottom of Conical shell
h=5m D=5m 0 =45°
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2=(10 x 5)= 50 kN/m2
9=(0.3x 24)=7.2 kN/m?
Fi=(50 x cosec 45°+ 7.2 cot 45°) 5/2 = 195 kN
‘ Hoop tension at 1 m above base
h=4m D=7m 0=45*
p=(10x 4)=40 kN/m2
7=(0.28 x 24) = 6.72 kN/m2
Fi=(40 x cosec 45°+6.72 cot 45°) 7/2 =222 kN
Hoop tension at 2 m above base
h=3m D=9m 0=45°
p=(10 x 3)= 30 kN/m? |
7=1(0.26 x 24) = 6.24 kN/m?
Fy=(30 x cosec 45°+6.24 cot 45°) 9/2=219 kN

.. Maximum hoop tension occurs at I m above the base section
.". Maximum hoop tension Fy=222 kN

222 x 103

Provide 10 mm & bars at 100 mm centres on both faces.
(Ast= 1570 mm?)

222 % 103
(300 1000) + (13 x 1570)

=0.69 N/mm? < 1,2 N/mm? (safe)

0.3 x 300 x 1000 _ 2
— 00— _,) =900 mm

)= 1480 mm?

Maximum tensile stress = [

Distribution steel =(

Provide 10 mm & at 160 mm centres on both faces along the meri-
dions. :

1. Design of Bottom Dome and Internal Shaft

Diameter at base =5 m

Rise of dome=1m

Thickness =7 =150 mm

If R=Radius of the dome (2R~ 1) I =(5/2)2 SO R=3.625m
Self weight of dome slab =(2 x 7 x 3.625 x [ < 0.15 24)=82 kN
Internal diameter of vertical shaft = 800 mm

Thickness of walls = 100 mm

.. Exeternal diameter = 1000 mm

Weight of water over bottom dome = 7(2.52-0.52) 4.5 10= 848 kN
Weight of vertical shaft (7x0.9x0.1 x4x24)=28 kN

Total weight on dome = (82 + 848 + 28) =958 kN
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9385

. Load/unit areca=w= ( X35

) = 49 kN/m?2

.. Meridional thrust = 7y = (_1_‘1]_3_*)

+cos ¢
cos 0= (22 )=068 - 6=47
“\3.625) T :
49 % 3.625
( 222 )— 106 kN/m
106 < 103
. Meridional stress = ( 50 % 1000 )
=0.706 N/mm2 < 5 N/mm?2 (safe)
Circumferential force =wR |cos 8 — —«-——]———w
: (L +cos 0)
1
=49 x 3.625 [0.68 - m] =15 kN/m

15% 103
150 x 1000
Provide nominal reinforcements of 0.37;

o[ 0:3% 150> 1000
l={"""100

Adopt 10 mm & at 160 mm cemles both radially and in circumferen-
tial direction.

. Hoop stress = ( ): 0.1 N/mm? (safe)

): 450 mm?

Maximum hoop compression in the internal shaft= (’_Q_f_g_ﬁ)_?_)

=18 kN
Since hoop stresses are negligibly small provide nominal reinforce-
ments of 8 mm @ at 160 mm centres in both directions.
. Design of Bottom Ring Beam
Horizontal component of thrust from conical shell=Hy= 460 cos 45°

=326 kN

Horizontal thrust from bottom dome = H, =106 cos 47° =72 kN
Net compressive force in ring beam = (H; — Hz) = (326 -~ 72) =254 kN
25»4_»,*5) =635 kN

L

Hoop compression = (
Assuming the ring beam size as 400 mm wide by 600 mm deep,

63\"’/ 10 _ D 2
400 % 600 )~2.64 N/mm2 < 5 N/mm? (safe)

Provide minimum reinforcement of 0.3%,

4 0.3 x 400 » 600
=100

Compressive stress = (

) =720 mm?
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Provide 8 bars of 12mm ¢ with 8 mm &~2 legged stirrups at
200 mm centres. As the girder is supported by the shaft walls, there
will be no shear in the ring beam.

9. Design of Supporting Cylindrical Shaft

Diameter of shaft=35m

Height of shaft (above G.L)=20m

Thickness of shaft walls above G.L. =150 mm

Height of shaft (below G.L.)=1.5m

Thickness of shaft below G.L. =300 mm

Self weight of shaft= 7 x 5 x 24[(20 x 0.15) + (1.5 x 0.3)] = 1300 kN
The vertical shaft has an external diameter of 5.30 mmand an internal
diameter of 4.70 m, thickness of walls = 150 mm

Loads acting on Shaft at Ground Level
Load due to weight of kN
(1) The dome 549
B il (2) Top ring beam 279

i (3) Conical shell ' 1333

| (4) Bottom spherical dome 82
(5) Internal shaft 28 .
(6) Bottom ring beam 90
(7) Supporting shaft 1300
(8) Plastering, pipes, Ladders

Railings etc. (Lump sum) 339
Total dead loads = 4000 kN

Weight of water 3880 kN

Wind Pressure

Vertically projected area of over head tank

- (%x 15.4 2)+ —;(15.4+5,4)5=7o m?

.. Wind force on tank =(0.7 x 1.5 x 70)=73.5 kN

acting at a distance of 24 m from base.

Wind force on shaft = (0.7 x 1.5 x 5.3 x 20) =112 kN

acting at 10 m from the base

Total moment due to wind about base =M=(73.5x24)+(112 x 10)
= 2884 kN -m

Area of cross section = 4 = 7(2.652 — 2.35)=4.71 m?

Second moment of area = /= %(2.65‘ —2.354)=14.92 m*

Stresses at Base Section




10.

Elevated Water Tanks 127

/
Tank £mpty Condition
P=4000 kN D=53m M =2884 kN-m

M\ (2884 D\ (5.3
= (’F)‘ (4000) =072 m < (_6—) = (77)=0'88 "

The section is under compression only
3 6
Uc:(_{_L_AQ):(MOOXIO 2884 x 10 X2650)=1.36I N/mm?

AT T) \aTix1e T T 1402 x 1012
(compression) < 5 N/mm? (Hence safe)
Tank Full Condition
P =(4000+ 3880) = 7880 kN M =2884 kN-m

7880 x 103 2884 x 106 x 2650 ‘
= = 2 2
o (4.71 X 10 ) 2.185 N/mm? < 4 N/mm? (safe)
Provide minimum reinforcement of 0.3%
3
PRLEKIE L pmp—
Provide 8 mm & at 200 mm centres both vertically and circumferen-
tially on both faces.

Check for Seismic Forces
(Weight of tank portion+ water) W, = (2361 + 3880) = 6241 kN

-(Weight of shaft + finishes etc.) W, =(1300+339) = 1639 kN

Seismic coefficient = oy = 0.015
Moment due to seismic force at ground level
M, = cn(Wihi -+ Wahy) = 0.015(6241 x 23+ 1639 x 10)= 2399 kN -m
.. Total load P=7880 kN M=2399 kN -m
. (7§80 % 103 + 2399 x 106 x 2650)
© 471 x 108 14.92 x 1012

=2.09 N/mm? < 5.00 N/mm? (safe) -
Design of Raft Foundations :

Total load from tank and shaft=7880 kN
Self weight of footing (10%,) = 829 kN
Total load W = 8700 kN
S.B.C. of the soil =200 kN/m?
If A= Area of footing
D =Diameter of the footing
Direct load W= 8700 kN
Moment M =2884 kN-m
(W M [ W M

At 'Z_) =200 =D&t =D3/32

8700 2884 .
[(7702/4)+ (nm/az)] =200  Solving D=8.54 m

]=200
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Adopt diameter of raft slab D=9 m

8700
(7 x 9%)/4
The loading on the base is taken as annular loading on the mean
diameter of the shaft. The design procedure is similar to that describ-
ed in the design Example 3.8 (refer chimney foundatians).
Diameter of raft slab=2¢=9m
Diameter of the shaft=2b=5 m
Maximum bending moment in the section is governed by the radial
moment.
Radial moment at centre of footing is given by

w a b\2 3
e — ] —-f — e W2
M, 87[2’10&3([7) F1 (a) ] TR

8700 4.5 2.5\2 3
=2 9 e —[z2 R Y 2
o [1. loge(2_5)+1 (4'5) J [léx 137 x4.5 J

Intensity of soil pressure = w = [ ]= 137 kN/m?2

=126 kN -m/m
Moment at junction of footing -and tank walls at a radjus of 2.5m
is given by
w a b\? 3
ax) =2 2V = a2 p2
M: (max) 877[2 Ioge(b)+1 (a) ] 16”({1 b?)
_ 8700 4.5 2.5\ 3 ) 5

=287 kN-m/m
Using M-20 grade concrete and Fe-415 grade tor steel.

. 287 x 1086
EH‘CCUVC dep’th d= /mm =566 mm

Adopt an effective depth of 570 mm and an over all depth of 650 mm.

Ay = [ 287 <105
= (230 % 0.9 x 570
Adopt 25 mm @ at 200 mm centres in perpendicular directions  both
ways also provide -12 mm @ —200 ¢/c both ways at the top of the
footing. The details of reinforcements in the tank, supporting shaft
and foundations are shown in Figs. 6.14 and 6.15.

) =2432 mm?

6.6 EXAMPLES FOR PRACTICE

1. Design an intz type water tank to store 1.5 million litres of water. The
height of the tank above ground level is 20 m. The site has soil of safe
bearing capacity = 200 kN/m2. Depth of foundations 1.5 m below ground
level. Basic wind pressure = 1.5 kN/m2. Number of supporting columns



|
[
|
|

Elevated Water Tank 129

100
f L]'
8 § -160 c/c T
15m
%001
100 ’ T
8 &-160 c/c
2m
8 §-200 c/c s
IQOBlAOO
a = 1
200 8 .
§-300c/c ™
400)(500 \/ 8 §’160 C/C ’IRJO
Ring Beam \
Vs
8&-300c/c
&m
10 &-160 c¢/c
RS
10 §~100 ¢/c ~
300 A
8 §-200 c/c — 400 x 600 ‘
/ng Beam
L H—8-12 %,
8 §-200 c/c —<]

v‘Lb—- 8 §-200 c/c

wof  f—150

Fig. 6.14 Reinforcement details in funnel-shaped over head tank

= 8. Adopt M-20 grade concrete and Fe-415 grade tor steel. The design of
the tank should conform to the stresses specified in IS : 3370 and IS : 456
codes.

2. Areinforced concrete intz type water tank is required to store 254,000
liters of water. Height of staging is 12 m above ground level. The tank is
supported on six columns. Safe bearing capacity of the soil =130 kN/m2,
Basic wind pressure = 1.5 kN/m2. Adopting M-20 grade concrete and Fe-
415 grade tor steel, design the intz type tank and sketch the details of
reinforcements in the various structural components of the tank.
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i
150
8 §-200 c/c 5m
8 §-200 c/c
2.5 m ——
150
\ 200
12 & ~200c/c | :
r/‘ 650
ol LS

t—\m—-i v
r L5 m ¥ AJI
25 &- 200 c/c

Fig. 6.15 Details of reinforcements in shaft and raft foundation

3. A funnel shaped over head water tank is required to store 500,000

litres of water with the height of supporting tower being 25 m above ground
level. ~

Basic wind pressure = 1.5 kN/m?

Depth of foundations=2 m below G.L.

Safe bearing capacity of the soil = 200 kN/m?

Adopt M-20 grade concrete and Fe-415 grade tor steel for all R.C.C. work.

Design the conical shaped tank, supporting cylindrical shaft and foundations
for the tank. Sketch the details of reinforcements in the tank.
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Box-Culverts

7.1 GENERAL ASPECTS

Box culverts consisting of two horizontal and two vertical slabs built mono-
lithically are ideally suited for a road or a railway bridge crossing with high
embankments crossing a stream with a limited flow. Reinforced concrete
rigid frame box culverts with square or rectangular openings are used up
to spans of 4 m. The height of the vent generally does not exceed 3 m.
Box culverts are economical due to their rigidity and monolithic action -

and separate foundations are not required since the bottom slab resting
directly on the soil, serves as raft slab. For small discharges, single celled
box culvert is used and for larger discharges, multicelled box culverts can
be employed. The barrel of the box culvert should be of sufficient length to
accommodate the carriage way and the kerbs.

7.2 DESIGN LOADS

The structural design of a reinforced concrete box culvert comprises the
detailed analysis of the rigid frame for moments, shear forces and thrusts
due to various types of loading conditions outlined below:

1. Concentrated Loads
In cases where the top slab forms the deck of the bridge, coricentrated
loads due to the wheel loads of the LR.C. class AA or A type loading
have to be considered.
If W= concentrated load on the slab
P = wheel load
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Rl

I=impact factor

e = effective width of dispersion
Then W= (P-Ije)
The soil reaction on the bottom slab is assumed to be uniform. The
notations used for the box culvert and the type of loadings to be
considered are shown in Fig. 7.1 (a) to (f).

Uniform Distributed Load

The weight of embankment, wearing coat and, deck slab and the
track load are considered to be uniformly distributed loads on the
top slab with the uniform soil reaction on fhe bottom slab.

. Weight of Side Walls

The self weight of two side walls acting as concentrated loads are
assumed to produce uniform soil reaction on the bottom slab.

Water Pressure Inside Culvert

When the culvert is full with water, the pressure distribution on side
walls is assumed to be triangular with a maximum pressure intensity
of r= wh at the base where w = density of water and £ is the depth of
flow,

. Earth Pressure on Vertical Side Walls

The earth pressure on the vertical side walls of the box culvert is
computed according to the Coloumb’s theory. The distribution of
earth pressure on the side wall is shown in Fig. 7.1(e).

Uniform Lateral Load on Side Walls

Uniform lateral pressure on vertical side walls has to be considered
due to the effect of live load surcharge. Also trapezoidal pressure dis-
tribution on side walls due to embankment loading can be obtained
by combining the cases (5) and (6).

. Design Moments, Shears and Thrusts

The box culvert is analysed for moments, shear forces and axial
thrusts developed due to the various loading conditions by any
of the classical methods such as moment distribution, slope deflection
or column analogy procedures. Alternatively coefficients for moments,
shears and thrusts compiled by Victor (Ref 22), are very useful in the
computation of the various force components for the different loading
conditions. ) '

The fixed end moments developed for the six different loading
cases are compiled in Table 7.1. The moment, shear and thrust coeffi-
cients for the various loading cases are shown in Table 7.2, for two
different ratios of (L/H)=1 and 1.5
where L =span of the culvert.

H=height of the culvert,
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Notations
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p/m2 p/m? p/m? p/m?
(e) Case-5 (f) Case -6

Fig. 7.1 Types of loading for box-culverts

7.3 DESIGN OF CRITICAL SECTIONS

133

The maximum design moments resulting from the combination of the vari-

ous loading cases are determined. The moments at the centre of span of

top and bottom slabs and the support sections and at the centre of the
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TasLe 7.1 Fixed End Moments in Box Culvert

Loading Fixed end Moments
Case Ma=Ma: Mp= Mp:
. ﬂL_[M_] L
712 | (kH3)k+D) 24 L k+3)k+1)
) wL? _ wl?
T12(k+1) 12(k+1)
3 'WL[ k ] ﬂ{ 342k ]
\ +6 | TG+ 6 Lo+t
4 3511[ kQk+7) ] _pgj[ k(3k+§_)__]
760 Lkr ik +1) 50 LT ERD
5 _pfﬂ[ k(2k-+T7) ﬂ] ___;3{1_’[ k(3k+8) ]
60 L(k+3)k+1D) 60 L(k+3)(k+1)
‘ ke _pE
T2kt 12(k+1)

Note: Positive moment indicates tension on inside face.

vertical walls are determined by suitably combining, the different loading
patterns. The maximum moments generally develop for the following
loading conditions:

1. When the slab supports the dead and live loads and the culvert is
empty. . .

2. When the top slab supports the dead and live loads and the culvert is
running full.

3. When the sides of the culvert do not carry the live load and the
culvert is running full.

The siabs of the box culvert is reinforced on both faces with fillets at the
inside corners.

7.4 DESIGN EXAMPLE

Design a reinforced concrete box culvert having a clear vent way of 3m by
3 m. The super imposed dead load on the culvert is 12.8 kN/m2, The live
load on the culvert is 50 kN/m2. Density of soil at site is 18 kN/m2. Angle
of repose ¢=30°. Adopt M-20 grade concrete mix and Fe-415 grade tor
steel. Sketch the details of reinforcements in the box culvert.

1. Data

Clear Span=L=3m
Height of event=h=3m
Dead load = 2.8 kN/m?
Live load= 50 kN/m?
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Loading case

. Factors
L:H Section For i 7
M WL wL?
N w wL
v w wlL
1:1 B-1 M +0.182 +0.083
N 0 0
A-2 M ~0.068 —0.042
N 0 0
y  +0.500 +0.500
A-3 M —0.068 —0.042
N +0.500 +0.500
| 4 0 0
E—4 M -0.052 —0.042
N -+0.500 -+0.500
D—5 M —0.036 —0.042
N +0.500 -+0.500
|4 -0 0
D-6 M -0.036 —0.042
N 0 0
1 4 —0.500 -0.500
c-7 M -+0.088 -+0.083
N 0 0
1.5:1 B-1 M -+-0.170 +0.075
N 0 0
A—-2 M -0.07% —0.050
N 0 0
V -+0.500 +0.500
A—3 M —0.079 —0.050
N +0.500 +0.500
14 0 0
E~4 M -0.062 -0.050
N +0.500 +0.500
D-3 M —0.045 —-0.050
N +0.500 4-0.500
vV 0 0
D—6 M —0.045 —(.050
| N 0 0
| 4 —0.500 —0.500
c-1 M +0.079 +0.075
N 0 0

Refer Fig. 7.1 for details and notations.

3 4 5 6
WL pL? pL* pL®
w pL pL pL
14 pL pL pL
+0.021 +0.019 —0.019 —0.042
Q -0.167 +0.167 -+0.500
+0.021 +0.019 —-0.019 —0.042
0 —0.167 +0.167 —0.500
0 0 0 0
-+0.021 +0.019 —~0.01%9 —0.042
0 0 0 0
0 +0.167 —0.167 —0.500
-0.042 —-0,043 +0.043 +0.083
+0.500 0 0 0
-0.004 +0.023 -0.023 —0.042
+1.000 —-0.323 +0.333 0
0 0 0 +-0.500
—~(.104 +0.023 -0.023 —0.042
0 0 0 +-0.500
—1.020 —0,333 +0.333 0
+0.146 +0.023 -0.023 —0.042
0 -0.333 --0.333 -+0.500
+0.018 +0.015 —0.015 —-0.033
0 -0.167 +0.167 -+0.500
+0.018 -+0.015 —0.015 —0.033
0 —0.167 +0.167 +4-0.500
)] 0 0 0
+0.018 . +0.015 —0.015 —0.033
0 0 0 0
0 +0.167 -0.167 —0.500
—0.050 —0.047 +0.047 40.092
-+0.500 0 0 0
—-0.118 +0.018 -0.018 —0.033
+1.000 0 0 0
0 -0.333 +0.333 +0,500
-0.118 +0.018 -0.018 -0.033
0 —0.333 +0.333 +0.500
—1.000 0 0 0
+0.132 +0.018 —0.018 -0.033
[ —0.333 -+0.333 -+0.500

Note: 1. Positive moment indicates tension on inside face

2. Positive shear indicates that the summation o

acts outward when viewed from within.
3. Positive thrust indicates compression on the section.

f force at the left of the section
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Density of soil =18 kN/m?3
Angle of repose = ¢ = 30°
Concrete — M-20 grade, steel — Fe-415 tor steel.

2. Permissible Stresses

oce =5 N/mm? : m=13
aep =7 N/mm?2 J=10.86
o= 150 N/mm? (water face) 0=1.198

o =190 N/mm? (Away from water face)
3. Dimensions of Box Culvert

Adopting thickness of slab as 100 mm/metre span
Thickness = 1=ty =300 mm
Effective span = 3300 mm

4. Loads
~ Self weight of top = (0.3 x 24)="7.2 kN/m?
Super imposed dead load  =12.8
Live load = 50.0
Total load =w="70.0 kN/m?2
Weight of vertical side walls=(0.3x3.3 x24)=W =24 kN
‘ Soil pressure = p = wh (} ;:iz i)
At h=33m
é=30° p=(18x3.3x1/3)=20 kN/m?
w= 18 kN/m?

Uniform lateral pressure due to the effect of superimposed dead load
and live load surcharge is calculated as,
| —sin ¢
I +sin ¢
Uniform lateral pressure due to the effect of super imposed dead load
surcharge only is, ,

_ 1 —sin ¢} 4 2
p=128 (mn ¢)-(12.8 x1/3)=4.26 KN/ m
Intensity of water pressure is obtained as
p=wh=(10x3.3)=33 kN/m?

p=(50+12.8)[ ]-—:(62.8>< 1/3) = 21 kN/m?

5. Analysis of Moments, Shears and Thrusts

The various loading patterns considered are shown in Fig. 7.2. The
moments, shears and thrusts corresponding to the different cases of
loading (case-1 to case-6), evaluated using the coefficients given in
Table 7.2 are compiled in Table-7.3. The design forces resulting from
the combination of the various cases yielding maximum moments and
forces at the support and mid span sections are shown in Table 7.4,
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w=170 kN/l’“2
LTI
W W= 26 kN
TTT T IEEER
w ZW
Case -2 Case -3
p p =33 kN/m2 p p =20 kN/m?
Case~4 Case —5
| ma— pend e P—-
et — — —
p =21 kN/m? p p =426 kN/m?
Case - 6 (a) Case -6(b)

Fig. 7.2 Loading cases considered for box culvert

The maximum positive moments develop at the centre of bottom
and top slab for the condition that the sides of the culvert not carry-
ing the live load and the culvert is running full with water.

The maximum negative moments develop at the support sections
of the bottom slab for the condition, culvert is empty and the top
slab carries the dead and live load.

Design of Reinforcements

Section—C-7 (Mid span of bottom slab)
M=76.10kN.m
N = ~17.43 kN (Tension)




~
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TaBLE 7.3 Force Components for Different Cases of Loading

Loading Case

Section Forces Case-2 Case-3 Case-4 Case-5 Case-6(a) Case-6(b)
B-1 M 1 63.2 1.66 6.82 . —4.13 -9.6 —-1.92
N 0 0 -18.18 +11.0 +34.65 +6.93
A-2 M ~31.6 1.66 6.82 —4.13 -9.6 -1.92
N 0 0 —18.18 +11.0 —34.65 —6.93
14 115.5 0 0 0 0 0
A4-3 M —31.6 1.66 6.82 —4.13 —9.6 -1.92
N 115.5 0 0 0 0 ¢}
4 0 0 18.18 -11.0 —34.65 —6.93
E—4 M -31.6 -3.32 —-15.45 -9.36 +19.2 +3.84
N 115.5 +-39.6 0 0 0 0
D-5 M -31.6 -0.317 8.26 -5.00 R X -1.92
N 115.5 +79.2 —36.26 +21.9 0 0
vV 0 0 0 0 +34.65 +6.93
D-6 M -31.6 —~8.23 8.26 —5.00 —9.6 -1.92
N 0 o . . 0 0 +34.65 +6.93
|4 —115.5 -79.2 —~36.26 +21.9 0 0
c-7 M 63.2 11.56 8.26 —5.00 —-9.60 -1.92
N 0 0 —36.26 +21.9 +4-34.65 +6.93
Moments are in kN.m
Shear force and thrusts are in kN.
TaBLE 7.4 Design Moments and Forces in Box Culvert
Loading Moment Thrust Shear force
Section Combination M N v
cases (kN-m) (kN) (kN)
D—6 243-+54+6(a) ~54.43 +34.65 —~172.8
A-2 2+3+546(a) —43.67 —23.65 +115.5
B—1 243+ 445+6(b) 65.63 -1.25 0
C—-17 2+3+44-54+6(b) 76.10 —7.43 0
E~4 2+43+4+5+6(b) —55.89 +155.1 4]

150 x 0.86 x 270

6
A= ( 76.10 x 10

Provide 209 at 140 mm centres.

Distribution steel = (()—E'—i%i—l—@

) = 900 mm?

Provide 10® at 150 mm centres on both faces.

Section—D-6 (support section)
M=-5443kN-m
N=34.65kN

) = 2234 mm?/m
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Ao 54.43 x 106
st= 1790 < 0.86 % 270

Provide 16® at 150 mm centres and distribution bars of 109 at 150 mm
centres.

)= 1233 mm?/m

Section—E-4 (Vertical side wail:
M=-5589kN.-m .. My=(1.5x%x5589)=283.83kN-m

N=155.1 kN. No=(1.5x 155.1)=232.5 kN
M, 83.83 x 108 ) e \
(fck-bm%{'mx1000x3002)“0‘04° fy=415 N/mm

[ Ve §_f 22Sxi0 ) 2Y-(3 )=
Lo ;,,s;;;“220x1000><300)‘0'0387 (0)2(300 =010

Referring to interaction curve of SP-16 (—J%:) =0.02
Where Adge= Aw=0.5(pbD ldO) = 0.5(0.02 x 20 x 1000 x 300)/100

=600 mm? .. Ag=1200mm?
But minimum reinforcement of 0.8% of cross section hasto be
provided

A= 0.8 x 300 x 1000
s 100
Provide 16&—at 150 mm centres on both faces in the vertical side walls.
Distribution steel of 10¢—at 150 mm centre is provide on both faces.
The details of reinforcements in the box culvert is shown in Fig. 7.3.

\) ="2400 mm?

16 & ~150 c/c 10 & -150c/c
g T o -[ L L Zm a2 L ]
P . o e = )
Ve \,R A
F. -140 ¢/
_,fw w03 o’ .\i_‘”l:onstr_ucﬁon
1 9 3000 ) Joint
P i
[>=16 & -150 ¢/c L
p d )
4 00 |} ]
b . .
10 § - 150 c/c '
4 9] Weep -Hole
! 3 ) / ?5 ¢
R~ »’,:4
p S 150 x 150 -2
illet
Fille 20§ - 140 c/e -
2 f“ J
- L.
[' v L ad v L v L3 ) ’_-T
K b 300
- — ry 3 . ry 5 B is 8. -L—— B
3 i
16 § -150 c /¢ 10 § -150 c/c
LaoH

Fig. 7.3 Reinforcement details in box-culvert
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7.5 EXAMPLES FOR PRACTICE

I. Design a reinforced concrete box culvert with inside dimensions of 3 m
height and 4.5 width. The box culvert has to carry a super imposed dead
load of 10 kN/m? and a live load of 50 kN/m2. The density of the earth is
I8 kN/m3. Angle of repose of the soil is 30°. Adopt M-20 grade concrete
and Fe-415 grade tor steel. Sketch the details of reinforcements in the box
culvert.

(2) A reinforced concrete box culvert is required for a national high way
crossing. The clear vent way of the box culvert is 4 m by 4 m. Design the
box culvert assuming a super imposed dead load of 12kN/m? and a live
load of 50 kN/m2. The density of the soil is 16 kN/m2 Angle of repose of
the soil is 30°. Adopt M-20 grade concrete and Fe-415 grade tor stecl.
Sketch the details of reinforcements in the box culvert.

3. A reinforced concrete box culvert of prismatic form with a clear vent-
way of 3.5 by 3.5 m is required for a road crossing. The box culvert has to
support a super imposed dead load of 8 kN/m2 and a live load of 50 kN/m?2,
Density of the soil is 18 kN/m3, and the angle of repose of the soil is 30°.
Adopting M-20 grade concrete and Fe-415 grade tor steel, design the box
culvert and sketch the details of reinforcements in the box culvert.



Portal Frames

8.1 INTRODUCTION

Reinforced concrete portal frames of single and multibay are commonly
used in bridges, and industrial structures due to their fire resistance and
negligible maintenance costs. A portal frame is a rigid frame having mono-
lithic joints at the junction of columns and beams. The different types of
portal frames used in the various types of structure are shown in Fig. 8.1.
For work shops and storage sheds, portal frames with sloping roof is gene-
rally preferred. For high ways and buildings, portal frames with flatroof is
used.

8.2 ANALYSIS AND DESIGN OF PORTAL FRAMES

In the case of buildings, the portal frames are generally spaced at intervals
of 3 to 4 m with a reinforced concrete slab cost monolithically between the
frames. Frames used for ware house sheds and work shop structures are
provided with sloping roof comprising of purlins and asbestos sheet roofing
between the portal frames.

The base of the columns of the portal frames are either fixed or hinged.
If individual column footings are provided, the base is assumed to be hing-
ed while raft or pile foundations are provided, the base is assumed tc be
fixed for purposes of structural analysis.

The portal frames are generally analysed by the various standard methods
such as, moment distribution, slope deflection, column analogy or matrix
* methods. The roof slab between the frames is analysed as continuous slab.
The mid span section of the frame behaves as a tee section while the support
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section is designed as a rectangular section. Design aids like interaction
diagrams are very useful in the design of beam sections and columns sub-
jected to axial thrust and bending moment.

4 7 7 7 777 }// 7 7
Single —Bay Multi-Bay
4 7

Multi-Storeyed Single -Bay
] (Sloping Root)

TFI777. 77777
Multi Bay Frame For Mill Building
Fig. 8.1 Types of portal frames
Portal frames precast in the horizontal position on ground are economi-
cal in situations where a large number of similar frames are used in a

building project and the precast units considerably reduce the construction
time besides resulting in over all economy due to the better quality and



e

Portal Frames 143

efficient utilisation of the materials. The analysis and design of the different
types of portal frames are illustrated by the following design examples:

8.3 DESIGN EXAMPLE

- Design a portal frame hinged at base to suit the following data:

spacings of portal frames =4 m centres
Height of columns =4 m
Distance between columr centres = 10 m
Live load on roof = 1.5 kN/m?

R.C.C. slab continuous over portal frames. Safe bearing capacity of soil at
site = 200 kN/m2,

Adopt M-20 grade concrete and Fe-415 grade tor steel. Design the slab.
portal frame and foundations and sketch the details of reinforcements.

1. Data

Spacings of portal frames=4m

Span of portal frame =10m
Height of columns =4m
Live load on raof =1.5kN/m?

M-20 grade concrete and Fe-415 grade tor steel.

2. Permissible Stresses

ocp="7 N/mm? m=13
o =230 N/mm?2 © 0=03897
j=0.906

3. Design of Continuous Slab

Since the slab serves as a roof, loading is light, hence assume an
overall depth of slab of 120 mm.
Dead load of slab=(0.12 x 24) = 2,88 kN/m?
Roof finish = 0.50
Ceiling finish =0.25
Dead load (g) = 3,63 kN/m?
Live load (g)=1.5 kN/m?2

2 2
Negative B.M. at interior support = (—%L -+ —(l—gL—)
2 2
_ (3.6?;4 N 1.59x 4 )= 7.5 kKN/m/m

. [T5x106
Effective depth-—=d= 6_8_97-;T0—()()—= 9] mm

Adopt d= 100 mm with a cover = 20 mm

7.5%106 | )
An "(230 X0.9% 100) =363 mm
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Provide 10 mm @ at 200 mm centres at supports. The same bars are
provided at the centre of span section.

0.12 120 x 1000
100

Provide 6 mm @ at 130 mm centres

Distribution steel = ( ) = 144 mm?

4. Design of Portal Frame

Effective span of beam = 10 m
If d=effective depth

span L .
(mﬁﬁ) = (-—d-—) =12to 15 (Hcavy loading on beam)

t
e (1_0>< 103 10 x 103
- 12

) =833 mm to (——TS————) =666 mm
Adopt effective depth d=700 mm

and over all depth D =750 mm
Width of beam b =450 mm

Column section is assumed as 450 mm by 600 mm.
(a) Loads on Frame '

Load from slab=(5.13 x 4)=20.52 kN/m .
Self weight of beam =(0.45 x 0.63 x 24) = 6.80
Finishes on beam =0.68

Total load w =28.00 kN/m

h=height of centre line of beam above hinge = (4‘0 +0.10 9_7_§)

2
=3.72m
The moments in the portal frame are analysed by moment distribution
AB=3.72m
BC=10.00m

( 450 % 7503 )

450 x 6003
IAB=(—""‘L—) Ipc= 5

12
IAB . IBC=1 : (—

(b) Relative Stiffness

I

3
kpa= (T
- kpe= (—IT%SJ ) =0.1957=or £20.207

(¢) Distribution Factors

0.207
e =dpa= (0.201+ 0.207 ) =05
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(d) Fixed end Moments

J2 % 102
Fac= _(.'EI%): *(3&1‘210“\% ~234kN-m
2 2
% )- (2_8%9)=234kN-m

The moment distribution is carried out to get the resultant moments
for the frame loaded as shown in Fig. 8.2.

Fep= +(

18 RNfm
BW\*W\)VVY\/‘\F"\/YVY\/V\/YYY\C
5 10 m
3:72m
AL —ok
Fig. 8.2 Portal-frame
{e) Moment Distribution
B C
A 0.5 0.5, {0.5 , 0.5 D
- 23k + 254
S L A - 117 - 117
- 58.54" + 58.5
+ 29,25 + 29.25 ~29.25 -~ 29.25
Lol T edres
-~ 4.6 + 1.6
! + 7.3 |+ 7.3 - 7.3 - 7.3
- 3.65 + 1.83]| - 1.83
+ 1.83 | + 1.83 - 1.83 - 1.83
- 0.92 4 + 0,92
+ 0.46 1 + 0.46 - 0.46 - 0.46
o + 156 ~ 156 + 156 - 156 0 &N.m




146 Advanced Reinforced Conerete Design

(f) Design Moments and Shear Forces

Maximum negative moment at support B=156kN-m
Maximum positive moment at centre of span

2 2
BC;=(E;L—— }56):(28X 1 156)=194kN-m

8 8
Maximum shear force at B= V=( 28 ; 10 ) = 140 kN
. 194
Shear force at the hinge 4 = (ﬁ) =52.15kN

(g) Design of Beam Sections

Mid span section
The mid span section is designed as a Tee-section
Design moment M =194 kN-m

Approximate lever arm= (7()0 - %9) =640 mm
_f 194x108) ’
Ag = (”im} = 1318 mm

Provide 4 bars of 22 mm (4 = 1520 mm?).

The stresses in steel and concrete are checked and shown to be within
permissible limits N

Support Section

Design moment M= — 156 kN.-m

The support section is designed as a rectangular section

Moment of resistance of section =(0.897 x 450 x 700?)

=197 x 108 N-mm =197 kN -m

230 0.9 x 700
Provide 4 bars of 22 mm @ (A= 1520 mm?)

14 140 x 10?
bd } =\ 450 % 700

,
&
A“=( 136 x 10 )= 1077 mm?

Nominal shear stess =7y = ( } =0.44 N/rom?

10045, ) _ [ 100 x1520
bd J\ 450x700

From Table 17 (IS : 456), r.=0.25 N/mm?
Since 7, > 7., shear reinforcements are to be designed.

} =0.48

_ 0.25 > 450 x 7007 _
Balance shear = [140 ————-W] =62 kN
Using 6 mm ®-2 legged stirrups, spacing is
230 x 2 x 28 x 700
v"‘( 62)(103 )=145mm
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Adopt 140 mm spacing near supports gradually increasing to 400 mm
towards the centre of span.

(k) Design of Column Section

The column section is subjected to a moment

M=156 kN-m and a Thrust P=140kN.

Using a load factor of 1.5

My=(156 x1.5)=234 kN-m

Py=(140 x 1.5)=210kN

Section is of size 450 x 600 mm
b=450 mm Dm@Om.nx (ﬁ,—)z(—ég)=0.10
d=1550 mm d’ =59 mm D 600

( M, )_ 334 x 106 ”
o b-D2) =\ 20% 450 x 6007

) =0.07

Py 210 x 103
== = A
(fck-b-l) ) {20 x 450 x 600> 0.04
Using interaction curves of SP-16 we get
{i>n 0.04 . p=(20%0.04)=0.8
Jex
As={(p-b-DJ100)= (0.8 x 450 x 600)/100 = 2160 mm? .
0.8 x 450 x 600} . )
‘A“*“}”(—)b** “““““““ }—2160 mm
Provide 4 bars of 20 mm @ on each face, {4y =2512 mm?), and 8 mm
@ ties at 300 mm centres throughout the column.
(i) Design of Hinge ' _
At the hinge portion concrete is under triaxial stress and can with
stand higher permissible stresses.
Permissible stress in concrete at hinge = (0.5 x20) = 10 N/mm?
3
Area of hingerequired = {J‘m 1%1-&} = 14,000 mm?
Area provided = 200 mm by 160 mm
Shear at hinge=52.15 kN
If A, = Area of bars required to take the shear at hinge section
9 = Inclination of bars to vertical as shown in Fig. 8.3.

(Ag-sin 8 x 230)=52.15x 103

e 52.15x 163
=} 230 x sin 31°

Rut minimum area of steelz{

}m 440 mm?

Provide 4 bars of 16 mm @ ( Ay = 804 mm?)
(j) Design of Foundations
Axial load on column = 140 kN
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=100 —
“IL
8, 30 mm
50 mm T
. 100 mm
4
Cover =20 mm
Tan 8=(3/5) =06
g =31
&
, ot ¥
- 600 !
450 j"
L }~100 <}
|

(a) R.C. Hinge at Base of Column.

il 5215 kN
T g

p— 700 80 700 —=f
m !
p T
4 300
b d P—

<p =17 kN/m?
1395 kN/m?

(b) R C. Footing For Column.
Fig. 8.3 Details of hinge and footing

Weight of column = (0.45 x 0.6 x 3.72 x 24)= 24 kN

Self weight of foundations at 109 =16 kN
Total Load =180 kN
Moment about base (Figs. 8.3(b)=(52.15x1)=52.15kN-m

eccentricity (e) = (512813—5;3%2?6—) =290 mm
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To avoid tension in the foundations,
Breadth b= 6e = (6 x 290) = 1740 mm
Provide a foundation area of I m x 2m

Intensity of maximum pressure (p)= (ETX_XI%Q)
=180 kN/m? < 200 kN/m? (safe)
o= (1802>< 1.3) = 117 kN/m2

Total pressure on the cantilever portion = (-....._.__-—--—1 80+117 )()_7

2
=104 kN acting at 0.4 m from the column edge.
. B.M. at edge of column = (104 x 0.4) =42 kN-m

. . 2 x 108
Effective depth of footing=d = J GMW =216 mm

Provide effective depth d =250 mm
and over all depth = 300 mm
A“=(w4zx 108 )
230 x 0.9 x 2504
Adopt 16 mm @ at 150 mm centres (4g; = 1341 mm?)

0.12 x 300 x 1000
100
Provide 10 mm & at 180 mm centres (dq =436 mm?)

Check for Shear

Shear force acting at a distance of 250 mm from the face of the
column is given by

- (wl_SO+ 139.5
2
o T2x108
¥ {1000 250
100A4s\ éi(_)_(_)_x 1341
bd ] {1000 x 2350
since 7o > 7,, no shear reinforcements are requited. The details of
reinforcements in the portal frame are shown in Fig. §.4.

= 812 mm?

Distribution bars = ( ) = 360 mm?

)><0.45m72kN

} ~0.288 N/mm?

)-—- 0.53 e 7e=0.30 N/mm?

8.4 DESIGN EN.LMP LK

The roof of a 8 m wide hali is supported on a portal frame spaced at 4m
intervals. The height of the portal frame is 4 m. The continuous slab is
120 mm thick. Live load on roof = 1.5 kN/m?2. Bearing capacity of a soil
150 kN/m?. The columns are connected with a plinth beam and the base of
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the column may be assumed as fixed. Design the column and beam members
and suitable foundation footing for the columns of the portal frame. Adopt
M-20 grade concrete and Fe-415 grade tor steel.

1 10 &~200 c/c 6%-130 c/c
; 120 1 Ie 3 . / 4 “) g
: 1200 |\ 800
T G&‘M()c\lc\ {030 110g-200c/c Hﬁﬂ’
830 i )
_L i U-6-22 3 .
f— 50— Ledm

{a) Section of Continuous Siab.

A -22 & S2-22 R
{ | —
ST ~T 1 | f
— . . . . = 750
pad L1 | d
68-140c/C  “4-22% szl
h
X . 4-20% 4-20 &
\ —_
= S
- ﬂ74"20$ 3 t
< [ 1 4s0
3IZm
N g §-300 c/ - L
: u - c/c \
| - Lo —
8 &-300 c/c
TS B 100 Section XX
7
i é_}é — 4 -16%
im
. T
300
J‘ PSP oy a S N 4

- - / 2m - |
/ 1]
: 10 §-180 c/c 16 & -150 c/c
Fig. 8.4 Reinforcement details in portal frame

1. Data
Spacing of portal frames=4m
Span of portal frame =8m
Height of columns =4m

Live load on roof =1.5kN/m?
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M-20 grade concrete and Fe-415 grade tor steel.

2. Permissible Stresses

oo =7 N/mm? m=13
og = 230 N/mm? 0=0.897
7=0.906

3. Design of Siab

The slab design is similar to that presented in design Example 8.3.
Provide 120 mm slab with 10 mm bars at 200 mm centres at supports
and mid span sections. Distribution steel is 6 mm & at 130 ram
centres.

4. Design of Portal Frame
Effective span of beam= 8 m
( 8000
12
Adopt d=650 mm and overall depth =700 mm breadth = b =400 mm
Column section is assumed as 400 mm by 600 mm

Effective depth=d= ) =666 mm

(a) Loads on Frame

Self weight of slab=(0.12 x 24) = 2.88 kNjm?
Roof finish ={.50

Ceiling finish =0.25

Live load =1.50

Total load =5.13 kN/m2
Load from slab=(5.13x4) - =20.52 kN/m

Self weight of beam = (0.4 x 0.58 x 24) = 5.56 -
Finishes of beam =0.92

w =27.00 kN/m

The moments in the portal frame fixed at base and loaded as shown
in Fig. 8.5 (a), are analysed by moment distribution.

AB=4m, BC=8m
L _(400x6003\ (400700}
AB= 12 BC*™ '12
3
1AB;JBC~_-1:{%3%)=1:1.57

(by Relative Stiffness
/

an= ()

1.571

kBc= {wg— ) = (.20/

=0.25/
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BWWW NS

i ho@ x 700 Beam ,
bm ‘
. 400 x 600
/Column
v—Lw 9 o s v Ilf/ 7V
—————— 8
{a} Portal - Frame
Al
+ N4 kN.m
LhLELLL LLL Ll Lkl -
102 kN-m 102 kN . m
B
A/+ %’;D
T AN
51 kN.m 51 &kN.m

(b) Bending Moment OBfagram

Fig. 8.5 Portal-frame (fixed at base)
(¢) Distribution Factors

0.251
0.257140.201

doon 0207
BCT \0.257+0.207
(d) Fixed End Moments
2 2
Fac= —{% )= _{ZZLS )== ~ 1444 kKN-m

L2
Fep= +(w—12—-)=

dpa = ( )wO.SS

)= 0.45

+
N
N
~3
x
o0

2
*“Tj*“) = 4144 kN -m

Fya=Fap=0
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(e) Momemt Distribution
B c
A 0.55 0.45. | 0.45 0.55 | D
0 o] -4 + tak o]
3945 ~— *+79 v 65 - 65 | =79 —w =39.5
=525 ’><‘ 32.5
8.9 «—+17.8 +lk-7‘>< 4.7 17,8 ——e =8.9
7.4 + 7.4
2.0 w— + 4.0 + 3.4 - Bl - 0 e = 2.0
- 1.7,><’“+ 1.7 l
0.47 +0.93 0.77 - 0,77 - 0,83 ~ 0.47 |
51 + 102 - 102 - 102 + 102 - 51 kN.m\
167
(f) Design Moments and Shear Forces
Mp=102 kN -m Ma=51 kN-m

2
Maximum positive moment at centre of span BC = (}_"_é;_ - 102}

_ (27><82

T 102)& 114 kN m

The bending moment diagram for the portal frame is shown in

Fig. 8.5(b).

Maximum shear force at B = {27; 8) =108 kN

Shear force at A= (M)z(—SI +102

. - )=38.25 KN

(g) Design of Beam Section

Mid span section

The mid span section is designed as a Tee-section
Design moment M =114kN-m

Approximate lever arm = (650 - 1_;9 ) =590 mm
([ 114x108 ) _ )
Asi= (’230 = 590) =840 mm

Provide 4 bars of 20 mm @ (A= 1256 mm?)
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The stresses in steel and concrete are checked and shown to be within
permissible limits.

Support section

Design moment M = — {02 kN-m

The support section in designed as a rectangular‘section

Moment of resistance of section = (0.897 x 400 x 6502)

=151 x108 N-mm =151 kN -m

B 102 x 106
= 230x0.9 %650

Provide 4 bars of 20 mm & (A = 1256 mm?2)

) =758 mm?

Lo . _ {108x10%Y 2

Nominal shear stress =, = ( mﬁﬁ) =0.415 N/mm
1004 100x 1256} N 4
{Wb-d ):{W!J.OOX@SO }-—0.483 s 7e=0.29 N/mm

since v < 7, shear reinforcements are required.

0.29 x 45 x 0060

Balance shear = [108 - )

]=33 kN

Using 6 mm @ - 2 legged stirrups, spacing is

_ {230x2x28x 650
v 33 %109

Adopt 250 mm spacing near supports, gradually increasing to 400 mam
towards the centre of span. '

}k: 253 mm

(h) Design of Column Section
Section at Top (B)
Moment M =102kN.m
Thrust P= 108 kN

Using a load factor of 1.5
My=(102x1.5)=153 KN-m
Py=(108 x21.5)= 162 kN

Column section is of size 400 x 600 mm N

. b=400 mm d=550mm
D =600 mm 4’ =50 mm (%} ~0.10
S =20 N/mm?
[ M, 153% 105\
é\}ck-b.bz}=<zox400xsooz)“0'053

P, )_ 162 x 103
Sfeab-DJ 120 x 400 < 600

) =0.033
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Using interaction curves of SP-16 we get

p
=003 .. p= 03)=0.
(fck) p=(20x0.03)=0.6

dy=(p-b-D)/100= (0.6 x 400 x 600)/100 = 1440 mm?

0.8 x 400 x 600
100

Provide 4 bars of 20 mm & on each face (Ag= 2512 mm?).
and 8 mm @ ties at 300 mm centres throughout the column.
Same reinforcements are provided at the base section of the column.

But minimum area of steel = { }m 1920 mm?

(i} Design o}’ Foundations
Axial load on column =108 kN
Self weight of column
(0.4x0.6x4x24)= 23
Self weight of foundation
at109y, = 14

Total =145 EN
Moment at base=AM=51 kN-m

", eccentricity = e = MY _ (31100
: My =€= VB )=\ 145 < 103
To avoid tension in the foundations
Breadth b= 6e = (6 x 350)=2100 mm
~ Adopt a foundation area of 1 m by 2.1 m

} =350 mm

/
Intensity of maximum pressure=p= {%%Q%} =103 kN/m?
< 150 kN/m? (safe)
. ( 103x 1.35 }=66 KN /m?
2.1
. . 103+ 66 . ‘
Total pressure on the cantilever portion = —5 0.75=064 kN
acting at 0.4 m from the column edge
.. B.M. at edge of column = (64 x 0.4)=25.6 kN-m
5% 6 % 106
.. Effective depth of footing=d= 256100 169 mm

0.897 % 1000
Provide effective depth J= 250 mm and over all depth =300 mm

(Increased depth required to limit the shear stress within permissible
limits).

25.6 x 106
Ag= { a

D —— == 2
330> 0.9 x 250 E 494 mm



156 Advanced Reinforced Concrete Design

Provide 12 mm & at 150 mm centres both ways. (4s =754 mm?2)
Check for shear

Shear force acting at a distance of 250 mm from face of column is
given by

V=

(103 > 79)0.5 =455 kN

o (455x10°

¥~ {1000 x 250
(100A..) _ {100 x 754
bd ) = \ T000x 250

) = (.182 N/min?

)s 0.30 -\ 7e=0.23 N/mm?

since 7¢ > 7, no shear reinforcements are required.
The details of reinforcements in the portal frame is shown in Fig. 8.6.

2-20 & 4L-20 & 2-20 &
.‘"2{5 : x/ j/ YT
T ] e
6 & ‘ :
250 /c 4-20% | // l
178
400+ | §8-250 c/c / oo
. 4-20%
Section yy
N L-4-20%
—
]

‘78 $ -300 c/c
4-208 4L

X —X
, T
[ 11 400
) 4
fo— 600 —f
H=—t--n Saction - XX
Sill Beam
| = o = — b -
T im
300
b, — | o~ .
{ 1 i

}
12 & - 150 c/c (BotH-ways)

Fig. 8.6 Reinforcement details in portal-frame
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8.5 EXAMPLE FOR PRACTICE

1. A portal frame 4BCD has fixed supportsat 4 and D. The columns AB
and CD are 5 m in height while the transom BC is 10 m in length. The frames
are spaced at 3.5 m intervals. The live load on the roof slab which is 10 cm
thick may be taken as 1.5 kN/m2. Design the transom BC and sketch the
details of reinforcements. (Bangalore University, Jan. 1979).

2. A hall 50 m long and 10 m wide has to be covered by a continuous
R.C.C slab over portal frames spaced at 3 m intervals. The height of the
hall is7 m. Design the slab and one intermediate portal frame. Adopt
M-20 grade concrete and Fe-415 grade for steel. Sketch the details of
reinforcements.

3. The roof of an assembly hall 30m long and 12m wide between
centres of columns, consists of a continuous reinforced concrete slab over
rectangular portal frames spaced 3 m apart. The columns are provided with
independent footings and are hinged at the bottom. The ceiling height is
3.5m above the hinge level. Adopting M-20 grade concrete and Fe-415
grade for steel, design the continuous roof slab and the portal frame and
foundation footing for the columns. Assume safe bearing capacity of the
soil as 150 kN/m2. Sketch the details of reinforcements in the portal frame.

4. A reinforced concrete two bay portal frame is used for covering a
hall 20 m wide by 40 m length. Distance between centre line of columns is
10 m. The portals are spaced at 4 m intervals. The height of the columns is
5 m. Design the continuous slab, and one of the intermediate portal frames.
Assume hinged condition at the base of the columns. Assume safe bearing
capacity of the soil as 200 kN/m?2. Sketch the details of reinforcements in the
portal frame.
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9.1 ANALYSIS OF MULTISTOREY FRAMES

Reinforced concrete multistorey building frames are statically indeterminate
structures and their rigorous analysis for vertical and horizontal loads in-
volves lengthy computations. There are several methods of analysis such
as moment distribution, Kani’s rotation contribution, Takabeya’s method
and Matrix methods. The classical methods like moment distribution and
Kani’s rotation contribution are suitable for small frames but involve lengthy
computations when used for solving multistorey and multibay frames.

Matrix methods with the use of computers are ideally suited for the
analysis of multistorey frames with large number of redundants. However
certain reasonable assumptions will result in approximate methods which are
simpler in computational effort, although resulting in conservative magnitudes
of the redundant forces. The most commonly used method for the analysis
of vertical loads comprising of dead and live loads is the substitute frame
method. For the analysis of wind loads, the portal and cantilever methods
are generally used.

9.2 METHOD OF SUBSTITUTE FRAMES

A substitute frame consists of a small portion of the multistorey, multibay
frame generally comprising of the floor beams, with the columns above and
below the floor assumed to be fixed at the far ends as shown in Fig. 9.1.

1t is sufficient to consider the loads on the two nearest spans on each side
of the joint under consideration. The continuous beam is analysed for verti-
cal loads by moment distribution to cempute the maximum span and
support moments using the following criterion:
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Vreacd o reer 7T Veserd I

{a) Multi Storey - Multi Bay Building Frame

-

A B c D E
bzl ? WJ?

{b) Substitute - Frame

Y7777 7 L T
7

Fig. 9.1 Multistorey-multibay building frame

(a) The maximum positive bending moment at mid point of any parti-
.cular span develops when the load is placed on the span under con-
sideration and on the alternate span as shown in Fig. 9.2(a).

(b) The maximum negative bending moment at any particular support
develops when the loads are placed on two spans adjacent to the sup-
port under consideration as shown in Fig. 9.2(b).

(c) The maximum negative bending moment at mid point of any parti-
cular span develops when the loads are placed on the spans adjacent
to the span under consideration as shown in Fig. 9.2(c).

The computation of moments in beams and columns by using a substitute
frame is illustrated by the following example.




. Tlm]jm
IR

{a) Loading for Maximum Positive B.M at M

T
A 8 € 3 € F ,L
rer mm

‘(b) Loading for Maximum Negative B.M at C

j»a c{ 4 D 3 3
I

{c) Loading for Maximum Negative B.M at M

Fig. 9.2 Loading pattern for maximum moments

9.3 DESIGN EXAMPLE

The substitute frame shown in Fig. 9.3 has to be analysed for maximum
positive and negative moments in the beams 4B, BC and CD. Use the
following data to estimate the maximum moments in beams and columns.
The beams are spaced at 3 m intervals.

Thickness of floor slab = 100 mm

Live load (Residential flats)=2 kN/m?

Floor finish = 0.6 kN/m?

Size of beams =200 mm by 400 mm

Size of columns =200 mm by 400 mm
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Fig. 9.3 Substitute frame for analysis of moments

1. Loads on Beams

Self weight of slab=(0.1x24)=2.4 kN/m?

Floor finish =0.6
Dead load =3.0 kN/m2
Live load =g =2 kN/m?

Self weight of beam =(0.2x 0.4 x24)=2 kN/m
Dead load from slab=(3x3) =9 kN/m

Live load =(2x3) =6kN/m
-, Total D.L. on beam =(9+2)=11 kN/m
Total L.L. on beam =6 kN/m

2. Stiffness and Distribution Factors
Since the beam and column section is same (200 mm by 400 mm),

Tveam = {cotumn

I I .
kap=kcp= (_6—>’ kag= (—5{) =kar and kpc = (é—)
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- 1/3 -
dac-{l 7 7 [}-0.333

e

6 3733
g (U3 _
dpp=dpy= (I_—O) =0.25

3. Fixed End Moments
Dead load F.E.M.

Fap= —(“1’;62)= ~33 kN.m

Fac= —(11;(232)= ~8.25kN-m
Live load F.E.M.

Fap= —(6 ;(262)= ~18 kN-m

For span 4B, positive bending moment at mid span

2
- (’%—)= (”;‘62)=76.s KN-m

For span BC, positive bending moment at mid span

2 2
- (Yé“—)= (1723 )=19.12 kKN-m

4. Moments in Beams

Case I. Maximum positive B.M. at mid span of 4B. The continuous
beam ABCD is loaded as shown in Fig. 9.4 and moment distribution
is carried out to determine the support moments. '
Negative moments at supports 4 and B are
Map=41 kN-m
. MBA =48 kN-.m
Positive B.M. ordinate at mid span of 4B
_ (17 x62
h 8

Maximum positive B.M. at mid span of 48
- [76.5— (‘“ i )]=32 KN-m

Case 2. Maximum positive B.M. at mid span of BC
Referring to Fig. 9.5, the support moments obtained from moment
distribution are given by,

MBC:MCB= 18.6 kN-m

)=76.5, KN.m
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Positive B.M. ordinate at mid span of BC

2
- (%)= 101 kvem

.. Maximum positive B.M. at mid span of BC

=(19.1-18.6)=0.5kN-m

Case 3. Maximum negative B.M. and S.F. at 4
Referring to Fig. 9.6, the maximum negative B.M. at support section
A of beam AB is obtained as

MAB= — 41 kN-m

By analysing the free body diagram, the shear force at support 4 is
computed as

17x6 41-48.5
VA=( 5 )+( 3 )=49.75kN

Case 4. Maximum Negative B.M and S.F at B
Referring to Fig. 9.7, the maximum negative B.M. at support section B
of beam BA is obtained as

Mpa=49.4 kN -m

By analysing the free body diagram, the maximum shear force at
support B of beam BA is computed as . '

’VB=(49.4;4O‘6)+ (17;6)=55.46 KN

. Moments and Axial Thrust in Columns

(a) Exterior Column Al

From Fig. 9.6

Moment at top of column A7=20.5 kN-m
Axial thrust =V =49.75 kN

(b) interior Column BJ

From Fig. 9.7
Moment at top of column BJ=12.01 kN-m

Axial thrust [(49.4g40.6 ) + (17; 6)] n [(25.2; 16.6)

(2] -sein

2
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8.4 BENDING MOMENTS IN COLUMNS

Bending moments developed in the columns of a multistorey, single and
multibay frames can be evaluated by an approximate method which takes
into account the stiffness of the columns and beams in the frame. This
method gives reasonably good results and is sufficiently accurate for general
designs.

The moments in columns of single and multibay are computed by the
expressions given in Table 9.1.

TasLe 9.1 Bending Moments in Columns

Moments for Frames Moments for Frames of two

of one bay or more bays
1. External Columns
(a) Moment at foot of M. ( Jﬂ_ﬁ_ ) M. ( ku )
upper column ¢ Ve +kL 70.5%6 " Vku FAL Fho
(b) Moment at head of ( f‘},,___) v ( kL )
lower column € Vku +kL 405k ¢ \ka Tk Feo

2. Internal Columns
(a) Moment at foot of

R
upper column “ VKL Tk by + Kby

(b) Moment at head of . M ( _____ ks, _“_‘)
lower column “ \kL TRu Fho, ko,

M. =Bending moment at the end of the beam framing into the column
assuming fixity at the connection:

© Mes=Maximum difference between the moments at the ends of the two
beams framing into opposite sides of the column each calculated on

the assumption that the ends of the beams are fixed and assuming one
of the beams unloaded.

ku = Stiffness factor of the upper column

ky = Stiffness factor of the lower column

kpp = Stiffness of the beam on one of the side of the column
b, = Stiffness of the beam on other side of the column.

The application of this method to compute moments in the exterior
columns of design Example 9.3, indicates that this methods results in mo-
ments about 6 percent less than those obtained by the substitute frame
method. However the method is simpler and yields reasonably accurate values
of moments for design purposes.
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9.5 ANALYSIS OF MULTISTOREY FRAMES SUBJECTED TO
HORIZONTAL FORCES

Multistorey building frames with the ratio of height to the least lateral di-
mension greater than 2, have to be analysed for moments developed in the
members due to the effect of horizontal wind forces acting on the building.
The horizontal forces due to wind are assumed to act at each of the floor
levels and they induce axial forces in the columns and bending moments in
all the members of the frame. These moments and forces can be analysed
by the following approximate methods.

(a) Portal Method (b) Cantilever Method
(a) Portal Method -

The portal method is based on the following assumptions:

1. Points of contraflexure are assumed to develop at the mid point of
beams and columns. ‘

2. The interior columns are assumed to resist double the shear force
taken by each of the-external columns.

The method is illustrated with reference to the multistorey, multibay frame
shown in Fig. 9.8.

H T

8
6 Hy/6 6 W, T Hy3 & Hy/6
S VR TN G W N PN
Hy ] Ty ]

TE (HyeHgr6  TH_(HysHgl/3 e (HywHp)/3 "¢ M6

K ol L J»
Y

! [ R
Hq ™ T
TG (HyrHytH3)/6 T8 (HysH e 3l g (HyaHpsH3)/3 4 HysHpHy
S . - e R
M N 0 P L
s i wmr 7

Fig. 9.8 Portal method of analysis for wind loads

The horizontal shear forces resisted by the columns in each of the floors
are shown above and below the contraflexure points in the Fig. 9.8.
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The moments in the columns are computed as shown below:

_(H{ R\ _ (Hi
MBA—(? "7)‘ (Tf)

_(Hi+H h_ _ (Hi+Hy)h
= (TG ) () = g
M= FLtHat Hy) (B _(Hi+Ha+ H)h
MI= “““"‘“6"*"*}( -—2: = w.——ﬁ‘m
H_ h\ (Hh
Mo =(3 5)- (%)
_(HitH\ () _ (Hi+H)h
M= (B3 52) < ()
MNJ= (W)X (_g_)= (H!+I€2+H3)h

The moments in the beams are computed by using the free |body diagrams
shown in Fig. 9.9.

Ay
YYIVFITTVTYY

Q“EF
,7,,,1’,
h/2 M

~=— (HysHy) /6

\
Fig. 9.9 Mofuents in beams

’

Moment in column just above E= (%[1 'Zh—)

Moment in column just below E= (Hl ;' HZ} X (—;’-)

Therefore for equilibrium of moments at joint E, the beam is subjected to
a moment

fih. i (Hi+ H)h
12 12

|
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Similarly at joint F, the clockwise moment is given by, '

(28 5 ]

This moment is sheared equaily by the beams FE and FG.

_ _1THh  (Hi\+H)h)| _[Hik (H1+Hz)h]

Mz = Mrc = z['a“““ - [T'z"+ 13

Vertical reactions in columns develop only for the exterior columns. If M
is the moment at the ends of beams and L= length of beam, the Windward
column is subjected to a pull of (2M/L) and the Leeward column is sub-
jected to a push of (2M/L). The reactions neutralize for interior columns.

(b) Cantilever Method
The following assumptions are made in the cantilever method.

1. Points of contraflexure occur at the middle points of the various
members of the frame.

2. Direct stresses in the columns are proportional to their distances from
the centroidal vertical axis of the frame.

Referring to the multistorey frame shown in Fig. 9.10. Let ¥y, V2, V3 and
V, are the vertical reactions developed in the top storey of the frame due to
the horizontal force H; acting at the joint A;.

If the cross sectional area of the columns are the same, then the reactive
forces in the columns are proportional to their distances from the centroidal
axis of the frame. Let Py, P2, P3 and P4 be the horizontal shears in the top
storey. Then using the assumpations specified, the following equations can be

obtained.
(ZVIl)= (g)z (:I'E/f )’ (gf) 1)

: h
Vixi+ Vaxa + Vaxs + Vixa= (1—%’“) (2)

h
(Pi+ Prt Pyt Pa) 5 = (‘%—h) @)
From Egs. (1) and (2), the vertical reaction components V1, V2, V3 and ¥V,
can be computed.

By taking moments about the point of contraflexure in beam AB (refer
Fig. 9.11) we have.

(132_’1)= (KQ_L_) P,=(%v) )

By taking moments about the contrafiexure point at the mid point R of BC,
we have,

‘ L
(Pt Py = VAL + L2y Vo5 ) =il + (V14 Vg
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S p—
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|
-
A . 8 ~ c . )
Hy -
¢ P ® 4 h
3 - F o G - H
H,y - -
® ® @ ¢ h
1 _ J - K " L o
Hy

Fig. 9.10 Cantilever method of analysis for wind loads

(5)

Since P; is evaluated from Eq. 4, P; can be obtained from Eq. 5. Similarly
by taking moments about the contrafiexure points, the horizontal shears
P3 and P4 can be determined. The analysis is repeated for different storeys.
Knowing the horizontal shears, the moments in the columns and beams
can be computed in every floor of the frame.

(Pi+Py) = [ 2M(I;Ltﬁ)L/,2]
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H e—Contra flexure point
172
h/2
7 A
2 !
H A Py 8 R
1 ¢
/2 1 (] /2
h/2 ' h/?2
b ) greo———F
y

Yy V2

Fig. 9.11 Free body diagrams

9.6 DESIGN EXAMPLE

Analyse the multistorey frame shown in Fig. 9.8 for moments in the ground
floor columns IM, JN, KO and LP and the beams 1J, JK and KL. Adopt

- the following data: L=6 m, h=3 m, Wind loads are Hy= 6 kN. H;=12KkN,
H3=12 kN. The columns have the same cross section. Compare the results
of the portal and cantilever methods of analysis.

(a) Portal Method

Referring to Fig. 9.8, the horizontal shears in the first storey are computed
as,

(H1+H2+H3)= (6+12+12)=5 KN

6 6
(H,x + f;’sziﬁ) - (_ﬁ_fz_l%ii%.) ~10 kN

The moments in columns are obtained as
]Mm=MMI=(5 X 15)=75 kN-m= Mvrp
MJN=MNJ=(10X 15)= 15.0 kN-m=MKo
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The moments in the beams are computed as follows:

MU:{anbz _Z,)+(£1_g+fgzag_f_f_§x_g_)]
=[(9_+EL%X%)+ 6+1§+12 x%)]:&kmm
M=M= | (12 2) ¢ (PialetH, 4]

HE D B ) v

(b) Cantilever Method

Referring to Fig. 9.10. If ¥, V2, Vs and Vg are the reactions developed in
the columns, we have by symmetry V="V, and Vo= V5.

| AWIE : _ iz)_ (9_)=K1
Also (xx)h (E) o V2=V (xx =V 9 3

Let Py, P, Py and P, are the horizontal shears, in the second storey.
Then (P + P2+ Py + Pg) = (H, +Hy)=(6+12)=18 kN
Also (Pl + Py + P; + P4)/‘l/2 =Vix;+ Voxz + Vixs+ Vaxs

(1%5_3):[V,-9+(V1/3)-3+(V,/3)-3+V,><9]
27 = 207,
1.35
Vi=135kN =V, V2=(—§— =0.45 kN =V,

Pi= (»LE)V, =(6/3) 1.35=2.70 KN

3
[(1.35 x 6) +(1.35 +0.45)3
gy

pra pyma [ ALy VoL

=9

Py=(9-2.70)=6.30 kN
Pi=Py=270 kN,  Py=P3=630 kN

Similarly considering the first storey (Ground floor). If Py, P,, P; and P,
are the horizontal shears at the contraflexure points, we have

(P1+P2+P3+P4)=(H|+H2+H3)=(6+12+ 12)?—‘30 kN
Also [(Py +P2+P3+P4)h/2] =[Vix; + Vaxz + Vaxs+ Vixg]

303 Vi Vi
(“*‘T)-Vl'Q'*{* (—3-)3+(*3~)'3+V19

45 =201,
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2.25
V1 =225 kN = Vi Vz':-t —«3—“ =0.75 kN= V3
Py =(L/K)V,=(6/3)2.25=4.5 kN

[VlL +(Vi+ Vz)L/2] P [2‘25 x 6 +(2.25+0.75)3 ]
5 =

(P1+P2)=2 .

=15.00
o Py=(15~4.5)=10.5 kN
Column Mjoments
M= Mig=(2.70x 1.5)=4.05 kKN -m
Mp=Mxgc=(63%x15)=9.45kN-m
Mpi=Mip=(45%x1.5)=6.75 kN-m
Min=Mgo=(10.5x1.5)=1575 kN-m
Beam moments
My=(Mz+ M) =(4.05+6.75)=10.80 kN-m

M= Mg = [(M,p; Mm)] _ [(9.45 +215.75)] ~12.6 KN-m

The portal method results in slightly higher values of moments in the
exterior columns where as the cantilever method gives higher values of
moments for the interior columns. Also the shears resisted by the interior
columns are higher according to the cantilever method of analysis.

9.7 EXAMPLES FOR PRACTICE

1. The substitute frame of a multistoreyed building having 3 bays has a
continuous beam 4BCD with AB=4.0 m BC=2.5 m, and CD =4.0 m. The
beams are spaced at 3 m intervals. Thickness for floor slab= 120 mm. Live
load (office floor)=4 kN/m? Foor finish = 0.6 kN/m2. Size of beams = 250
mm by 400 mm. Size of columns =250 mm by 400 mm. Height between
floors = 4 m. Analyse the substitute frame and estimate the maximum design
moments in the beams and columns.

2. A four bay multistoreyed frame has the following details. Continuous
beam A BCDE with AB= BC =CD =DE =4 m. Height between floors =4 m.
Size of beams = 300 mm by 500 mm. Size of columns =300 mm by 400 mm.
Thickness of floor slabs=150 mm. Floor finish=1 kN/m?2. Live load=2
kN/m2. Estimate the maximum design moments in the beams and columns.

3. A four storeyed multistorey building frame has four equal bays of 4 m
each and the height between floors is 4 m. The wind loads acting at roof
level and various floor levels are,

H;=5 kN, H,=10 kN, H3=10 kN and Hy=10 kN.

The columns have the same cross section. Estimate the moments in the
columns and beams using.
(a) Portal method (b) Cantilever method.
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Shells

10.1 INTRODUCTION

Shells or skin space roofs are preferable to plane roofs since they can be
used to cover large floor spaces with economical use of materials of cons-
truction. The use of curved space roofs requires 25 to 409, less materials
than that of the plane elements. Structurally the shell roofs are superior
since the whole cross section is uniformly stressed due to the direct forces
with negligible bending effects. Due to this aspect the thickness of shells is
usually very small in the range of 75 mm to 150 mm.

Shell roofs are generally adopted for hangers, sports auditoriums, exhibj-
tion halls, industrial buildings and a variety of other large span structures
where uninterrupted floor space is required. Shell roofs are architecturally
very expressive and have been used for domes by Romans. Recent advanc-
es include the construction of shell structures using prefabricated shell
elements.

10.2 SHELL TERMINOLOGY

The following terms are generally used in the study of shell structures
according to the Indian Standard Code IS : 2210.

Shell: A curved surface having small thickness compared to the radius
and other dimensions.

Shell or Revolution: These are obtained when a plane curve is rotated
about the axis of symmetry. The common examples of shells of revolution
are the circular dome, the cone and the paraboloid of revolution shown in
Fig. 10.1.



Shelis 177

Circutar Dome

Conical Dome ! )
Paraboloid

Fig. 10.1 Shells of revolution

Shells of Translation: Shells of revolution are formed when one curve
moves parallel to itself along another curve, the planes of the two curves
being at right angles to each other. Elliptic paraboloid and hyperbolic para-
boloid are common examples of shells of translation. These are shown in
Fig. 10.2.

Cylindrical Shells: These are shells in which the generatrix (moving
curve) or the directrix (stationary curve) is a straight line. For cylindrical

Elliptic Paraboloid Hyperbolic Paraboloid

Fig. 10.2 Shelis of translation

T

e

L
|
L
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shells, the common curves used are the arc of a circle, semi-ellipse, para-
bola or catenary. The various structural components of a cylindrical shell

are the thin shell, edge beam and end frame or traverse as shown in
Fig. 10.3.

\
Edge-Beam
\End of Frame
or Traverse —~Columns

Fig. 10.3 Cylindrical shell

Multiple Cylindrical Shells: A series of parallel cylindrical shells which
are transversely continuous are termed as multiple cylindrical shells. Gene-
rally used for hangers, Ware houses and factory buildings. A typical
multiple cylindrical shell is shown in Fig. 10.4.

Fig. 10.4 Multiple cylindrical shells
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Continuous Cylindrical Shells: These are cylindrical shells which are
longitudinally continuous over the traverses Multiple and continuous cylin-
drical shells are widely used for market hall and ware house roofs.
Cylindrical shells which are symmetrical about the crown are termed as
Barrel shells.

North Light Shells: North light shells comprise of cylindrical shells with
two springings at different levels and built in single or multiple bays and
have provisions for north light glazing. North light shells are commonly
used for factory shed roofs. A typical north light shell of multibay is shown
in Fig. 13.5.

Frame

Glazing

Traverse: . North Light
/
,/Co‘lumns
LV L/

Fig. 10.5 North light shells

Butterfly Shells: A butterfly shell is formed when two parts of a cylin-
drical shell are joined together at their lower edges as shown in Fig. 10.6.
This type of shell is commonly used for railway platforms and bus shelters.

Ruled Surface: Are surfaces which can be generated entirely by straight
lines. If at every point, a single straight line can be ruled, the surface gene-
rated is termed as singly ruled surface. Common examples of singly ruled
surfaces are cylindrical shells and conical shells.

If at every point, two straight lines can be ruled, the surface generated is
termed as doubly ruled surface. Common examples of doubly ruled surfac-
es are hyperbolic paraboloid and hyperboloid of revolution of one sheet.
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Fig. 10.6 Butterfly shell

Radius of the Shell: The general expression for the radius at any point
of a shell surface is given by,

R=Rg cos” ¢

where R= Radius at any point
Ro=Radius at crown
¢ = Slope of the tangent to the curve at that point
n=A constant depending upon the type of curve
n=0 for a circle
=1 for cycloid
= -2 for catenary
= — 3 for parabola

For an ellipse,

R [ a2b? ]
(a? sin? ¢ + b2 cos? ¢)32
where «a=Semi major axis.
b= Semi minor axis
é = Slope of tangent at that point

Gauss — Curvature

Gauss curvature is the product of the two principal curvatures 1/R; and
and 1/R; at any point on the surface of the shell. For singly curved deve-
lopable shells, Gauss curvature is zero. For doubly curved non-developable
shells, Gauss curvature is positive for synclastic shells and negative for

Anticlastic shells.
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Span of Shell: The distance between the two adjacent end frames or
traverses is termed as the span of the shell.

Chord Width: Horizontal projection of the arc of the shell.
Rise: Vertical distance between the apex of the curve and the springing.

End Frames or Traverses:; Frames provided at the ends to support and
preserve the geometry of the shell.

Edge Member or Beam: The horizontal beam supported on columns
and supporting the longitudinal edges of the shell.

10.3 CLASSIFICATION OF SHELLS

Shells are broadly classified into two major groups as,

(a) Singly curved shells which are developable
(b) Doubly curved shells which are non-developable

Under the singly curved shells we have the conical and cylindrical shells.
The common examples of doubly curved shells are the circular domes,
paraboloid, ellipsoid, hyperbolic paraboloid and elliptic paraboloid. These
shells are generally grouped under the three categories designated as,

(a) Shells of revolution

(b) Shells of translation

(¢) Ruled surfaces ,

Figure 10.7 shows the general classification of shells with examples.

Shells are also classified as thin and thick shells. A shell can be conside-
red as thin if the ratio of the radius to the thickness of the shell is greater
than 20. In general, most of the shells used in practice come under the
category of thin shells.

Thin cylindrical shells are generally classified in two groups,

(a) Long shells
(b) Short shells

Acoording to the A.S.C.E. manual on design of cylindrical concrete shell
roofs, shells having ratios of radius to span (R/L) less than 0.6 are classifi-
ed as long shells. If the ratio exceeds this value, the shells are considered as
short barrels.

10.4 GENERAL SPECIFICATIONS OF SHELLS

The salient dimensions of the shells have to be selected before a rigorous
mathematical analysis is carried out for the computation of membrane

e,
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forces in the shell. The general guide lines followed for selecting the dimen-
sions of the various structural components of the shell are detailed
below:

1.

Thickness

The overall thickness of a reinforced concrete shell should not be
less than 50 mm for singly curved shells, 40 mm for doubly curved
shells and 25 mm for precast shells. Generally the thickness is in the
range of 80 mm to 120 mm for most of the shells based on practical
considerations.

At the junction of the edge beams, thet hickness of the shell is increa-
sed by 30 percent over a length of 0.38 V/Rd to 0.767/ Rd for singly
curved shells, where R = radius of curvature of the shells and d = over-
all thickness of the shell. For doubly curved shells, this distance
depends upon the geometry of the shell and boundary conditions.

Span and Chord Width

The span of reinforced concrete shells should not be greater than
30 m to limit the size and reinforcement within practicable limits in
the edge beams. For longer spans, prestressed edge beams can
be used. The width of the edge member is limited to 2 to 3 times the
thickness of the shell.

In shells with chord widths much larger than the span, the chord
width shall be preferably be 3 to 6 times the span.

Depth of Shells

For large span shells, depth="1/6 to 1/12 span. larger figures are
applicable to small spans. For shells without edge members,- depth

(f?g?«) For shells with chord width much larger than the span,
Depth « 1/10 chord width. '
Semi Central Angle

The semi central angle should be in the range of 30 to 45 degrees. If
the angle is less than 45°, the effect of wind load may be ignored.
For larger angles with steep slopes, back forms may be necessary for
casting.

Reinforcements in Shell

The diameter of reinforcements should not exceed 10 mm for 50 mm
thick shells and 12 mm for 65 mm thick shell and 16 mm for shells
having thickness greater than 65 mm. In the junction zones wherc
the shell is thickened, larger diameter bars are permissible. The
spacing of the bars should not be more than five times the thickness
of the shell. Minimum clear cover must be 12 mm or the nominal
size of the reinforcing bar. Generally a minimum reinforcement of
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of 0.15 percent of the gross cross section in the principal direction
is recommended for thin shell structures.

6. Shell Joints

In the case of shells of long lengths exceeding 40 m, expansion joints
have to be provided. The construction joints are provided along the
curved lengths of the shell where the shear forces are minimum,
Shells have to be well cured for a minimum period of two weeks
before decentering. The end beams and diaphragms have to be cured
for 3 to 4 weeks before decentering,

10.5 ANALYSIS OF SHELLS

10.5.1 Membrane Theory

The membrane theory was formulated by Dischinger with the assumptions
that the shell is regarded as a perfectly flexible membrane of infinite
extent, carrying direct forces in its plane only. Over a limited zone at
sufficient distances away from the boundaries, the stresses in the shell
slab approach a distribution which is statically determinate and may be
found by the membrane theory. This procedure is applicable to shells whose
span to radius ratio is less than 0.5.

The equilibrium of the shell element shown in Fig. 10.8 is examined
under the given set of direct forces with the following notations.

X—Direction of generatrix
Y—Direction of tangent to directrix at 4
Z—Direction of the outward normal at 4

Ty, Ty and § are the forces per unit length, R—Radius ot the singly curved
shell X, Y and Z are the components of external loads per unit area on the
element.

dy=R-d¢
Equations of Equilibrium

T X=0 Y¥=0 YZ=0
(a) Forces in X-direction (

e Redpedvt 25 Redpd+X-ds Rodp=0

ox R 0
%gl +}—2%% +X=0 (1)
(b) Forces in Y-direction
g Redbdst 2 g Rdpt Yedx-R-dp—0
aTy ds

Rég Tax Y0 2)
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Fig. 10.8 Equilibrium of shell element

(c) Forces in Z-direction

. d¢ 0T
2Ty -dx-sin "2é+]§_._(')%£ R-d$ dx-sin —d—z(é—-Z-dx-R'a%:O
dp_dé
22
and m—(’ngdJ dx sin ~2—=z0
T,~R-Z=0 (3)

The values of 7y and S are to be evaluated by integrating equations
(1) and (2)

since d¢ is small sin

. foe1y
S= jﬁ'&;ﬁ -dx»f Y -dx+ Fi($)
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as
Ty= —-Jm-dx~f X-dx+ Fx(9)
where Fi(¢) and Fy($) are functions of ¢ only which have to be
determined from boundary conditions. -

In most cases in practice X, Y, and Z are functions of ¢ only and

do not vary along X. Then 7Ty is a function of ¢ only and does not
depend on X.
Hence

S= “X(;qz& +Y)+F1(¢)
= ~x-K+ Fi($)

X 9K x-0[(Fi(4)]
T‘“T(R-a¢)“ R-ag  ~XXEG)

; ' For a shell, simply supported at the end frames and symmetrically
' loaded, shear S=0at x=0

Fi(¢)=0
The traverses at ends cannot withstand forces normal to their planes.
Hence Ty= 0 at x= -7 and also in most cases X=0

Fa$)= - (-"“;)({—%)

Ty=ZR

1 - (9T )~ .

== (55 (%)

These three equations can be used to calculate membrane stresses for
any type of directrix.

Equations for Membrane stresses under various types of loads
(a) Self Weight (Refer Fig. 10.9(a)]

Y=g sin ¢
Z=—~gcos¢
X=0

Ty= —g-R cos ¢

_ eT,
Hence K= ( Y+ ‘Rc'*&)

=g-sin ¢+ 1/R (gR-sin $—g-cos ¢ —jg)

~2g.si g:cos ¢ ) (dR
=2 Sm"5'(“7!% *) (dqs)
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Y4
X
\ P
\ Horizontal axis
g
Y
=g.cos ¢

g /

(a) Shel!l Weight

p
> L ¢ Horizontal axis

Pg-cos #

(b) Snow Load
Fig. 10.9 Types of loads on membrane

(b) Snow load [Refer Fig. 10.9(b)]
Coqsidering the snow load to be uniform per unit length of
projection
Y=pg cos ¢-sin ¢
= ~pocos? ¢
X=0
Ty=ZR= — pyR-cos? ¢
0Ty )

K= (¥4

2
=3po sin ¢ cos ¢~ po co; ¢ (‘%{3) »
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Membrane stresses for various directrices
General equation for the family of curves is
R=Rp cos® ¢
where Ro=Radius of curvature at crown
R =Radius of curvature at any point

¢ = Angle made by the tangent to the curve at any point with the
horizontal.

i = constant having values of
n=20 for circle

n=1 for cycloid

n= — 2 for catenary

n = — 3 for parabola

Substituting the values of R in the membrane equations, we have

Ty=—gR-cos ¢= —g-Ro cos” ¢-cos = — g Rg-cos®+! ¢

R = Rg-cos* ¢
gg: —n-Rgcos*~! ¢-sin ¢
Kz( Y+ Ty )=g-sin ¢+ (n+1)g-sin p=(n+2)g-sin ¢
Roé
oK ) [ (n+2)g
R~ 1/R(n+2)g-cos qS—[W——RO cos“”‘nﬁ}

Similary the membrane forces can be calculated. The membrane forces due
to self weight (g) and due to snow load (pg cos ) are compiled in Table
10.1.

TaBLE 10.1 Membrane Forces due to self weight and snow loads

Membrane Due to Due to
force Self weight (g) Snow load (p, cos ¢)
T _ (n+2)g-(L*—x?) _(n43)po(L*— x*) (cos® ¢ —sin® )
X 2R, cos™t ¢ 2R, cos" ¢
Ty —g+ R,y cos"tt ¢ —poRo cosmt? ¢
S —{(n+2)g x-sin ¢ — (n+3) pox-sin ¢-cos ¢

The membrane forces for circular cylindrical shells (n=0) are compiled
in Table 10.2.

10.5.2 Design Example

A reinforced concrete shell having semicircular directrix is freely supported
at the ends. Given the data that radius of the shell=R=8 m
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TaBLE 10.2 Membrane Forces in Circular Cylindrical Shells

Membrane Due to Due to snow load
force Self weight (g) (po COS $)
M———-—M
. i) cos ¢  3py(Ii—x?) (cos g=sin® 4).
* R 2R
Ty —gR-cos ¢ —poR-cos® ¢
N —2g-x-sin ¢ —3pg-x-sin $-cos ¢

Length of shell=2L= 36 m
Thickness of shell= 7= 60 mm

Calculate the membrane forces at x=0, 9 m and 18 m. and ¢=0, 30°
60° and 90° under its own self weight.

Density of concrete=25 kN/m?3

The self weight per unit area of shell=g=(0.06 x 25) = 1.5 kN/m?

For a circle R=Ro=8 since n= 0

The membrane forces are given by the equations:

g(L2+x?) cos ¢) | _ 1.5(182~ x2) cos $
e i

= —(60.75— 0.1875x2) cos ¢
Ty= —g-Rcos ¢=—1.5x8xcos ¢=—12cos ¢
= —2gx-sing=—2X% 1.5% xxsin ¢= —3x-sin ¢
Using these equations, the membrane forces are computed for different
values of
é=0°, 30°, 60° and 90° and x=0, 9 m and 18 m.
The values are compiled in Table 10.3.

TaBLE 10.3 Membrane forces in semi-circular shell

Membrane forces kN/m (—ve) compression

¢ 0° 30° 60° 90°

9m 45.56 12.00 39.46 10.39 13.50 22.78 6.00 23.38 0
18m O 12.00 6.00 46.77 0

S

0 60.75 12.00 0 5261 1039 0 30.37 0 6.00 O 0 0
0
0

0 10.39 27.00 ©

Forces Tx and Ty are compressive.

Maximum unit stress occurs at x = 0 and ¢ =0 i.e. at centre of span and
Crown.
T,=60.75 kN/m

. . _ [ 60.75 % 1033 _ 2
Maximum cOmpressive stress = (7‘0_0@375'0 ) =1.01 N/mm
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10.5.3 Design Example

A reinforced concrete shell with circular directrix has the following dimen-
sions.

R=6m

2L=24m -Self weight g = (0.05 x 25)=1.25 kN/m?
£=30 mm

é =60°

Calculate
(1) The maximum stress in the shell

(2) The maximum bending moment and tension developed in the edge
beams,

Maximum stress is developed at the crown and centre of span for values of
x=0and ¢=0

o (&2 . (125x122) |
T,= (T)‘ ( == )= ~30 kN/m
<. Maximum compressive stress is given by

30x10% | ) .
{Tmﬁ')' } =0.6 N/mm? (compression)

Omax =

Forces acting on edge beam T, at $=60° is given by
Ty=~g-Rcos p=—1.25x 6 x cos 60°= -3.75 kN/m

.. Load acting on the edge beam is-3.75 kN/m over a span of 24 m.
.. Maximum bending moment at centre of span of edge beam of length
L=24m, is

2
me:{—-—-——__3'75; 24 }=27O kN-m

Tension in the edge beam (axial force) at a distance x from the centre is
L L

= —fS-dx= -f—Qg-x sin ¢=g(L2~ x2) sin ]

Maximum tension occurs at x=0 (centre of span section)
Numax = g2 sin ¢ = (1.25 x 122 x sin 60°) =156 kN

10.5.4 Design Example

A reinforced concrete shel of circular directrix has the following parametres.
¢ = Semicentral angle = 60° ‘
2L =span=24 m
R=Radius=6 m
t = Thickness = 50 mm
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The shell is subjected to the action of snow load only of intensity 1 kN/m?
per unit length of curved surface of shell.

1. Determine the maximum stresses in the shell.
2. Calculate also the maximum bending moment and tension in edge

beams.
Given data :
b= 60°
2L=24 m
R=6m
t =150 mm
po=1 kN/m?

Membrane forces are given by

_ 3po( L2 — x2) (cos? ¢ — sin2 ¢) 3 x 1(122 - x2) cos 24
T"‘**[“*O 2R ]*“[ 2x6 ]

= —(36-0.25x2)

Ty=—poR-cos? = —1x6xcos? = —~6 cos? ¢
= —3pox-Sin ¢ cos p= —3x [ x x X hsm22¢£'
= —1.5x sin 2¢

Maximum compressive stress occurs at x =0 and ¢=0
Tx:: d 36 kN/m
Ty=—6 kN/m

_f 36x10% } )
Omax = (TGZ)‘—“‘—‘OX 30 )~0.72 N/Iljl]n

At the edges, ¢=60°
Ty= —6 cos? 60°= — 1.5 kKN/m

1.5x242
'8

Tension in the edge beam at a distance x from the centre is

. B.M. in edge beam = ( ): 108 kN-m

L

L
= —J’ Sedx= —‘J‘——3po-x-sin $-cos ¢

X

242
=3pg sin ¢ cos ¢ ('L 2X )

Maximum tension occurs at x =0 and ¢ = 60°

2
Nmax=(3,>< | % sin 60° x cos 60° x 1_22_)= 94 kKN
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10.56.5 Beam Theory

In the beam theory developed by Lundgren the shell is analysed as a beam
of curved cross section spanning between the end frames or traverses. In the
case of long shells, the longitudinal force components are predominant and
hence the beam theory is ideally suited for the analysis. The beam theory is
generally applicable for cylindrical shells of (L/R) ratio exceeding the value
of = In the beam theory the cross section of the shell is assumed with or
without edge beams and the sectional properties are determined and the
stresses are computed using the beam theory. An arch analysis is also

conducted to determine the transverse moments and thrusts so that suitable
reinforcements are designed.

Referring to Fig. 10.10

Fig. 10.10 Shell-properties

é
2!R-d9-t-Rcos€

TAE 3

24

!

X=

&
2jR~d9-t
0

where R=Radius of the shell and
t = thickness of the shell

é

J>R2~d6-vcose
0

X= e

%
jR~d8-t
1]
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Second Moment of area

¢ ¢
+c0s 20
lee=2 ] R-d0-t-(R-cos&)2=2R3tj a ‘“"2052 ) a0
0 V)
[ sin 20 1*
= LT P
2R t[z tTg ]o

¢
Artea of segment of shell=Y 4= 2[ R-db-t

Ina=[lcc— A3

, .
; ¢
Ina = 2R3 i+§1ﬁ] - (2']R-d0-t)>’c2
2 4 0
. 0

The use of these equations are illustrated with the help of the following

example.
10.5.6 Design Example

A reinforced concrete circular shell has the following particulars:
Rgdius = R =6 m
Span=2L=24m
Semicentral angle = ¢ = 60°
Thickness = 1= 50 mm
Calculate the maximum stress due to self weight only in the shell by beam
theory and compare the values with the results of membrane theory.
Rise of shell = (R — R cos 60°) = 6(1 — c0s 60°) =3 m
/3 ‘
Area of segment=2 J' (6-d8)0.05)

0

]

¥4 =(2x /3 x6x0.05)=0.628 m?
/3

ZJ’ R2.dbt-cos O

e 0 2 x 62 % 0.05 x sin 60° | _
P ,,/T_#w=[ 9.0 4.97m
2[ R-di-t
0
toee2roor [, 30201 o is0.05 [Z 4 2120 15,09 me
R aa N 3 3

Ina=[lcc— A-32]=[15.99 — (0.628)(4.97)3] = 0.50 m#
Weight/metre run of shell = (0.628 x 25)=15.71 kN/m

15.71 x 242

g )-1131 kN-m

. Maximum B.M.= (
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Extreme fibre stress at crown

[ 1I31x106x1.03x 10°
Ge= 0.50 < 1012

The value of compressive stress o. obtained by membrane theory in design
Example 10.5.3 is 0.6 N/mm?2. This indicates that when membrane theory is
applied for long shells, the stresses are under estimated.

] =2.33 N/mm?

10.5.7 Design Example

A circular cylindrical shell with edge beams has the following particulars:

Radius of the shell (R) =10.10 m

Central rise =235m

Chord width =13.00 m

Span =30.00m

Thickness of shell = 80 mm

Semi-central angle =40°

Edge beam size =200 mm by 1880 mm
Reinforcements in edge beam = 16 bars of 32 diameter.
Width of edge beams =200 mm

Modular ratio ~ =13

Effective cover =300 mm

Analyse the shell for stress in concrete and steel if the live load on the
shell is 1 kN/m2.

The shell with edge beams is shown in Fig. 10.11.

Q0 mm

Edge Beam
\’;[: 16 bars of
IRHH 32 &
300 {33
¥

Fig. 10.11 Cylindrical shell with edge beams
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Let the neutral axis cut the shell at an angle . Taking moments of effective
areas about neutral axis, we have

2 ¥ R-df-t(R cos § — R cos w)=m-24(1.58 + R-cos a— 7.75)

ey 2

Putting m=13
R=10.10
Ay =(8 x 8.04) = 64.32 cm? = 0.0064 m?
Rt (sin o — o cos a) =m- AR+ cos a— 6.17)
10.102 % 0.08(sin « — « cos ®)= 13 x 0.0064(10.10 cos &~ 6.17)
(sin & +0.063)=cos (o +0. 103)
a=26%15
Ina=2 J R-d0t R2(cos 0—cos x)?
Y .
+m-2-Ay(1.58 + R cos a—7.75)*=1.835 m4
Self weight of shell =(0.08 x 25)=1.92 kN/m?
Water proofing and live load  =1.00 kN/m?

Total load =2.92 kN/m?

40
Total weight per meter run =2 j 2.92(R-df) =40 kN/m
v
Weight of edge beam =2(0.1 x 1.88x 24) = 9 kN/m
Weight of filling in the vally portion =1.5kN/m
Total load = (40 +10.50) =50.5 kN/m
50.5 x 302

Maximum bending moment = ( ) = 5700 kN-m

Maximum shear force =(0.5x50.5x30)=757.5kN
Maximum compressive stress at crown
o= (,5,’@9 x 108 % 1330
1.835 x 1012
Maximum tensile stress at centre of gravity of steel is given by

e 3.52 x 2600 x 23
T AT 1330

)- 3.52 N/mm?

) = 89.5 N/mm?

V
Shear stress = ——0 (AY
hear stress =T (AY)

A-y=(16 x 804 x 13 x 2600) =435 x 108 mm?3
. Maximum horizontal shear stress at neutral axis
o ( 757.5 % 103 x 435 x 106

T57.5 x10° x 455X 1V7 } ,
1835 x 1012 % 2x 80 ) 1.12 N/mm

e e
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Using 8 mm diameter bars inclined at 45° to the longitudinal axis of the
shell, spacing is given by

/5y
_ [V 2x50x230Y .
v = ( 80112 )~ 180 mm near supports
Towards the ceatre of span where shear stress is less, adopt 6 mm diameter

bars at 250 mm centres.

\10.5.8 Arch Analysis

Transverse moments M, and thrust N, are obtained by treating the shell as

an arch fixed between the longitudinal beams. The given shell arch is divided

into a suitable number of parts at 5 to 6 degree intervals as shown in

Fig. 10.12(a). In the present example, the shell arch is divided into 16 parts

at 5° ifitervals.

0.08 x 10.1 x 5x 2n7
360

Area of edge beam at each end = (1.58 x 0.10) = 0.158 m?2

Specific shears'acting on the different elements determined by shear analysis.
Shear stress at each element is given by

Area of each element= (- R-db)- = ( ) =0,0705 m?

g= (%)A -Z
In this example : '
dF=Load on one metre length of shell
=50.5 kN
t=80 mm
7=183.5x102 mm#=1.835 m*
’ ]
AZ=2 f (r-doy- 7

where Z =R (cos 8~ cos 26°-15")

&
AZ =2 f R-dbt- R(cos § - cos 26°15")
0
=2R2 1(cos - 0.89706)

2x0.08 x 1.835
g = 2800 (sin 6 — 0.89700)
Using this equation, shear stress at each section is calculated

The computations are shown in Table 10.4. -
The specific shear force is given by

T=(gxA)

4= (_*..:io;i_ﬂ )(2 x 10,12 0.08)(sin 6 — 0.89708)
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4
4 T S =07979m
54&. it Yo =~

f

{(a) Elastic - Centre

Springing

(b) Forces acting on Elements

Fig. 10.12 Arch-analysis of shell

where 4 = Area of each element
Net vertical force= V= (W —T-sin 0)
Net horizontal force = H=T cos 0

The thrusts at the various sections are resolved into vertical and horizontal
components. The vertical component with the dead load at each section
gives the net vertical force at each section. ,
W = self weight of each element |
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Total weight of shell per metre run= 40 kN

= 40 = J
W= (16) =2.5 kN

The force acting on the elements is shown in Fig. 10.12(b). The elastic
centre of the arch shell is determined as shown in Table 10.5.

TasLe 10.5 Determination of Elastic Centre

e

R

x=R sin ¢ y=R(1-—

I

. . o B
Section ] sin 6 cos 8 (1 —cos 6) (m) cos 9)(m)
7 1 25 0.0436 0.9990 0.0010 0.4403 0.0101

2 7.5 0.1300 0.9914 0.0086 1.3130: 0.0868

3 12.5 0.2164 0.9763 0.0237 2.1856 0,2393

4 17.5 0.3007 0.9537 0.0463 3.0370 0.4676

5 22.5 0.3826 0.9239 0.0761 3.8642 0.7686

6 27.5 0.4617 0.8870 0.1130 4.6631 1.1413

7 32.5 0.5372 0.8433 0.1567 5.4257 1.5826

8 37.5 0.6087 0.7933 0.2067 6.1478 2.0876
T £y=6.3839
springing 40.0 0.6427 0.7660 0.2340 6.4912 2.36
R e
Elastic centre= yo¢= (%) = (ﬁég-g— ) =(,7979 m

If M.=Moment at ctown
H.=Thrust at crown
m = Cantilever moment about the point due to applied loads V' and H
between the point and the crowns.
Yo = position of the elastic centre from crown
yy = Vertical distance of the point from the elastic centre
Then the horizontal thrust at crown is given by

- (55)

and the moment at crown M. is given by

o (B - )

where N =Number elements

The net moment A at any section is M= Mc+Hey—m

The net thrust at any section is P= SV sin 8+ (He— Y H)cos 0

The computations of moment at various sections is shown in Table 10.6.
Maximum transverse moment of —3.102 kNm, occurs at springing. In
general the magnitude of transverse moments are small in long shells. Using

M-20 grade concrete and Fe-415 grade—+tor steel. The effective depth of
shell is given by
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TasLe 10.6 Computation of
1 2 i 4 3 6 7 8 ? 10
. X Vv my H
: ’ : 4y ZH
Section (m) dx (kN) bid —dx3y y (KN)
Crown 0 0 0 — - — — — -
1 0.44 0 246 — - 0.010 — 0.87 —
2 1.31 0.87 2.16 2.46 2.14 0.086 0.076 2.57 0.87
3 2.18 0.87 1.61 4.62 4.01 0.239 0.153 4.00 3.44
4 3.03 0.85 0.90 6.23 5.29 0.467 0.228 5.05 7.44
N 3.86 0.83 0.19 7.13 5.91 0.768 0 301 5.56 12.49
6 4.66 0.80 ~—0.34 7.32 5.85 1.141 0.373 547 1805
7 5.42 0.76 —0.51 6.98 5.30 1.582 0.441 4.73  23.52
| 8 6.14 072 -0.11 6.47 4.65 2.087 0.505 3.41 28.25
Springing 6.49 . 0.35 e 6.36 2,23 2360 0.273 — 31.66
_ Zmy, 13321 _
i Hc= ) 394 =33.80 kN
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Transverse Moments and Thrusts

é 11 12 13 14 15 16 17 18

! — [ —
2 m =y Net Moment  Net Thrust

m N n=re M= Mec-+ =L} sin 8

_ Ay-BSH j;’\lfﬂ) =Z(mv  yo=y— MmN J’f Hey—m L (He—H)
! +my) 0798 (kN-m) cos 8 (kN)

-

- — - — — — ~1.430 33.80

- - — —0.788 — 0.620  —1.092 —

0.066 2206 2206  —0.712 —1.570  0.506 —0.729 -
0.526 4.536 6742  ~0.559 —3.768 0.312  —0.093 — :
1.696  6.986 13.728  —0.331 —4.543 0.109  +0.626 -
31759 9.669 23.397  —0.030 —0.701 0.0009  +1.131 —
6.732 12.582 35979 0.343 12340  0.177 41157 —
10.372 15672 51.651 0784 40.494  0.614  +0.390 — I
14.266 18.916  70.567 1.289  90.960 1.661  —1.456 — i
Em=204.27 Zmy,=133.21 I=y}=3.94 ‘

8.643 10.873 81.440 — - — —~3.102 5.726

5 i
Mc [TC,Q—HC- YO] = [%%—2—7— —33.8x0.798] =—143 kN-m
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3.102 x 106

Thickness of shell adopted =80 mm
Using an effective thickness of 60 mm

Adopt 8 mm & at 200 mm centr

_(_3.102x105 |\ ,
Aa= (230x0‘906x6‘%0)—248 min

reinforcements in the shell are shown in Fig. 10.13.

i
i
i
i B
|
.
{
H

bR

6§ -250 c/c (Towards Centre)

88 -180 c/c (Towards
Edge

8 & - 200 c/c

T ‘ 2-12 &
! — 65m @ —_— \
1880 J b
: 16~ 32 &
—L 4
—] 2010 -
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16~32%& Beam Bars \

15 m {
Fig. 10.13 Reinforcements in shell

Edge Beam

. |
fis ENANAN =L
AN
o

es in the transverse direction. The details of
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10.5.9 Rigorous Theories of Analysis

The rigorous mathematical analysis of thin curved shells is governed by a
differential equation of eighth order involving the main shell parameters
and deformations. Solutions based on simplifying approximations have been
developed by several investigators and a comparative analysis of various
analytical approximations is reported by McNamee. It is pertinent to “note
that an exact mathematical solution of the eighth order differential equation,
would by itself be no more than an approximate sotution due to the inelastic
properties of concrete.

The Donnel-Karman-Jenkins theory is considered to be the simplest
among the rigorous theories which is applicable for both long and short
shells. The A.S.C.E. method associated with the design tables is immensely
useful in the analysis and design of cylindrical shells with any ratio of
width to length. The Schorer-Tottenham formulation isby far the simplest
among the various theories and sufficiently accurate for purposes of design
in the range of medium to long shells. The rigorous methods generally
involve lengthy computations to estimate the redundant reactions between
the shell and edge beam.

A.S.C.E manual 31 presents design coefficients of forces and deformations
of the shell for different types of load conditions. These coefficients are
useful in the design of cylindrical shells.

10.6 EXAMPLES FOR PRACTICE

1. A reinforced concrete shell with a circular directrix has the following
dimensions.

Distance between the traverses =30 m
Radius of the shell=8 m

Thickness of shell =60 mm
Semi-central angle = 60°

If the water proofing course and occasional live load is 1 kN/m? of roof
surface calculate.

(a) The maximum compressive stress in the shell
(b) Maximum bending moment and tension in the 10ngitudinal edge of the
shell.

2. A reinforced concrete shell having a semicircular directrix is freely
supported between the tranverses separated by a distance of 35 m. If the
radius and thickness of shell are 10 m and 60 mm respectively, calculate the
membrane forces at the crown and edges due to its own self weight and a
snow load of 1kN/m2 Also calculate the maximum compressive stress in
concrete and the maximum tension in the edge members.
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3. A circular cylindrical reinforced concrete shell spanning 25 m, hag 4
radius of 8 m, with the central angle being 90 degrees. The thickness of the
shell is 70 mm and the density of concrete may be assumed as 24 kN/m3. If

4. A cylindrical shell roof consists of ten parallel shells, each shell having
a chord width of 10 m and a span of 25 m. The central angle is 80° and the
thickness of the shell js 70 mm. The intermediate edge beams are 180 mm
thick and 1.5 m in depth. The beams are reinforced with 20 bars of 28 mm
diameter with their effective depth 30 cm from the soffit of the beams. The
super imposed load due to water proofing cover and occasional live load
may be taken as equivalent to 1.2 kN/m? of the surface of the shell, If M-20
grade concrete is used with modular ratio= 13, calculate the maximum
stresses in concrete and stee] and also the maximum shear stress. Design
suitable shear reinforcements. Also determine the transverse moments by
arch analysis and design sutiable reinforcements in the shell,



11

Hyperbolic Paraboloid Shells

11.1 GENERAL FEATURES

Hyperbolic paraboloid generally known as hypar shell is a doubly curved
anticlastic shell of translation. Hypar shell is widely used for a variety of
structures like exhibition halls, swimming pools, cycle stands in modern
monumental and industrial architecture. The main advantage of the hypar
shell is that its surface can be generated by two systems of straight lines so
that the form work is provided by straight boards, warped only slightly
over their length. An added advantage of the hypar shell being that it can
be used for roofs as well as foundations where the safe bearing capacity of
the soil is very low.

11.2 GEOMETRY OF HYPAR SHELL

The generation of hypar shell surface is shown with the aid of Fig. 11.1.
Consider a plane rectangle OXBY. If B is now elevated by an amount
BB' = h, the warped surface OXB'Y is an hyperbolic paraboloid. Each pair
of opposite sides are divided into equal parts and the corresponding points
joined by straight lines to obatin the hypar surface.

The sutface between X and Y is parabolic (convex parabola) and is well
suited to resist compressive forces similar to that of arch elements. The
surface between O and B’ is an inverted parabola (concave parabola or
catenary) and is well suited to take tensile forces much similar to that of a
catenary.

The hypar surface combining these shapes has a great stiffness and resis-
tance to buckling and except for secondary bending effects, normal applied
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(a) Central supporting column

(b) Edge beams

(c) Sloping ribs connecting the column
(d) Shell surface.

The edge beams FE, ED, DA, AC, CB, BH, HG and GF are subjected to
tensile force. The tensile forces are zero at the corners D, F, Hand C and
maximum at 4, E, G and B.

The sloping ribs GO, EO, 40 and BO are subjected to compression, vary-
ing from zero at the edges 4. £, G and Bto a maximum at the junction O.

11.6 DESIGN EXAMPLE

Design a hypar shell roof of the inverted umbrella type to suit the following
data:

Area to be covered in plan=12m by 12 m

M-20 grade concrete and Fe-415 grade tor steel.

Sketch the details of reinforcements in the shell and edge beams Referring
to Fig. 11.3

Central dip = (—%) = (-%) =1.2m

Let the thickness of shell= 7 =70 mm

Loads
Dead load =(0.7 x 24) =1.68 kN/m?2
Live load = 0,50
Load due to edge beams
water proofing etc. =0.22

Total load = w= 2.40 kN/m?

w=2.40 KN/m2

_a=b=6m
h= 1.2m
wab 24x6x6 )
Membrane shear force = ( -27;) = (——W) =36 kN/m

36103
1000 x 70
Principal stréss =0.51 N/mm?
Using nominal reinforcement for temperature and shrinkage at 0.2

of gross cross seetion,

shear stress = ( ) =0.51 N/mm?2

Ag = ( ?ﬁ% x 1000 x 70) = !4()mm"’/m
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le———az6m ——]
A E 8
Compression \\
Ribs — _| Edge Beam
b=6m k ~=
X /Drom Pipe 12m X
b | _4
H o 3
\ o
|
0 i1 c
12m __________._{
l Edge Tie Beams
- .
h:1.‘2m
Compression Ribs
C.1.Drain Pipe
I
| R.C.Column
Section %X
Fig. 11.3 Inverted umbrella roof
1 36 x 103 }
But =22 V=157 mm?/m
o ( 230 /
Using 8 mm @ at 300 mm centres both ways. A provided = 167 mm?

36 % 103

I A Eo A )

< 2.8 N/mm?

Tensile stress = ‘: _,,

Sloping Compression Ribs

Length of member OF = OE=0H=0G= V62 +1.22=6.12m
Maximum compression in sloping rib at 0= (2 %36 x6.12)=441 kN
iLength of compression member = 6.12m

Assuming least lateral dimension of (70 +130)=200 mm, b= 0.2m

. Ler ) _ 6.12\ _ s
Smce( 5 )-(AWO.?_ )—30.6 > 12
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Hence the compréssion member should be designed as long column,

i R _ _ Loy 30.6 _
Reduction coefficient C = [1.25 435 ] = ]1.25 - 78“] =0.612

Using 1% steel in the compression member
P=(0ccAc+ o Asc)
441 x 103=0.612[5 x 0.994, + 190 x 0.014.]
Ac=105,195 mm?

105,195
200

Width of beam = ( )= 525 mm

Provide 600 mm wide by 200 mm deep compression ribs
Aw =(0.01 x 600 x 200) = 1200 mm?2

Provide 4 bars of 20 mm @ (45 = 1256 mm?), as main steel and nomi-
nal binders of 6 mm & at 200 mm centres.

Edge beams (Tension members)

The tension members are AE, EB, BF, FC, CG, GD, DH and HA.
Maximum tension develops at the centre of the beam (Atpoint E, H,
G and F). j

Maximum tension = (36 x 6)=216 kN

_{216x 108 \
As:—~(-—~—-—-—-—~230 ) 939 mm

Using 4 bars of 20 mm, Ag=1256 mm?2
For M-20 grade concrete, permissible tensile stress = 2.8 N/mm2
If 4c=Area of concrete

216 x 103
A +(13-1)1256

]-2s

¢ = 62,07} mm?
Adopting a depth of 200 mm,

62,071
200

Width of beam = ( ) =310 mm

Adopt edge beams of size 320 mm by 200 mm. The details of reinforce-
ments in the hypar shell is shown in Fig. 11.4.

11.8 DESIGN EXAMPLE

Design a hypar shell roof of tilted inverted umbrella type to cover an area
of 24.4m by 24.4 m. The edges AHD and BFC are 3.66 and 2.44 m respecti-
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=7\ 200
4 "~20§-4 Nos
6§-200c/c
__ C.I.Drain pipe
Column Bars
Section- AA
. L e
\l _Two Corne
32—91';,? : = Bars 20§
| ¥ Z
’"* s
: 20%-65m Long
\ 20§-8-5m
20%-35m i Long
Long
0VOmm ~__
A Root Drain 3

<

Compression 320 wide
Ribs Tie Bearr
4-20% .. 600 Q_ZO N
4 © 9130
70 R
6 T .}% 4-20%
§-200ce
8§-300c/c _
Section-CC Section-BB

Fig. 11.4 Reinforcement details in hypar shell

vely above the central valley point O as shown in Fig. 11.5. Adopting M-20
grade concrete and Fe-415 tor steel design the various structural compo-

nents of the hypar shell roof.
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1. Data
a=122m
b=122m M-20 grade concrete
Amin=2.44 m Fe-415 grade tor steel
hmex=3.66 m '

2. Shell Surface
Assume thickness of shell 7= 80 mm
Self weight of shell = (0.08 24) =192 kN/m?
Live load =0.30
Water proofing, weight of ribs etc, = 0.20

w=2.42 kN/m?
; wab 242x12.2%x12.2 _
Maximum shear force = (_‘.t;:n-) = ( %73 A4 ) =72 kN/m
. e [ 72103y 2
Maximum shear stress = (m) =0.9 N/mm

Principal stress = 0.9 N/mm?

Using nominal reinforcement for temperature and shrinkage of 0.2%
of gross area

{02 _ 2
A= (1_65 x 1000 x 80)—~ 160 mm?2/m

103
But Ast=(72><10

= 2
330 ) 313 mm2/m

Provide 100 at 250 mm centres both ways

3. Sloping Compression Ribs

The lengths of the various sloping ribs are computed as shown in
Fig. 11.5.

OH=1/3.662112.22=12.7m
OF=+/2 44211232 = 12,45 m
0G=+/3052+1222= 12.6 m
GD=+/122250.612=12.25 m
Shear force for left half of structure

_ (_lifab \_(2.42 x12.2x12.2

7 A 2%3.66

) =49 kN/m
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A £ B

H o} f_(
12.2m
(b)

G C
0 %-..’12-2 mw———-—-l

(a)

! a

Fig. 11.5 Tilted inverted umbrella type roof

shear force in the right half panel= 72 kN/m

2% 3.05

=592k N/m

Average shear force at junction = (

. Forces in Compression and Tension Members
OH=2(12.7x49)= 1244 kN _
OF = 2(12.45 x 72) = 1790 kN Compression
OG =2(12.60 x 59.2) = 1498 kN
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GD=(12.25x 72) = 880 kN g

GC=(12.25x 49) = 600 kN

Tension
AH=(12.20x72) =878 kN

BF=(12.20x49)=597kN - N

5. The tension and compression members are designed for the forces
according to the method explained in design Example 11.5.

11.7 TYPES OF HYPERBOLIC PARABOLOID ROOFS

(a) The hipped type roof consisting of 4 units of hypar shells as shown
in Fig. 11.6, are ideally suited for covering large rectangular grids
for market halls or storage sheds. In this type of roof the edge members
BE and BF are in compression. The supports are located at 4, B, C
and D. The members OFE, OF, OG and OH are subjected to tension.

D

Fig.11.6 Hipped type roof

(b) The turkey shed shown in Fig. 11.7 is a combination of four basic
hypar units with the supports located at the mid points of the sides.
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Fig. 11.7 Turkey shed using hypar units

In this type of roof the edge members are in tension and the interior
members O4, OE, OC and OG are in compression. Ties are required
along AE and GC to take up the thrust from the arch elements AOE
and GOC.

Hypar shell roofs formed by depressing the two opposite corners of a
square grid and elevating the remaining two opposite corners is widely
popular for swimming pools. The sides are covered by glazing. A
typical hypar shell of this type is shown in Fig. 11.8. A tie s required
connecting the two low corners, A and C.

11.8 EXAMPLES FOR PRACTICE

1.

Design a hypar shell roof of inverted umbrella type to suit the follow-
ing data; Area to be covered in plan =20 m by 20 m M-20 grade con-
crete and Fe-415 grade tor steel are available for use. Sketch the
details of reinforcements in the shell, edgetie beams and compression
ribs.

A hypar shell roof of tilted inverted umbrella type of cover an area of
20 m by 20 m is required. The opposite edges of the roof are 3 and
2 m respectively above the central valley point. Adopting M-20 grade
concrete and Fe-415 grade to steel, design the various structural ele-

ments of the shell.
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Fig. 11.8 Hypar shell roof

3. A market hall measuring 20 m by 30 m is to be covered by a turkey
shed using hypar shell units. Design the hypar shell roof using the
supports at the mid points of the sides of the grid. Adopt M-20 grade
concrete and Fe-415 grade tor steel.
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Hyperbolic Cooling Towers

12.1 GENERAL ASPECTS

Hyperbolic reinforced concrete cooling towers are widely used for cooling
large quantities of water in thermal power stations, refineries, atomic power
plantg, steel plants, air conditioning and other industrial plants. A cooling
tower incorporates a draft tower, water distributing and spraying devices
and a cold water basin. A typical section of a hyperbolic cooling tower of
height 100 m is shown in Fig. 12.1.

The draft is induced naturally or mechanically. Hot water is pumped to a
certain height and then distributed through a piping system of nozzles,
where it splashes over a system called ““Filling or stacking”. The filling may
be of wood or transite material placed in several layers. The water splashes
drips and flows through the layers of filling. The air which is forced upward
either mechanically or by atmospheric pressure difference rises through the
driplets or films of the hot water and consequently cools the water through
evaporation and convection. The cooled water is collected in a pond at the
bottom of the towers and then recirculated for industrial use.

12.2 HYPERBOLOID OF REVOLUTION

The hyperboloid of revolution of one sheet is generally used for cooling
towers of thermal stations. The great advantage of this type of shell is that
it is generated by two families of intersecting straight lines and the form
work can be achieved by straight boards warped only slightly over the
lengths.

The intersecting grid of straight lines form rhombuses of intersection.
The shell surface can also be built of precast rhomic elements which are
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Fig. 12.1 Hyperbolic cooling tower

repeated along the complete circumferences at fixed heights. The generation
of the hyperboloid of revolution by intersecting straight lines is shown in
Fig. 12.2.

12.3 ANALYSIS OF MEMBRANE FORCES
The equation of the hyperboloid is given by

2
ro Z2
45
Principal radii of curvature ry and r; are given by the equations

= — q2h? f.é Zz) 2
ri=-a ( il )

722 232 ) 2 _
rz=a[l+;—2—{g§+ (gi) }] 3)

2
Also ® = (g—z)
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Fig. 12.2 Hyperboloid of revolution

The geometry of the hyperboloid is shown in Fig. 12.3.
Relation between ry and r; is given by

- (5;-2) o

Also from (1)
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\

Z

Fig. 12.3 Geometry of hyperboloid

dz / s
ot = A
T an ¢=+bja p
v 1}
2 b
tan? = ‘12( re— az)
2 2
cot? 46:%—2(1 -‘-’3)
)
Simplifying
ro = a2 sin ¢
07 (a%sin? ¢ = b2 cos? §)12
Similarly
_ b? cos? ¢
" (a? sin? & — b2 cos? §)I/2
- =( o )= a?
27 \sin ¢) ~ (a2 sin? ¢ — b2 cosZ )il
From Eq. 4

= - a’b?
17 (a2 sin? ¢~ b7 cos? $y72

)

(6)
(7)

(8)
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If W= Total vertical load above the level ¢ and
g = density of material
Then

W=gj 27’:’?‘0}‘1 qu

40

Yo gt b2 sin ¢ dp
2mg-at-b j (? sin? ¢ — b? cos? $)? ®
&
where ¢ corresponds to height Z
o corresponds to height Zo

For purposes of integration

Substitute cos ¢ = {-—f__a—::: l 10
¢ v/ a?+ b2 ¢ (10

Then,
fo

2mg - ab? ab? 2¢ (\1 - f)Y"
W= o ——— — 11
Va2 +b2£ e 2 \/a2+b2[1—€2+10g 1+¢ e( )
For different values of &, & the function is defined as

)= [1f£2+1og(1‘§ﬂ

The values of f(§) are compiled in Table 12.1.

TasLE 12.1 Values of Function f(£)

e

Function Jt6)
; £® e SO
0.000 0.275 0.275 1.159
0.010 0.040 0.300 1.278
0.020 0.080 0.325 1.401
0.030 0.120 0.350 1.529
0.040 0.160 0.375 1.661
0.050 0.200 0.400 1.800
0.060 0.241 0.425 1.945
0.070 0.281 0.450 2.111
0.080 0.321 0.475 2.261
0.090 0.362 0.500 2.432
0.100 0.403 0.550 2.814
0.110 0.444 0.600 3.261
0.120 0.485 0.650 3.802
0.130 0.526 0.700 4.480
0.140 0.567 0.750 5.374
0.156 0.609 0.800 6.642
0.175 0.725 0.850 8.638
0.200 0.822 0.900 12.418
0.225 0.932 0.950 23.151
1.044 1.000 @

0.250

o= (s (59)]
o= [ 5]l

R
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If N,= Meridional thrust at level ¢
W= Total load above level ¢

. w . _ w
Then N¢'Sln 962-—. (m) . N,S = (m)

The negative value indicates compression. Substituting the value of W from
Eq. 11

—_— 1-&
W= -L.p2 v/az+bz{(ﬁ%taézp U&-fen  (12)
The circumferential turust N, is given by

N, N, _ .
[7;+ 7—2—]— ~g-C08 ¢

‘Substituting the values of N, from Eq. 12

2 2
Na=“"*§—i~n'<i—;§g§)+/\'¢'%u“fz) (13)

12.4 DESIGN EXAMPLE

A hyperbolic cooling tower of height 84 m has the following data:
Top diameter =45 m
Throat diameter = 42 m
Density of concrete = 24 kN/m?
Analyse for membrane forces at the base section of the tower and design
suitable thickness and reinforcements for the bottom section. Referring to
Fig. 12.4. ‘
1=225m Zy=20m
a=2]1.0m Zp=64 m

2 2
From the relation ({%__ l—g«) =]

— 17’7,) =1 where To=radius at any section

a
Z, 21 x20
b= "a“‘“ _i—_} o b=(—‘,:.‘—\—:_)=53 m
{\/t?‘ — a2 /2252502
If S = radius of base section

MZ —
| S=a/1+1%==~2] /1+%§.§r32,5m

.". Diameter at base =65 m
For base section, we have

1) 15 53 32.52
tan ¢ge=— / —— -2 —— =332
¢ aN ro—a? 21 /3752 212
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§5m
b ——se325m _——o-{
Fig. 12.4 Geometry of cooling tower
cos:ﬁ-«(m——»l )-—028
4/T+tan? ¢ "

From Eq. 10
cos
b=aTh ot

‘= [cos ¢-\/a’+b21= [0.28\/§:2+ 5_3_2_}=0’75

From Table 12.1, for this value { = 0.75, f(&)=35.374.
For the top section

2
t~~/l+-——=521'/ %%2—-—225m

b T2 53 [Ta3sr
tan ¢ = - 21‘/___._.——-—22.52_212—»7.1

cos $=0.14
2 )
5«;{0—.—‘————————-‘14\/2 £33 }=0.375

- From Table 12.1, for this value of £,=0.375
(¢0y=1.661
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Membrane Forces
At top of section, N, =0 because of f(£o) —f(£0)= 0 and

N__( ga? fo )__(24><212) 0.375 )
o \/a2+b2)(\/f““_§§" 212+532)\1-0.3752

= — 74 kN/m

At base section,
e — L2
R R s P L R

where  g=24 kN/m3
b=21Im
b=53m
£=0.75
f(€)=15.374

f(€g)=1.661
24 s /120752 )
%) - )
N, = (4) 5324/212453 {21”532”(21”0_752)}[3.374 1.661]

—~ 810 kN/m-(Compression)

__[( &2 .i- ?f)__z
vo= () () (o -
B ( 24 % 212 )( 0.75
V2124 532/\4/1-0.752
= — 2064 kN/m (Compression)
Design of shell section and Reinforcement
At base section N¢= 810 kN/m
Using M-20 grade concrete and Fe-415 grade Tor steel permissible
stresses = ¢oc =(0.5 x 5)=2.5 N/mm?
If t = thinckness of the concrete shell at base.

212
)+ [—810x§3—i(1 ~o.752)]

N\
Then (m) = Occ
810 x 103
= (1000 x 2.5) =324mm

Adopt a shell thickness of 350 mm at base gradually reducing to 150 mm
at the top.
Minimum reinforcement = 1% of cross sectional area

1
o= e = 2
(IOO x 1000 x 350) 3500 mm'
Provide 20 mm @ bars at 175 mm centres on both faces in meridional direc-

tion {Ag = 3600 mm?)
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Minimum reinforcement in the circumferential direction
0.15 -
=0.159 of gross area = (W x 350 x ]OOO\ =525 mm?
ULV
Provide 10 mm @ bars at 300 mm centre on both faces in the circumferen-
tial direction as hoops.
The reinforcements can be decreased towards the top of the tower.

12.5 ANALYSIS OF HYPERBOLIC COOLING TOWERS
FOR WIND LOADS

Hyperbolic cooling towers being tall structures are subjected to wind loads,
which result in meridional and circumferential forces in towers. Based on
wind tunnel experiments Rish and steel (Refer the paper “Design and selec-
tion of Hyperbolic cooling towers’’, Journal of power division, A.S.C.E.
proceedings, Vol. 85. October 1959, pp. 89-117), have recommended the
following type of wind pressure distribution in hyperbolic cooling towers,
as detailed Fig. 12.5.

Wind - Diirection

gi0°

Fig 12.5 Wind pleasure distribution
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The wind ward side of the tower is subjected to positive wind pressure
over an area bounded by an angle of 94.12°. The Leeward side is subjected
to suction pressure of intensities as shown in figure. Due to the action of
wind, membrane forces Ny, N, and N, develop with maximum values at
the base section.

Typical distribution of the various force components at the base of a
hyperbolic cooling tower are shown in Figs. 12.6, 12.7 and 12.8, for the
following tower parameters.

(o (2)-as

a2
K2=(I+p)=148 ®=1.0
P =Wind intensity

6:0°
a/t=0.90,a/s =055

125 ka8, §=10

P =Wind Intensity

Maximum Positive
N at ©=0°

_—Maximum Negative
N¢ at 8:70°

Valués Represent
r—— (N / P.a)

-12.5

112.5

150°

180°
Fig. 12.6 Meridional thrust

The force distribution analysis indicates that the maximum tensile meri-
dional force develops at 6 =0 and compressive force at 6 = 70°. The maxi-
mum hoop tension develops at 6 = 70° while the maximum hoop compres-
sion develops at an angle of f=0°. The maximum shear force develop at
angles of ¢ = 90° and 8 = 50°.
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a/t=0~90,u/s:0»55
k2:118 § =10
P = Wind Intensity

30

Maximum Positive
Ng ot © - 70°

L

Maximum Negative

Ng at © = 0°
90"
Values Represent
2.5
180°
Fig.12.7 Circumferential-thrust
9:0°

a/t=0.90,a/s =055
K2-118, §=10

p = Wind Intensity

Maximum Positive

°
Ne¢ at 0 =90

Maximum Negative
Nog at ©:50°

Values Represent
(Ne¢/ P.a)

2.5

150"

e

180
Fig. 12.8 Shear-Forces
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Based on membrane analysis Gould and Lee (Refer paper “Hyperbolic
cooling towers under wind load”, Journal of structural division, A.S.C.E.,
Proceedings, Vol. 93, October 1967, pp. 487-514) have developed design
tables which give the meridional force (¥,) and circumferential force (Ny)
in the cooling towers subjected to the action of wind loads. The design tables
have been presented in the form of

N(, Ng N& . . ;
(FE)’ (Pa) and (P—a) for different values of the variables, (a/s), (a/t),

K2, 6 and @, as shown in Fig. 12.9. The range of values curved in the
tables are as follows:

(a/s) from 0.45 t0 0.65
(a/t) from 0.85 to 0.95
K2 from 1.05 to 1.50

8 at 0° to 70°

@ from Oto 1.0

Throat

~ 9t
t
_..,.oj

/

:

A

I
pa /
v

/

Fig. 12.9 Cooling tower parameters
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12.6 DESIGN EXAMPLE

A hyperbolic cooling tower has the following parameters
Throat diameter = 42 m
Base diameter =65 m

b=53m
Top diameter =42m
Wind intensity = P =1 kN/m2

Compute the maximum design membrane forces at the base section due to
the action of wind and self weight of shell.
The salient design perameters are

a=21m P=1kN/m?
b=53m a/s =0.65
s=32.5m alt =0.95

1

t=22.5m (14— )—I 155

Referring to désign tables for maximum values of Ny, Ng, we have for 6=0
and @ =1.00 (base section)

Ny s ac
(1?_-5)_12.3,

Ng=(12.35x 1 x 21) =260 kN/m

Ny=(—1.914x 1 x21)= —40 kN/m

Maximum negative value of N, occurs at 0= 70° and @ = 1.00 (base section)
Ny
(FE) —11.202

N,=(=11.202x 1 x21)= ~235 kN/m

Maximum positive value of &, occurs at 9 =70° and ®=1.00 (base section)

N\
(ﬁ)_om
Ny=(0.6% 1 x21)=12.6 kKN/m

The forces N, and N, due to self weight for the shell are computed as shown
in design Example $2.4
Hegce the desu,n fo ces are shown in tablc given beiow

Maximum-

Force Due to D.L Due to W.L Design forcc
N, - 810 - 235 ~104‘$ kN/m

Ny - 264 —40 - 304 kN/m
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The base section is designed for the maximum meridional and circumferen-
tial forces.

12.7 EXAMPLES FOR PRACTICE

1. A hyperbolic cooling tower of over all height 100 m has a throat radius

g\)

of 23 m. The throat section is located 25 m from the top of the shell.
The diameter of the top section is 50 m. Analyse for membrane forces
at the base section of the tower and design suitable concrete section
and reinforcements. Adopt M-20 grade concrete and Fe-415 grade
tor steel.

A hyperbolic reinforced concrete cooling tower has the following
parameters;

Top diameter =50 m Throat diameter =46 m
Base diameter =68 m Height of throat section=Z,=25m
Total height of tower = 100 m.

The tower is subjected to a wind pressure of 1.5 kN/m?. Estimate the
maximum membrane forces in the shell due to self weight and wind
loads and design the section. Adopt M-30 grade concrete and Fe-415
grade tor steel.
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13.1 GENERAL FEATURES

Folded plates of Faltwerke or hipped plates are ideally suited for a variety
of structures such as factory buildings, assembly halls, godowns, audito-
riums and gymnasia, requiring large column free area. Folded plates were
first used for large coal bunkers by G. Ehlers of Germany in 1924-25. The
structural behavieur of folded plates resembles that of shells and they can
be considered as examples of stressed skin construction. The different types
of folded plates used for the various types of structures are shown in
Fig. 13.1.

In comparison with the shells, folded plates have certain advantages as

detailed below:

1. Simple shuttering involving only straight planks are required.

2. Moveable form work can be used resulting in speedy construction.

3. Simpier diaphragms are used in place of complicated traverses requir-
ed for shells. '

4. The desivo computations are simpler in comparison with shells.

5. Folded plates consume slightly higher quantites of concrete and steel,
but the increased cost on this account is more than off set by the lower
shutterin ;_. vosfn Hence folded plates are competitive with shells for a
wide rang :

6. With ’{hmr ]
are aes

mg geometry zmé gfea. ng outlines, foided plates
rable with shel

15.2 ANALYSIS OF FOLDED PLATES

G. Ehlers of Germany in his first paper on folded plates published in
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I

Prismatic \_/_EE.:_I_Z_Pi

Jrough-Type

Pyramidal

North-Light

Prismoidal
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/] 9
/ i/
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//
/// 4
’/
i/
4

Stair-Case Coal- Bemkers

Fig. 13.1 Types of folded plates

1930 assumed the longitudinal joints to be hinged, neglecting the transverse
morments at the junction of the plates. The displacements of the joints were
also ignored. In 1932 Gruber improved the analysis by considering trans-
verse continuity and joint displacements. He developed a solution in the
form of simultaneous differential equations of the fourth order which were
solved by the use of rapidly converging series. This approach involves
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(7n+2) unknowns for (n+1) plates. The analysis indicated that assumption
of hinged or rigid joints would considerably influence the resulting moments
and stresses in the plates.

Craemer published a paper in 1953, setting out rough limits for classifica-
tion of folded plates as long and short based on the length to width ratio
of the individual plates. Significant improvements were made in the analysis
of folded plates by Winter and Pei in 1947, who reduced the algebraic
solution into a stress distribution procedure which is very much similar to
the traditional moment distribution method. But this method neglects joint
displacements and is useful only for the analysis of short folded plates. For
long folded plates, the joint displacements cannot be ignored. In 1948,
Girkmann, improved the analytical procedures by considering joint displace-
ments and treating transverse moients at the joints as unknowns and
formulated conditions for the compatibility of Longitudinal stresses and
displacements at joints. This method results in the solution of as many
simultaneous equations as the unknown transverse moments. In 1953 Gaafar
published a modification of the Winter and Pei method including the effect
of joint displacements. Whitney in 1959 presented a simplified version of
the modified Girkman’s method. In 1958, Simpson published a new method
involving a number of moment and stress distributions.

A comparative analysis of the various methods indicate that Winter and
Pei’s method is the simplest but it is applicable only to short folded plates
for which the joint displacements can be ignored without appreciable error.
In general Whitney and Simpson’s methods are applicable to folded plates
of all proportions and are ideally suited for use in design office. For long
folded plates with a span to depth ratio of more than 10, Whitney has shown
that a simplified analysis can be used based on beam theory assuming a
straight line distribution of longitudinal stress. The iteration method de-
veloped by Brielamaier offers a simple means of analyzing symmetrical V-
type folded plates. However this method is not universally applicable to
folded plates of all types. The analysis of the folded plates is based on the
following assumptions:

1. The structure is monolithic with rigid joints.

7. The material is homogeneous, elastic and isotropic.

3. The length of each plate is more than twice its width.

4. Plane sections remain plane after deformation in all the plates.

13.3 STRUCTURAE. BEHAVIOUR OF FOLDED PLATES

Folded plates resist the system of transverse Joads by ‘plate’ and ‘slab’
action. The loads acting normal to each plate canses transverse bending
between the junctions of the plates, which can be considered as imaginary
supports of a continuous slab. This transverse bending is termed as Slab
actior’. The transverse moments developed in the plates can be determined
by a continuous beam analysis assuming the supports to be at the junctions
of the piates.
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The plates being supported at their ends on tranverses, bend under the
action of loads in their own plane as shown in Fig. 13.2. The longitudinal
bending of the plates in their own plane is termed as ‘Plate’ action’. The
bending stresses resulting from plate action may be considered to have a
linear distribution across each plate, with maximum intensity at the centre
of span section. The salient features of Whitney and Simpson’s method of
analysis of folded plates are outlined in the following sections.

a. Slab - Action

Longitudinal Bending
n the Plane of Plate

b Plate - Action /

Fig. 13.2 Structural-behaviour of folded plates
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13.4 WHITNEY'S METHOD

The Whitney method is applicable for folded plates with width and thick-
ness of the plates and the intensity of ioading uniform along the length of
the plate. Mathematical computations are greatly simplified by replacing the
uniform load by Fourier loading and considering only the first term of the
series. The plate moments, Stresses and deformations therefore vary as sine
functions along the length, having maximum values at mid span. The Salient
steps of the method are as follows:

1. The joint loads are computed by assuming each plate to be simply
supported spanning between the adjacent plates. The joint loads are
replaced by their components in the plane of the plates. These form
the initial plate loads.

9. The continuity of the plates due to the rigidity of the joints induces
transverse moments causing additional joint loads in terms of unknown
transverse moments and hence additional plate loads which are added
to the initial plate loads.

3. Under the action of plates loads, each plate bends in the longitudinal
direction in its own plane between the traverses. The bending moments
and the longitudinal stresses are computed at the common edges. It
will be a observed that the longitudinal stresses at the common edges
of the adjacent plates will not be equal. Longitudinal edge shear forces
are now introduced to establish the compatibility of stresses at the
junctions.

4. The individual plate deflections caused by the transversc loads and
the edge shear forces are calculated in terms of the applied loads and
the unknown transverse moments. ’

5. For each of the rigid joints, the condition of zero angle change 18
written down in terms of the applied loads, transverse joint moments
and plate deflections resulting in n equations for n plates.

6. The equations are solved for the unknown {ransverse moments and
other stress resultants are compaied.

13.5 SIMPSON’S METHOD

The prominent steps to be followed in Simpson’s method of analysis of
folded plates are outlined below:

{. A transverse section of the folded plate of unit width is treated as a
continuous beam on rigid supports and the joint loads obtained are
resolved into components in the planes of the plates.

2. The plates are assume d to bend independently between the diaphragms
due to plate loads and the corresponding moments and stresses are
calculated.

3. Compatibility conditions require that the longitudinal stresses at
common edges of adjacent plates should be equal. The stresses are
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corrected by distribution procedure. (At this stage, the results obtain-
ed will be identical to those obtained by Winter and Pei solution),
The stresses obtained are now further corrected to allow for the
joint displacements. An arbitrary rotation is given to each joint in
turn at mid span, the rotation along the span varying as a sine curve.
The joint loads and the corresponding longitudinal stresses are calcu-
lated in each case and the compatibility of the stresses established by
a distribution procedure. This procedure is repeated for each joint and
the joint deflections are calculated.

The final deflections are then expressed as the sum of the deflections
due to the no-rotation solutions each multiplied by an unknown
factor un. The final plate rotations are equal to the values for the no
rotation solution plus o, times the arbitrarily assumed rotations.

- The total angle changes at the junctions are equated to zero resulting

m a set of simultaneous equations which are solved for «y. .
The final moments and stresses in the plates are obtained as the sum
of the no rotation solution and the rotation solutions each multiplied
by its corresponding oy,

13.6 ITERATION METHOD

The iteration method is applicable for symmetrical V-type folded plates
with simpler computational effort in comparison with the Whitney and
Simpson’s methods. However this method is not applicable for all types of
folded plates. The following steps are involved in the analysis of folded
plates by iteration method.

1.

The folded plate is analysed for slab action as a continuous beam and
the ridge loads are computed from the reactions. The longitudinal
stresses developed in the plates are computed assuming the plates to
bend in their own plane due to the action of plate loads. The stresses
at the junctions are computed and the no rotation solution obtained
by the stress distribution procedure as in the case of Simpson’s method.
The plate deflections corresponding to the no rotation solution is
computed and from these the relative displacements of the joints can
be obtained.

The transverse moments developed due to the relative joint displace-
ments are computed and the moments are distributed to estimate the
ridge loads and plate loads. The longitudinal stresses due to the plate
loads are computed and corrected by stress distribution procedure.
The resulting stresses are compared with those obtained from the no
rotation solution. If the corrections are relatively small. the iteration
process is stopped at this stage and the final moments and stresses
are obtained by adding the results of the no rotation solution and
those due to the first cyele of iteraiion.
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4. If the corrections are not small, the deflections caused by correction
stresses are computed and the cycle of iteration repeated until the
desired results are obtained.

The convergence of the iteration method depends upon the relative rigi-
dities of longitudinal plate action and transverse slab action and on the
geometry of the structure. The iteration method has been found to converge
rapidly for symmetrical V-type folded plates while it diverges when applied
to north light folded plates.

13.7 BEAM METHOD

The beam method is based on the lineaT stress variation across the section
and the folded plate is assumed to bend longitudinally as a beam between
the tranverses. This method is applicable for long folded plates with span
to depth ratios exceeding 10. The beam method is by far the simplest due
to the minimum computational effort involved when compared with the
various other methods.

13.8 WINTER AND PEI'S METHOD

For short folded plates having span to depth ratio less than 4, Winter and
Pei’s method can be adopted. In the case of short folded plates, the displace-
ments of junctions of hipped plates can be ignored without any appreciable
error. In this method the folded plate is treated as a continuous beam OB
rigid supports and the joint loads obtained are resolved into plate loads.
Under the action of the plate loads, the individual plates are assumed to
bend in their own plane in the Jongitudinal direction and the correspond-
ing moments and stresses are computed in the plates. Compatibility condi-
tions require that the Jongitudinal stresses at common edges of adjacent

plates should be equal. The stresses arc corrected by 2 stress distribution
procedure.

13.9 EQUATION OF THREE SHEARS

Consider a folded plate of two-folds only having depths of plates as hy and
h; and the cross sectional area of the plates being 41 and 4.
Z, and Z, are the section moduli of the two plates.

M and A are the moments acting on the plates computed from the plate
loads.

oa, op and o, are the edge stresses. Ts. Tg and T¢ are the shear forces
at the junctions 4, B, and C, considered as positive when acting in oppo-
sition to beam moments M; and M.

Moments are considered as positive when they develop tension at bottom
and compression at top.
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Plate Plate
©, @

A B C

DA
Nl N\

+Compression - ~Tension

Fig. 13.3 Force components in folded plates

The stresses developed in plates 1 and 2 can be written as:
Stress at edge B in plate 1 is

we[Mo T Toh Ta Tuh]
*=\Z ta T2z T4t 2z,
Stress at edge B in plate 2 is

sl M2 Tohy T g’_c__Tc-hz]
L 7S S Nl M B
If t; = Thickness of plate-1
t2 = Thickness of plate-2

Ar=1y, hy Zy= (116
Ar=t2h Zy=(12h3)/6
(TAhl)ﬁ_TA-h,‘_gﬁhgf’A
27y} 2(@) T onh As
6
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Similarly

Tehy _3Ts, Tahy 3Ts  Teha 3Te

27y As 2Z, A 272, A
Substituting these values in equations (1) and (2) and equating them we
have the condition, .

{fl{l 4Ts 2Ta|_[_M:_4Ts %Zc_}

Z1+A1+A1 TUTZ T 4 Al

[ZTA 4Ty 4Ts 2Tc_]__ _[M1+M2]

_,;IT+~;{14 + Az + AZ
The equation of three shears is written as:
Ta 1 1 Te 1My M
SIS Y, o DS Bl SO Ptk g fputiot-
4 +'TB[A1 + Ag]uz 2 [z, +zz]
In a given problem, the equation of three shears is applied to two adjacent
folded plates at a time and the algebraic equations thus obtained are solved

for the unknown shears. Once the shears are computed, the stresses in the
plates can be computed. This is illustrated in the following example.

Z, " Z,

13.10 DESIGN EXAMPLE

A folded plate with two folds 4B and BC is subjected to moments in the
plane of the plates. Using the following data, calculate the stress in the

folded plate.
1. Data

Thickness of plates= 100 mm
Depth of plates, hy=h=2m
Moment in plates, M= Mz=1333 kN-m

(100 X 20002}
6

Z1 = Z:~"—‘ = 66.66 X 10(’ mm?3

3y

Ay = Az = (100 x 2000) = 2 x 105 mm?
M1 Mz 333 X 106 A 2
(2’,’)”‘(2})=(66.66x 106)“5 N/mm
2. Edge Shear Forces

Let 74, Ts and Tc be the edge shear forces since edges Aand C are
free edges,

Ta=Tc=0

Using the equation of three shears

1, 1) _ L[ M
”‘Bb:*z;]* ’z‘[zﬁzﬂ
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| ==a—— ,7 7
+
CMZ, + .
P — z . '+

| 1 1
ZTB[zx 05t 2% 10'5“] =70+

Teg= — 250000 N

Resultant Stresses

The resultant stresses at plate edges are obtained from equations
I or2.

_[M; Tg TB‘/M]_ '~250000)‘ — 250000 % 2000
op = - ~5+(

*‘( 2% 66.66 x '163")

Z, Y4, T2z, 2% 10°
M, Tg Ty h; ; .
= oty I8 LB s 19 = -2, 2 S
oA \i 7, ZZ,] 5~1.25+3.75 5 N/mm? (Tension)
M2 Ts Ts hy _ : ME_ 19 2
”C*[Z‘““z NE-F""Q—Z;]——S-FIQS 3.75= +2.5 N/mm

(Compression)

The resultant stress distribution with the force components are shown
in Fig. 13.4.

Tc c 5.0 1.25 3.75 2.5 Mjmm®

B 50 -+ 125 =
T —— 7 -
\
T CM] —
AL
- + —
I T4 A 5.0 1.25 3.75 25
Stress due Stresses due to Resultant
to Moment Tg Stress

Fig. 13.4 Stresses in folded plate

13.11 STRESS CONDITIONS IN HIPPED PLATES

The nature of stresses developed in hipped plate depend upon the /sign  of
moments in the individual plates, the different combination of moments
such as sagging or hogging results in different types of stress distribution in
individual and hipped plate structure as shown in Fig. 13.5. The nature of
moments in the plates depends upon whether the junction of the two plates
form u ridge or a valley. If the two plates meet at a ridge. the moments
developed are such that compressive stresses develop at the ridge. Alternati-
vety if the two plates meet in a valley, the moments develop tensile stresses
in the valley,
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STRESSES

ARttt
-Pl ivi t Plate Hipped Plate
Folded-Plate Individua a e Fure

o /4o
€/<
o 5'/[‘
872
0

0’/2

Fig. 13.5 Stress conditions in hipped plate structures

13.12 DESIGN EXAMPLE

A prismatic folded plate ABCDE shown in Fig. 13.6, supports a live load
of 0.4 kN/m?2 in addition to the self weight. Estimate the stresses developed
in the plate at mid span section if the plates BC, CD and DE are 120 mm
thick and plates AB and EF are 250 mm thick. Span of the folded plate

=8 m.

1. Loads
Self weight of plates BC, CD and DE=(0.12x24)=2.88 kN/m?
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Fig. 13.6 Forces acting on folded plates

Sclf weight of plates AB and EF= (0.25 x 24)=6.00 kN/m?2
Live load = 0.40 kN/m? o

Total load/m on CD =(2.88 +0.4) = 3.28 kN/m

2.88x2.25
2

Total load/m on BC and DE= ( )+0.4 =3.65 kN/m

2. Reactions

The approximate value of reactions at B,C,D and E, treating the
folded plate as a continuous beam BCDE are,

Rp=Rp=(0.4%3.65x 2)=2.92 kN

Re=Rp=(0.6x3.65%2)+(0.5x 3.28 x 3)=9.30kN

The plate loads are shown in Fig. 13.6.

3. Section Properties

Plate-1 (4B) area 4 =(0.25 x 1)=0.25 m?
Plate-2 (BC), area 4, =(2.84 x 0.12)=0.34 m?
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Plate-3 (CD), area A3=(3x0.12)=0.36 m?

2
7= (0.256><1 )20.041 m?
L
Zy= (—————-—-—0'1222'84 )=0—.162m3
o) 2
Zs= (&L:é-x-ﬁm)w.ls m?

. Moments in Plates

2
M, = (8'928>< 8 )= 71.36 kN -m

2 .
M2=(-1-§—'~2—%->i§—)=105.6 KN m

M3=0

. Stresses in Plates
M, 71.36 x 106
Z, )T \0.041 x 10>

M\ {105.6 x 106
Z,) T\0162 % 100

)= 1.74 N/mm?
) = (.65 N/mm?

. Equation of Three-Shears
Let Ty and T¢ be the unknown shears at junctions B and C.
Tao=Tg=0  Tc=-TIp
Applying the equation of three shears to plates 4 B'and BD, we have
Ta 11 Te  (1.74+0.65). .
(6'2'3)+2TB[6“2'§ ‘m]+0“23’4“ B (“““w )10

For plates BC and CD

\
(TB )+2TC[-L 1 ] Tp _(0.65+0)w3

0.34 03470367036 2
Also Te=—-Tp -
Solving the two equations, the unknown shears are
Te= -8.7TkN
Tg= —84.0kN

. Stresses in Plates Due to Shear Forces

Plate-1

_ 84x106x0.§ 84 % 103
TATIT0.041 % 109 T 025x106

} = 0.684 N/mm?
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84 x 106x0§ 84 x 103
L 0.041 x10° ~0.25x 106
Plate-2

[ (84+8.7)106x2.84 (84— 8.7(10°

opg =

}= —-1.356 N/mm?

J =1.037 N/mm?2

BT Ix0062%10° T 034 % 108
_| (84+8.7)106x2.84 (84-8.7(10% _ 2
TCT T Tax0.162x10° T 034 x106 |~ ~0-394 N/mm
Plate-3
[ 8.7x2x103 _ )
o= {’““0“33?_"1@‘%} =0.049 N/mm
The stresses due to shears in various plates are shown in Fig, 13.7.
g A 4 Stresses-N/mm?
ik ' ‘ . op=0049
T o T
3m
D ‘ 0. =0.594 |
R ¢ - o0 =0.049
Al Tr=87kN ’
B 2.84
Bt m
J—— ) Cp=1356 +
—— B - 0g=1.037
3 Ty =8.4 kN
!
1 A

GA:OSB&

Fig. 13.7 Stresses in folded plates due to joint shear forces

8. Resultant Stresses

The resultant stresses in plates are obtained by super posing the stres-
ses due to plate moments and joint shears.

Plate-1

A=(-1.74+0.684)= - 1.056 N/mm?
B=(1.74-1.356)= + 0.384 N/mm?
Plate-2

B=(=0.65+1.037)= +0.387 N/mm?
C=(+0.65~0.594)= +0.056 N/mm?2
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Plate-3

C=(0+0.049) = +0.049 N/mm?

The resultant stresses are shown in Fig. 13.8.
0049 0049

+ }/\
C D .

0.384 2 0.384
8 Stresses -N/mm £

1.056 1.056
Fig. 13.8 Resultant final stresses in hipped plate

13.13 DESIGN EXAMPLE

Analyse the symmetrical V-shaped folded plate shown in Fig. 13.9 and
design reinforcements using the following data:

Span of the folded plate=20 m

Thickness of plates= 100 m

Live load = 0.6 kN/m?

Concrete = M-15 grade

Steel = Tor steel ( fy =415 N/mm?2)

Fig. 13.9 V-shaped folded plate

The symmetrical V-shaped plate is analysed by using iteration method.
1. Loads

Self weight =(0.1 x 24)= 2.4 kN m?
Live load = 0.6 kN/m?

Total load = w= 3.0 kN/m?
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2. Fixed End Moments

Considering the transverse section of the folded plate as a continuous
beam on rigid supports as shown in Fig. 13.10, the fixed end moments
are computed and tabulated as shown below:

Plate Load (kN/m) Fixed end Moment (kN/m/m) Remarks
2
0-1 3.0 W; =6.00 Cantilever
8
1-2 4.0 i;-zli =1.00 Fixed beam
23 3.0 %i= 1.00 Fixed beam
3-4 3.0 Wf =6.00 Cantilever

/w=3kN../m
LMWWYWWVWW
0

2m

-

2 m

Fig. 13;10 Analysis for slab action

3. Moment Distribution (No-Rotation Solution)

[o]

| Initial +6.00
[ Moments (kNLm)
|

-5,

Toﬁﬁ
]

+1 1,00

.00 f

00— =2, 50 +2.50

PP S—

. f
g Final | +6.00

Moments (kN.m)

Reaction |
due to ’

Moments (kN)

Reaction
1 @ due to
Loads

15,

f5.00 3.

[0¢]

+1

.50 « 50

75 3.

-6.00

3.00

Total f
reactiong f
1
!

! Joint
‘ Loads (kN)

4. Plate Loads
The joint loads

are resolved into components along the directions of

the plates resulting in plate loads as shown in Fig. 13.11.
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12.75kN

a) JOINT LOADS

P—————

b) PLATE LOADS

Fig. 13.11 Joint loads and plate loads

5. Moments and Stresses in Plates

The longitudinal moments developed in the plates due to the plate
loads are computed assuming the plates to bend longitudinally in
their own plane between the traverses. The stresses developed at the
edges of the plates are compiled in. Table 13.1.

Table = 13,1, Longitudinal Stresses

{—“Plate aniad Moment Section ’ stressegl Free edge siresses
(kN/m) R (kN,m) Modulus (N/mm“) 2
| | (m}/a) (m3) E (N/mn™)

O R 20 m il

9.00

\

"Lu'“"f?i 7.94
L_,‘_,_Jl

2
pa

794
3 ;T

3%
450 0.133 3,40 j
34
30

397 0.133 3.00 ¥

| o
397 0.133 5,00 1 [
i \§3 . |
\ | e
9.00 450 \ 0.133 .40 | :?
] | ‘ *r_b&u

I

+ Compresuion - Tension

3

4 ]
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6. Stress Distribution for No-rotation Solution shown in Table 13.2.

TABLE 13.2 Stress Distribution (No-Rotation)

0 1 2 3 4

Distribution 05 0.5 0.5 0.5 0.5 0.5

factors

Freeedge 3.4 —34  —30 +3.0 430 ~34  —34 434

Stresses

(N/mm?®) -0 402 —02 401 +01 -02 402  —01
[(oy—c) 33  —32  —32 +31 431 -32  -32 433

(N/mm?) 6.5 6.3 _ 6.3 6.5

7. Plate Deflections due to No-Rotation Solution

The maximum deflection of a plate of Iéngth ‘L’ and depth ‘4’ can be
computed as detailed below:

- 5 [wlA 5 (wl?y 12
Deflection 8§ = ?82(_157) = @(T)TE’T

_S5fop—oy L2
“Z’é("“z’“) ZF

_5 ?bﬁ—.ﬂ) ! )(5_2)
=B\ 2 N )\&m
_ 5 (op=o)L?

=48 T Eh

The plate deflections and relative displacements of joints are shown -
in Fig. 13.12.

. (5165 x 108202 (1108
hi=ve= (33) NN (V" )m

1 5 (6.3)(_106)202_ 0.9%‘108)
Ve=vi= () 23 E -()

8. Join Dégplacements
wi,2=Vy cosec 20 + V,-cot 20

: ) 1x108
wa,1= V3 cosec 20 4V, cot 26
X 0. 8
since Va=V; and 0=45 wy, = (i%&) m

6FEL4
Transverse Moment = ( El 22_2_)

2
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2 4

wqg = vy Cosec 28+ vz Cot 26

Wy .y V3 Cosec 20+ v, -Cot 28

Fig® 13.12 Relative displacements of joints

0.1 x108
Az=(w1,2—wz,1)=( x —G—) m

E
For plate-2, Transverse moment is given by

(0.1 0.1x108

6 X EX]-—z—X
(éé“fgé) - 12 F  |_625N-m=0.625kN'm
K Qv2y
Similarly for plate-3, by symmetry
The transverse moment = (GE;;A?')
3
3
where Az= (w23~ W3,2)= — ((-)—1-%1—0*) m

.. Transverse Moment= —0.625 kN-m
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9. Determination of Joint Loads

Using these moments, we can determine the joint loads developed by
the distribution of moments as shown in Table 13.3.

TABLE 13.3 Distribution of Moment caused by joint Displacements
(First cycle of Iteration)

Joints 1 2 3

Distribution factor 0 i
Initial +0.625 +0.625 ‘ -0.625 —0.625

moments (kN-m)

- 0625 ———» -0312 | +0.312 «<———+0.625
Resultant moments [ +0.312 -0.312 ?
4 0
Reactions 0.156 - 0.156 1 0.156 (;{\.]56
¥
Loads (kN) 0.156 0.312 0.156

The, Jjoint Joads and plate loads are shown in- Fig. 13.13.

0.312 kN

a) JOINT LOADS
—_— T2

b) PLATE LOADS
—_—

Fig. 13.13 Plate loads due to joint displacements

10. Longitudinal Stresses

The longitudinal stresses developed due to these plate loads are shown
in Table 3.4
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TasLE 13.4 Longitudinal Stresses

h i I
Plate Load Moment | Section Strecses Free edge
) N 5 1
(kN/m) (k.«ém) \ Modu%m (N/mmz) étresges
(R) | (RL7/8) () | (1/mz®)
[

=70 043
0,115 5.75 0,133 0,043 g

70 639

N

0,039

<F1° °¥
0.105 5.25 0.133 0.039 N\ ’

Ny -
o
S
\n
\n
(A%}
N
<

\n
Nni
(=)
(o]
"N
e

= N 6.039

3 o "1 ooou3
0. 115 5.75 0,133 0.043 x
4 .

+ Compression - Tenaion

0.043

11. Stress Distribution

The stresses obtained in Table 13.4, are distributed as shown in

Table 13.5.
TaBLE 13.5 Stresses-Distribution
Joints 0 1 2 3 4
Free edge —0.043 -+0.043 -0.039 +0.039 +0.039 -0.039 --0.043 —0.043
Stresses ;
(N/mm?) 4+0.020<-—0.041 +0.020<-—0.020 +0.02 «+0.041 +0.041—--0.02
Resultant ‘

stresses —-0.023 -+0.002 +0.002 +0.019 +0.019 -0.002 +0.002 —0.023

12. Final Moments and Stresses

The final moments and stresses are compiled in Tables 13.6 and 13.7
respectively.

TABLE 13.6 Final Transverse Moments (Values in kN -m)

First cycle of

Joint No rotation Tteration Final moments
0 0 0 0
1 -+ 6.00 V] +6.000
2 —1.50 +0.312 —1.188
3 +6.00 Q +6.00
4 )] 0 0
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TasLe 13.7 Final Longitudinal Stresses
(Values in N/mm?)+Compression— Tension

First cycle of

Joint No rotation Final stresses

Iteration
0 +3.3 -0.023 +3.277
1 -3.2 +0.002 —3.198
2 +3.1 +0.019 +3.119
3 —3.2 +0.002 -3.198
4 +3.3 -0.023 +3.277

13. Design of Reinforcements

The design of reinforcements in the folded plate should conform to
the recommendations made in IS: 2210-1962. The transverse reinforce-
ment is designed to resist the moments in the transverse direction
computed at mid span section. For greater economy, the spacing of
the bars may be increased from mid span to the support section based
on the magnitude of the transverse bending moment.

The longitudinal reinforcements in the direction of the span are designed
to resist the total tensile force developed in the tension zone. However
minimum percentage of reinforcements as recommended in the codes should
be provided at all cross sections.

The shear reinforcements are designed to resist the principal tensile
stresses. When principal tensile stress exceeds 1.74/ fu, reinforcement will
be necessary to take up the entire tension; elsewhere, nominal reinforce-
ment at spacing not exceeding five times the thickness of the Plate is to be
provided. The maximum shear stresses are likely to develop at quarter span
sections. '

(a) Transverse Reinforcement

At joints 1 and 3, the transverse moments cause tension at top of
slabs. ‘

Thickness of folded plate slab= 100 mm
Assuming effective cover =25 mm
Effective depth d= 75 mm

Maximum moment =6 kN -m

6
Age= (__Eil_o__)zggm mm?

230%x0.9x 75

Provide 10 mm diameter bars at 200 mm centres.
At joint-2, the transverse moment causes tension at bottom of slab

_ 1.5x 106 _ 2
Au= (200 <09 % 75) =97 mm
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But minimum percentage of steel is
o/ 03 — 2
0.3% = (100 x 1000 x 100) =300 m

" Provide 10 mm diameters at 200 mm centres.

(b) Longitudinal Reinforcement
The maximum tensile stresses develop at joints 1 and 3. Hence con-
sidering plate-1 as shown in Fig. 13.14. '

2

327 N/mm

3198 N/ mm?

Fig. 13.14 Stress distribution in folded plate

Reinforcement in the tension zone is
(1,4 x 103 x 100) X (3—1—29—§

i 1 —
Ast‘“ 730 973 mm

Provide 5 bars of 16 mm diameter in the tension zone as detailed in
Fig. 13.15. For the compression zone portion, provide 10 mm dia-
meter bars at 200 mm centres.

13.14 DESIGN EXAMPLE

Analyse the symmetrical V-shaped folded plate of 20 m span given in design
Example 13.13 by the beam method and compare the results of stresses
obtained by the iteration and beam methods.
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]

§

10§-200¢ /c 5-16§
(Both ways)

Diagonal bars
10§ -200c/c

; "~ Fig. 13.15 Details of reinforcements in folded plate

1. Data

Span=7L=20m

Depth of plate=24/72 m
Thickness=7=100 mm

Live load=0.6 kN/m?
2. Section Properties

For the cross section of the V'-shaped folded plate shown in Fig. 13.16,
the second moment of area is calculated as shown below.
For each plate inclined at an angle 0 to axis x —x

I [2 -t sin? B(L/2)3]
R
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8m

Fig. 13.16 Cross-section of folded plate

where ¢ =thickness of the plate
L =TLength of the plate
6 = Angle made by the plate with the horizontal axis x—x

The second moment of area of the cross section with four plates is
given by

24/ 3 )3
2x0.1 x sin? 45° x (13’72)— =0.38 m4
Iix=4 ) 3
3. Loads ,
Dead load = (0.1 x 24 x 4 x 24/ 2 )=27.2 kN/m
Live load =(4x2 x0.6) =4.8
Total load w=32.0 kN/m

3. Bending Moment

2 2
M= (1%‘5- )= (32 gzo )= 1600 kN -m

&

4. Longitudinal Stresses
Bending stress

oo (@)= (1600>< 106 x 1000

7 038 x 1012 )=4'2 N/mm?

The maximum stresses developed in the ptate are 4.2 N/mm?2 (Com-
pression at points 0, 2 and 4 and tension at points 1 and 3).
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5. Comparison of Stresses
(stresses in N/mm?) + Compression — Tension)
Joint Iteration Method Beam method

0 +3.277 +4.20
1 —3.198 —-4.20
2 +3.119 +4.20
3 —3.198 —4.20
4 +3.277 +4.20

The beam method results in prediction of stress values nearly 30 per-
cent higher than those obtained by the iteration method.

13.15 EXAMPLES FOR PRACTICE

1.

Analyse the folded plate ABCDEF using the theorem of the three
edge shears. The plates 4B and EF are vertical, while the plate CD is

“horizontal. The plates BC and DE are inclined at 45° to the horizon-

tal. All the plates are 12 cm thick and their widths are as follows:
AB and EF=1.25m

BCand DE=3.90 m

CD=3.00m
Live load = 0.6 kN/m? of covered area
Distance between the traverses =10 m.
Draw the stress distribution diagram for the plates. In what way the
stresses differ if the hipped plate structure is analysed as a beam
spanning horizontally between the traverses. .
A V-shaped folded plate ABCDE spans over 12 m between the tra-
verses and the folds have a uniform thickness of 100 mm. The plates
are inclined at 45° to the horizontal and vertical and horizontal pro-
jections of each of the plates is 3 m. Edges B and D are the ridges
and the edge C form the valley portion. The folded plate is to be
analysed for incidental live loads of 0.75 kN/m? of covered area.
Analyse the stress distribution for the section at centre of span using
the following methods.

(a) Theorem of three edge shears
(b) Stresses distribution procedure (No rotation solution)

Draw the stress diagrams.

. Design a folded plate roof with V-shaped units to cover a store house

9 m wide by 20 m long. Six plates, each having a thickness of 120 mm
may be used with plates inclined at 45° to the horizontal. The vertical
and horizontal projections of the plates = 1.5 m. Live load = 0.75 kN/m2.
Analyse the folded plate using the iteration method and design the
longitudinal and transverse reinforcements in the plate. Adopt M-20
grade concrete and tor steel reinforcements. Compare the stresses

developed at the centre of span with those resulting from the beam
method.
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4. Analyse the hipped plate roof of a small single storey industrial build- |
ing shown in Fig. 13.17, using the theorem of three edge shears.

L5°

\
\‘9»,) ’tzmsﬁnj
3
7

6.5m % 6.5 mf"i

Fig. 13.17 Hipped plate roof

Thickness of plates = 125 mm

Live load =0.75 kN/m?

Design suitable reinforcements and sketch the details of transverse

and longitudinal reinforcements in the folded plate roof. Adopt M-20 |

grade concrete and tor steel reinforcements. ,
5. Design the folded plate roof shown in Fig. 13.18, using Simpson’s 1

method using the following data.

Span =20 m

Live load =0.75 kIN/m?

Adopt M-20 grade concrete and Fe-415 grade tor steel. Sketch the

details of reinforcements in the folded plate.

100 mm

25} 150 500 150 500 1150 5607 1150 25!0

3300 3300 __,___..ﬁ
}__P_h_w 6600 ]

i
Fig. 13.18 Trough shaped folded plate
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Grid or Coffered Floors

14.1 GENERAL FEATURES

Grid or coffered floor systems consisting of beams spaced at regular inter-
vals in perpendicular directions, monolithic with a slab are generally employ-
ed for architectural reasons for large rooms such as auditoriums, vestibules,
theatre halls, show rooms of shops where column free space is often the
main requirement.

The rectangular or square voids formed in the ceiling is advantageously
utilised for concealed architectural lighting. The sizes of the beams running
in perpendicular directions is generally kept the same. Instead of rectangular
beam grid, a diagonal gird can also be used with the beams inclined at 45°
to the sides. The different types of grid floors which are commonly used are
shown in Fig. 14.1.

14.2 ANALYSIS OF GRID FLOORS

(@) Approximate Methods

According to the Indian Standard Code IS: 456-1978, the ribbed slab
system can be analysed as a solid slab, if the following requirements regard-
ing spacing of beams, thickness of slab and edge beams are satisfied.

1. The spacing of the ribs should not be greaterthan 1.5 m and it should
not be greater than 12 times the flange thickness.

2. 1In situ ribs should not be less than 65 mm wide.

3. The ribs should be formed along each edge parallel to the span,
having a width equal to that of the bearing.

The moments and shears per unit width of grid are determined from
Table 22 of IS : 456 code and the reinforcements are designed in the ribg.
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Fig. 14.1 Types of grid-floors

The slab reinforcement generally consists of a mesh or fabric. A second
approximate method which is applicable to the grid floor system is the
Rankine Grashoff theory of equating deflections at the junctions of ribs.

Consider a grid floor shown in Fig. 14.2 in which the spacings of theribs
are a; and b; in the x and y directions respectively.

Let g = Total load per unit area.

g1 and ¢2=The loads shared in the x and y directions
a = Shorter dimension of grid
b= Longer dimension of grid

The deflections of the ribs 4B and CD at the junction O must be the same
and by equating the deflections, we have

5 [ Snat _Sﬂ_zﬂ)
“\384E7) T \384E/
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Fig. 14.2 Deflections of ribbed slabs

g1a* = g,b* (1)
Also g=qi+q )]
Solving Egs. (1) and (2), we have

b4 at
D=\ e ) and 2=l gy

The bending moments for the central ribs are given by

Map= (%I‘Qz) Mpp = ([ﬁ%lbz )
The bending moments in the other ribs can also be determined in direct
proportion to their distances from the centre. The ribs are designed as
flanged sections to resist the moments and shears. However the approximate
methods do not yield the twisting moments in the beams. For small span
grids with spacings of ribs not exgeeding 1.5 metres, approximate methods
can be used, but for grids of larger spans with spacings of ribs exceeding

1.5m, a rigorous analysis based on orthotropic plate theory is generally
used.

(b) Analysis of Grid Floor by Plate Theory

A reinforced concrete grid floor with ribs at close intervals in two mutually
perpendicular directions connected by slab in between in the ribs can
be considered as an orthotropic plate freely supported on four sides.
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nts and shears in

Timoshenko’s analysis may be used to evaluate the mome

the grid which depend upon the deflection surface.
The vertical deflection ‘@’ at any point of the grid shown in Fig. 14.3 is

expressed as,

g = total uniformly distributed load per unit area
y directions respectively
long x and y direc-

where
a, by = Length of plate in x and
Dy, Dy= Flexural rigidity per unit length of plate a
fion ¢
C,, Cy=Torsional rigidity per unit length of plate al
direction.

ong x and y

Fig. 14.3 Deflection characteristics of grid floors
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If a; and b, are the spacings of the ribs
then we have the relations,
Dy =(EIL/by) Ce=(Ci/by)
Dy=(Ebla)  Cy=(Gyay)
where Ely, EI,, C, and C, are the flexural and torsional rigidities of the

effective section in x and » directions. The moments
ted using the following expressions:

in x and y directions respectively,

and shears are compu-

d%a J2a
Mx: *Dx(&—x‘i) A«[yz —-Dy (‘g}’z—)
Cif % Cof 0%a
== E( ﬁv) Tye= — ay(w“gy')

0 d2q Cof 2
Cu= “z‘?}c‘[‘D"(ﬁxZ)*E;( 0x -3y )}

J 0%a Cy{ 92
&= ‘E[Dy(‘a‘yf)*'zr(m;)]

Maximum bending moments develop at centre of span while maximum
torsional moments are generated at the corners of the grid and maximum
shear forces develop at mid points of longer side supports.

14.3 DESIGN EXAMPLE

A reinforced concrete grid floor is to be designed to cover a floor area of
size 12m by 16 m. The spacings of the ribs in mutually perpendicular
directions being 2 m ¢/c. Live load= 1.5 kN/m2. Adopt M-20 grade concrete
and tor steel. Analyse the grid floor for moments and shears using.

(a) Approximate method (Rankine Grashoff theory)
(a) Rigorous analysis (plate theory)

Design suitable reinforcements at critical sections.

1. Data

Size of grid= 12 m by I16m
Spacings of ribs=2 m c/c
Concrete = M-20 grade

Steel = Ribbed tor steel Fe-415.

2. Dimensions of Slab and Beams

Adopt thickness of slab = 100 mm

1bs _wig = i i [; o
Depth of ribs based on ( depth) 20 is obtained as depth

_(12x10°
- (k‘@‘ ) = 600 mm
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Width of rib =200 mm 4
Adopt over all depth of ribs =600 mm ‘

Figure 14.4, shows the details of the grid and the section of the ribs
in both directions.

b }»Zm—-{

aEEEEEE ]
mEEEEE ’
MDDD ‘
J,J, WW 5
EREEEE
JOC Ly .

A S 12 m —=]
(a) Plan of Grid Floor

==
e

o (bg) 2000 ——=f |

| 100 0¢)

:

(D) 600

|

A

4200

{bw!
(b} Section of Ribs in X and Y Directions

Fig. 14.4 Reinforced concrete grid floor
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3. Loads
Weight of slab = (0.1 x 24)=2.4 kN/m2
Total load of slab = (2.4 x 16 x 12) = 460.8 kN
Weight of ribs = (0.2 x 0.5 x 24)=2.4kN/m
Total weight of beams (x-direction) = (7 x 2.4 x 12)=201.6 kN
Total weight of beams (y-direction) = (5 x 2.4 x 14.6)=175.2 kN
Total weight of floor finish = (0.6 x12x16)=115.2kN
Total live load = (1.5 x 12 x 16)=288 kN
Total dead and live loads on grid floor

=(460.8+201.6 +175.2+115.2+ 288.0) = 1240.8 kN

’j) o
Load per m?= g = (]1%120‘1%) = 6.5 kIN/m?2

4. Approximate Method (Moments)

If g and ¢, are the loads shared in the x and p directions.

be 164
‘“‘q(‘ aqizsr)= 6~5(ﬁm)= > kN/m?
X Yy
4

- “"»~)~65 122 )15 kNyme2
RN G157 ) O\ e )= LS kN/m

Moments in x and y directions at centre of grid for 2m width is

tained as,
2 x [22 !
Mx:(ﬁi}éﬁ)=(w)ulso KN-m
g g
. 2 2
M, - ((/zfg;”,) - (1'5 2x16 ):96 KN -m

<2 x 12
Q,(=(5’; ! )=6OkN

Qy=(I'SX22X]6)=24kN

The approximate methods neglect the twisting moments in the grid

5. Rigorous Method (Plate theory)

(a) Section Properties

D.f) 100
(—5’ = (—6—0—6) =0.166

b\ { 200
(E’)“ (2‘0‘66)‘0‘10
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From design table (Reynolds R.C. designers hand book)
I=C-byD?
The value of consistant C=0.191

I=1(0.191 x 200 x 6003) = 83 x 108 mm*

If 7, and I, are the second moment of area of the tee-sections about
their centrodal axis in the x and y directions respectively,

Dy=EI Dy=EI
In the present case Iy ==1, and ¢;=H;=2m

83 x 108 x E
2 x 1012

The torsional rigidity in the x and y directions are given by,
Ci=Cr=kiG-(2a)*2b
where 2a=200 mm

D,(=Dy=( )=0.004155

2b =600 mm
For(b/a)=(%2—g)=. 3, ky=0.263

(From Tables in Timoshenkoktheory of elasticity)
E
Ci=Cr=k;y | wi—r 3
1=Ca=1r, [2(1 ) }(2(1) 2b

_ [0.263 x E x (200)%(600)
= H(+0.15)
Ci gzl _ E[O.O()05488 0.0005488

] = 5.488 x 108F mm* = 0.0005488 E m*

]0.00054885

(b) Deflections at Centre of Span
g=6.5kN/m2,  E=5700/fu = 25.49 x 108 kN/m?

D\ [ 0.00415E\ {0.00415 x 25.49 x 106} _
(Ez)r( as )=< - -)—5.089
D\ 0.0041513)_ 0.00415 x 25.49 x 208\ _ .
) \T1e )= 64 :
2H\ (0.0005488E) (0.0005488 x 25.49 106)_ 03794
a??] \ 122x162 |~ 122x 162 e

The deflection at the centre of the plate is given by the equation,

LomX .7y
le Sln’;Sln—b—'
T %\ D, 2H Dy

@

a
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16 x 6.5 1
=( 963 )[5.089+o.3794+1.61]50-015111

Assuming a creep coefficient 6 =2
The modified modulus of elasticity

| E E. E.
Ea=(50)-(152)-(5)
Long term deflection = (0.015 x 3)= 0.045 m
According to IS: 456-1978, the long term deflection should not

span
exceed ( 550 )

250
=0.048 m > 0.045 m

The maximum deflection including long term effects is within permis-
sible limits.

Hence maximum permissible long term deflection = (—12—)

(¢c) Design Moments and Shears

The bending moments, torsional moments and shears at various salient
points E, F, G, H, I, J, K and D marked in Fig. 14.4, are computed
using the equations given below:

hSin"msm
M=, (29 =p, (Z) 109) __ax by
ox2 ay w6 | Dy  2H Dy
& a%b? +'b_4

=0.00415 x 25.49 x 106( ) (0.015) sm ™ sin

by
Ty
=108 (sln Z)(sm E;-)

. wx my 1
92 2 ra
My=—D, (Z_?) =D, (1) 169 ax by
y —

ay?

=0.00415 x 25.49 x 106( ) (0.015) (sm -—)(sm l)

by
- ™y
= 61 (sm o )(sm By )
| cm cos

}7

Mooe — G d2a y  C 16(1; o by}
e (E \ox-ay)~ ~ E”Zz“b 76 | Dy 2H D
e
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6 2
o 0.0002744 x 25.49 x ~E X7 0,015 (cos ﬁ)(cos l’l’)
12x16 ax v

i kg T[,
Gy 164 % a by
at Taly, b

= —0.000274 x 25.49 x 105 T _(0.015) ,(oos .Zi‘) (cos ’T—)

Y

2x 16 by
=-573 (cosf-)—c)( cosf-r—J—/‘)
ax by

oo ilp P Ca
=T e T a oy*

M eossin ™ |
164 cos a 513 By

7?6"&( ZH;_&‘
&t @R TE

X

a3 Cy 7l
= [ngi+d1 axbz]

Yy

3
= — 0.015{(0.00415 x 25.49 x 106 x %.3

. . <
s A XM s ﬂ)
+(0.0002744 x 25.49 x 106 x ( 5x16 )](cos ax)( sin b,

= —10. 107( cos 72-C)(sin ZJ—))
ay by

_ bij da Cp ¢a
0=~ glon G5 &)
(sinE cosz}—))
N LUA b/ \[p= S
S| DL, 28 Dy |LUF Thibe]
a "l b

J

3
- - 0.015[(0.0041 5 % 25.49 x 106 %3)

3
2744 % 25.49 x 106 ™ in =X my
+(o.{)oob744 % 25.49 % 106 % 53 )] (sm ax) (cos by)

- - 13.387( sin f’—-’f) (cos 3’1)
ax by

Using these moment and shear equations, the values of bending
moment, twisting moment and shear forces are computed at the
various salient points of the grid and tabulated as shown in Table 14.1.

e s

!
|
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TasLE 14.1 Moments and Shear Forces Per Metre Width of Grid

Point x ¥y M, M, M, M, 0y Q
(m) (m) (kN-m) (kN-m) (kN-m) (kN-m) (kN) (kN)

E 6 8 108 61 0 0 0 0
F 6 12 77 43 0 0 0 9.4
G 6 16 0 0 0 0 0 13.4
H 0 8 0 0 0 0 10.1 0
I 2 3 54 30.5 0 0 8.74 0
J 4 8 94 53 0 0 5.05 0
K 0 12 0 0 3.74 3.74 7.14 0
D 0 16 0 0 5.30 5.30 0 0

6. Comparison of Moments

The moments per metre width computed by the rigorous and approxi-
mate methods are shown in Table 14.2.

TaBLE 14.2 Comparison of Maximum Moments in Grid

Moments per metre width (kN-m)

Method

M, M y
Approximate method
(Rankine Grashoff
theory) 90 48
Rigorous analysis
(plate theory) 108 77

The approximate method under estimates the bending moments
developed in x-and y-directions, to the extent of 179 and 389 res-
pectively. The moments are very much under estimated in the long
span direction. " ‘

7. Design of Reinforcements

Maximum working moment My =108 kN-m/m
Moment resisted by central rib in x-direction over 2 m width

={2x108)=216 kN-m

Ultimate moment M, =(1.5x216)=324 kN-m
Moment capacity of flange section
Mye=0.36fcx - be+ De(d — 0.42Dy)

=(0.36 x 20 x 2000 x 100) x (550 - 0.42 x 100)

=731 x 108 N-mm =731 kN-m
Since My < Myr
Neutral axis falls within the flange

zd

MU=O.87fy-Ast-a'[l -
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Ag x 415
6 — > — S
324 x 106 =0.87 x 415 % Ay x 550 [1 5000 x 530 x 20]
Solving Ag = 1700 mm?
Provide 4 bars of 25 mm diameter (As= 1964 mm?)

Maximum ultimate shear= (1.5 x 2 x 13.4)=40.2 kN

Va 40.2 x 10%
v B o B [ e = 2
T (ba’) = ( 200 % 350 ) 0.379 N/mm
Assuming two bars to be bent up near supports,
Ag, at support = 982 mm?

1004 100 %9827 _ 2
[ ¥ ]_[ 300350 &AO.S‘) 7.=0.57 N/mm

since 7y < T¢, provide nominal shear reinforcements, using 6 mm dia-
meter, two legged stirrups, spacing

B /_{slfy B 2><28>:41*5 _
SV“( 0.4b)“( 04 % 200 )"290 mm

Provide 6 mm diameter 2 legged stirrups at 250 mm c/c at supports
and the spacing gradually increased to 400 mm towards the centre of
gpan. Maximum moment in the central rib in the y-direction (long
span) is,

My=(2x77x1.5)=231 kN-m

Provide 4 bars of 20 mm @ (Ag=1256 mm?) and 6 mm @, 2 legged
stirrups at 250 mm centres near the supports. The beam section at D
is checked for torsion and suitably reinforced. The moments in the
slab being small, mesh reinforcement consisting of 6 mm @ at 200 mm
centres provided both ways for positive ‘and negative moments in the

slab. The reinforcement details in the typical sections of the grid is
shown in Fig. 14.5.

EXAMPLES FOR PRACTICE

%

. A two way slab 5m by 5 m size with ribs at 1m intervals is to be

designed to support a live load of 4 kN/m?2. Adopting M-15 grade
concrete and Fe-415 grade for steel, design a suitable grid floor and
sketch details of reinforcements in 1ibs.

A reinforced concrete grid floor of size 9 m by 12 m is required for
an assembly hall. Assuming rib spacing of 1.5 m in the short span
direction and 2m in the long span direction, design the grid floor.
Adopt M-20 grade concrete and Fe-415 grade tor steel. Live load may
be assumed as 4 kIN/m?.
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6 & - 200 c/c

/ Mesh
[

—{200 }—
Zm ———

(a) Reinforcements in Stab

6 & -250 ¢ /c

4-20%

-] 2007 —

(c) Ribs in Y- Direction

(b) Ribs in X~ Direction

Fig. 14.5 Reinforcement details
3. An orthotropic reinforced concrete grid 16 m by 20 m is required for
the roof of an auditorium. The ribs are spaced at 2 m intervals, Live
load on roof=1.5 kN/m2. Adopt M-20 grade concrete and Fe-415

grade tor steel. Design suitable reinforcements in the grid beams and
sketch the details of reinforcements.
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Virendeel Girders

15.1 GENERAL FEATURES

Professor Arthur Virendeel in 1896, developed a rigid frame with open web
girders having rigid joints, comprising of a top and bottom chord with
vertical members between the top and bottom booms. This type of open
frame is popularly known as Virendeel girder. The prominent feature of the
Virendeel girder being the absence of diagonal members and the frame
depends on the rigidity of the joints for stability.

Virendeel girders have been widely used in Europe and particularly in
Belgium where the pioneering work on this type of girders were made.
Virendeel girders are used in structures where free unobstructed space is
required between the top and bottom chords such as in clerestory lighting
in churches and also for main girders in factories and ware house sheds.
The various types of Virendeel girders used in practice are shown in
Fig. 15.1.

15.2 ANALYSIS/OF VIRENDEEL GIiRDERS

Due to the rigid joints at the junctions of the members, Virendeel girder is
a statically inderterminate structure. Several methods have been developed
for the analysis of Virendeel girders such as,

(a) Statically determinate analysis
(b) Naylor’s moment distribution
(¢) Modified moment distribution
(d) Computer analysis based on generalised slope deflection equations

The first two methods will be used for the analysis and design of reinforced
concrete Virendeel girders in the following sections.




272 Advanced Reinforced Concrete Design

Fig. 15.1 Types of virendeel girders

Statically Determinate Anal ysis

In the statically determinate analysis, hinges are assumed at the mid span
of the chords and mid height of the verticals as shown in Fig. 15.2.

Let W= Loads acting on the joints of the top boom.

The vertical shears acting at the mid sections of each of the panels of the
Virendeel girder is determined and this is equally divided between the top
and bottom chords, Accordingly the shear at section xx is V= ¥

Shear at hinges = (—gf—)
The chord bending moments are obtained by multiplying the shears at the
hinges by half the length of the panel. The shear in the verticals is obtained
by dividing the moment in the verticals at the joints by half height. The
axial forces in the chords are obtained by summing up the horizontal shears.

The simplified method of statically determinate analysis is applied to the
following example.
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Fig. 15.2 Analysis of Virendeel-girder

15.3 EXAMPLE

A Virendeel girder spanning over 12 m has 6 bays of 2 m gach. The verticals
are 2 m in height. The loads acting on the top boom of the Virendeel girder
are 10 kN at each of the nodes.

Analyse the forces in the members of the Virendeel girder using the statically
determinate analysis.

Referring to Fig. 15.3, considering half the frame, the shear forces in the
panels are computed as shown below:

Shear in panel 1 —-2=25kN

25

Shear at pains of top and bottom chords = ( 5

)== 12.5kN
Shear in panel 2—3=(25-10)=15 kN

Shear at pins = (E;)S—) =7.5kN

L

Shear in panel 3-4=(25-10- 10)=35 kN
Shear at pins= (%}= 2.5 kN

The chord moments are obtained by multiplying the pin shears by half the
length of the panel.

Mia=Ms 7=(125x1)=12.5 kN-m

Ma_s=Ms_¢= (1.5x1)=17.5kN-m

Moo= Me_s= (2.5%x1)=2.5kN-m
Considering the equilibrium of joints we have,

Mig=12.5 kN-m

My7=(12.547.5)=20kN-m
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10kN 10 kN 10 kN 10 kN 10 kN
1 2 3 4 S 6
Virendeel
Zm Girder
8 7 6 5
P (2 x 6)=12'm
12.5 10 kN 75 10 kN 25 10 kN
1 } 2 I 3 J 4
Hinge
] 3 > ] shears
1'215 7.5 21‘5
8 7 N3 " 5
‘R=25kN Shear in Panels
12.5
7-5 2.5
125 20 10
i 2 3 b
5
125 7.5 z
Bending
moments
(kN.m)
8 7 6 5
125 \ 20 N 10
L 125 | 325 . £2.8 ; Axial-forces
1 2 3 4 (kN)

Fig. 15.3 Analysis of forces in Virendeel girders

Ms_6=(7.5+2.5)= 10 kN -m
My s=0

The shear in the verticals are obtained by dividing the moment in the

verticals at the joints by half their height.

For member 1 - 8, shear=V,_g= ( 13_5_2_2) =12.5kN
For member 2 - 7,shear=V, ;= ( 20 xZ) =20kN
For member 36, shear = Vi 6= ( 102>< 2 ) =10kN
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“The bending moment diagram for the Virendeel frameis shown in Fig. 15.3.
The axial forces in the chords are obtained by summing the horizontal shear
in the vertical members.

Axial forces in members are,

H, 2=12.5 kN (Compression)
Hy_3=(12.5+20)=32.5 kN (Compression)
Hi 4=(12.5+20+10)=42.5 kN (Compression)

The axial forces in the bottom boom have the same magnitude as their top
counterparts, but they will be in tension.

15.4 EXAMPLE

Analyse the Virendeel girder of Example 15.3, by Naylor’s moment distribu-
tion procedure and evaluate the forces in the members.

In the case of Virendeel girders having the same section for the top and
bottom chords, Naylor’s' modified moment distribution procedure can be
advantageously used for the evaluation of forces in the members. In the
given example the stiffness values & of the chords and verticals are assumed
to be the same. However in the Naylor’s method only half the frame is
considered with hinges assumed at mid heights of verticals of the Virendeel
girder as shown in Fig. 15.4.

The following salient points of Naylor’s method are noteworthy:

I. Since only half the length of vertical members are considered with
hinge at mid height, the modified stiffness of verticals are obtained as
6 k, where k is the original stiffness of the vertical members.

2. The carry over factor is — 1

3. The fixed end moments in each panel is obtained from the shears in
the panels.

The distribution factors at each of the joints a:: computed using the modified
stiffness values of the members and the moment distribution is carried out
as shown in Table 15.1.

The shears in each panel, fixed end moment and bending moment diagram
for the Virendeel girder is shown in Fig. 15.4.

A comparative analysis of the moments obtained by the siacically deter-
minate analysis and Naylor's moment distribution procedure indicates that
the Latter method results in higher moments in end verticals and lower
moments in interior vertical members.

15.5 DESIGN OF MEMBERS OF VIRENDEEL GIRDER

The top boom members of the Virendeel girder is subjected to axial com-
pression and bending moments while the bottom boom members are sub-
jected to axial tension and bending moment. The vertical members are under
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10 kN 10 kN 10 kN
] k=1 2 k=1 3 k=1 b
k=1 k=1 k=1 k=1 T
1x6=6 i26=6 1x6 =6 ix6 =6
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15 4} ﬁL ﬁ‘» 2m
s >
(2x6) =12 m ———
25 kN
Shear -~ 25 kN 18 kN 5 kN
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F.EM. ‘(’2—;‘2’“) "( %2 ) (ZXZ)
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1.7 8.75 3.87
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<

Bending Moment Diagram

Fig. 15.4 Naylors moment distribution for Virendeel girders

axial thrust and bending moments. In addition, all the members are subjected
to shear forces to a varying degree.

The top boom members and the verticals are designed for combined
compression and moment using interaction curves while to bottom boom
members are designed for axial tension'and moment in a manner similar to
that of rectangular tank walls. The design of various members of the
Virendeel girder is illustrated in the following example.

15.6 DESIGN EXAMPLE

Design the following members of the Virendeel girder subjected to maximuin
design force components shown in Table 15.2. Adopt M-20 grade concrete
and Fe-415 grade tor steel. Assume suitable load factors wherever necessary.
All the members are 2 m long.
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TaBLE 15.2 Design Force Components
Maximum design working forces

Member Axial Axial Bending Shear
Type compression tension moment force
(kN) (kN) (kN-m) (kN)
Top boom 12.5 — 12.5 12.5
Bottom boom — 12.5 12.5 12.5
Verticals 10.0 — 20,0 20.0

(a) Top Boom Member

Top boom member is subjected to compression and moment. If the ratio
of effective length to least lateral dimension is restricted to 12, we have

L(’ LC 2000
=le12 D=5 =
( ) 12 ..D (1 ) (12 ) 166 mm

.. Adopt a section 200 mm by 200 mm with effective depth of 170 mm.
Using load factor of 1.5 we have the ultimate moments, thrusts shears as,

M,=(12.5%1.5)=18.75 kKN-m
Py=(12.5x1.5)=18.75 kN
Va=(12.5%1.5)=18.75 kN
( M, )_( 18.75 x 106
Jex+b-D%] 7\ 20 x 200 x 2002

Py 18.75x10% |
(ﬂk'b'D )’“( 20 x 200 x 200 )“0'023

From interaction curves of SP-16, using the parameters, fy =415 N/mm?

(5)-(3)-os (2)-vom

p=(0.085x20)=1.7

4o [1PD 1.7 x 200 x 200
ST {100 /7 100

Use 4 bars of 16 mm & (4, = 804 mm?)

./ 3
Ty= (L‘i) = (M) = (.36 N/mm?

)=0.II7

) = 680 mm?

bd 200 x 170
1004, 100 x 340\
( bd )=(2OO><I70)—1'00

From Table 13 of IS : 456, 7. =0.62 N/mm?
since 7, < 7, only nominal shear reinforcements are provided. Using 6 mm
@ 2 legged stirrups, spacing is given by

o (Asvfy) _ (2 %28 x 415

0.4 0.4 %200

Adopt 6 mm @-2 legged stirrups at a uniform spacing of 250 mm centres,

) =290 mm
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(b) Bottom Boom Member

‘The bottom boom member is subjected to axial tension and bending
moment.

M=125kN-m
= —12.5 kN (Tension)
V=125 kN
Section adopted is 200 mm by 200 mm cover =d! =30 mm, D =5b=200mm
The ultimate moments and forces are,
My=(12.5%1.5)=18.75 kN-m
P,= —(12.5x 1.5)= x18.75 kN

(%)= (s0) 015

If the reinforcement is distributed equally on four sides.
Referring Chart 80 of SP.-16, we have

(___Pu) (1875><IO3) 0.023

Sexb-D 20 x 200 x 200
M, \_ [ 1875x105 \ .
(fck-b-pz)“ (20 %200 2002)“0'0“0”
(f )<002 o p=(20x0.02)=04
pbDY _ (0.4 x 200 x 200} _ )
As ( 100) ("“""m“"””“) =160 mm

Alternatively using the working stress method effective depth =d=170 mm
Distance of tensile steel from centre of section = (x)=(100-30)=70 mm

A= M-P-x . P 12.5x 106~ (12.5 % 103 x 70) + 12.5>:]03]
N onl | 230%0.9%170 230

=385 mm?

Use 4 bars of 12 mm @ (A4g =452 mm?) and nominal shc,dr reinforcements
of 6 mm @ -2 legged stirrups at 250 mm centres.

(¢) Vertical Members
My=20x1.5)=35kN-m
| Py=(10x1.5)=15kN
| Va=(20x 1.5)=35 kN

Using a section 200 mm by 200 mm
P, _ 15103 _
(f}”ck-bA D) = (zo X 200 x 200) =0.018

( M, )~ 20 x 106 )~om
fex+b-D2)  \20x 200 x 2002} ~
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(cji)- 30 =0.15 . From SP-16, Chart 45, we h:
5)= 355 )=0 - . \ , ave
(-’.’—):0.09 co p=(0.09%20)=1.8
fck
4 _ {pbDY 1.8><—200;<_2;(1(‘))—_ \ 5
Ag= (mo»)_ (»~————~—100 =720 mm
Use 4 bars of 16 mm @ (45t = 804 mm?2)
Va 20 x 103 , (1004, _ {100 x 340 _
'V“(?)Zi)““‘ (2“0‘07:‘1’7‘0)‘0'59 N/jmm?, ( bd )‘ (200>< 170 )“ 1.00
7e=0.62 N/mm?

since v, < 7., provide nominal shear reinforcements of 6 mm, @ 2 legged
stirrups at 250 mm centres.

15.7 EXAMPLES FOR PRACTICE

1. A Virendeel girder spanning over 15 m has 10 bays of 1.5 m each.
The vericals are 1.5 m long. The girder supports vertical loads of
I5 kN each at all the node points of the top boom. Assuming the
stiffness to be constant for all the members, analysis for moments,
axial forces and shears in the Virendeel girder using the statically
determinate analysis. Also design the end vertical and top bottom
boom members using M-20 grade concrete and Fe-415 grade tor steel.,
A Virendeel girder of 9 m span has 3 bays of 3 m each. The height of
the verticals is 3 m. The girder supports concentrated loads of 100 kN
and 50 kN at the interior node points of the top boom. Assaming
constant stiffness for the members, investigate the moments and forces
in the girder by, :

b

(a) Statically determinate analysis
(b) Naylor’s moment distribution procedure.

3. A Virendeel girder spans over 20 m and has 10 bays of 2m each.
The height of the verticals is 2 m. The Virendeel girder supports loads
of 10 kN each at all the node points of the bottom boom except the
left and right hand supports. Assuming constant stiffness, analyse the
Virendeel girder by any suitable procedure and design a typical top
boom, bottom boom and vertical member subjected to maximum
moments. Adopt M-20 grade concrete and Fe-415 grade tor steel.




Trusses

16.1 GENERAL FEATURES

For spans exceeding 18 m, reinforced concrete trusses are more economical
and are widely used for industrial buildings, warehouses, aircraft hangers,
where column free space is desired. The configuration of the truss depends
on the shape of the roof and its general lay out. In U.S.S.R., trusses are
generally adopted for industrial buildings having spans more than 18 m.
The most favourable configuration of the top chord is obtained in the bow
string truss, the web or diagonal members are subjected to forces of very
low magnitude and the bottom boom member, subjected to very heavy
tension is generally prestressed. The different types of truss configurations
used for span ranges from 18 to 30 m are shown in Fig. 16.1.

16.2 DIMENSIONS OF TRUSSES

The height of a reinforced concrete truss at mid span is in the range of 1/7
to 1/9 of its span length. The span of the trusses range from 18 to 30 m
and more. The width of the various compression and tension members is
kept constant at 200 to 350 mm depending upon the span of the truss. The
depth of top boom members which are in compression generally is in the
range of 200 to 300 mm. The bottom tie member should be of sufficient
size to house the pretensioned wires or post tensioned cables. The depth is
around 200 mm for spans of 15 m increasing to 300 mm for spans of 30 m.
The depth of diagonal web members which are in compression and tension
generally vary in the narrow range from 100 to 150 mm.

The use of concrete trusses with modular co-ordination for spans of 6,
9, 12, 15, 18, 24, 30 and 36 m and with a base module of 3 m is most
common for industrial buildings of East European Countries such as
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Fig. 16,1 Types of trusses

U.S.S.R.,, Poland, Yugoslavia and East Germany. Branko Zezelji has
Teported the construction of reinforced concrete trusses with prestressed tie
members for spans up to 60 m in Yugoslavia,

16.3 MATERIAL REQUIREMENTS

Concrete used in stresses is normally of grade ranging from M-30 to M-50
which can be considered as high strength concrete. The reinforcements
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consists of the mild steel or deformed tor steel together with high tensile steel
wires used in the bottom tie member. The material requirements per truss
varies with the span and spacings of trusses. Table 16.1, shows the require-
ments of materials for precast reinforced concrete trusses designed for roof
loads of 3.5 to 5.3 kN/m?2. .

TABLE 16.1 Material Requirements for Precast Roof Trusses

R — —

Weight of Crade of Material requirements per truss

Types of Truss Truss Concrete  Steel " Concrete
(kN) (N/mm®) (kg) (m*)
1. Truss spacing=6 m
Prestressed bow string truss
with cable reinforcement
span,
(a) 18 m 4.3.4.8 30 338-433 1.72-1.9
(b) 24 m 8.8-10.0 30-40 621-689 3.50-4.0
(c) 30m 15.2-17.0 30-40 1041-1219 6.08-6.8
Polygonal, built up from
blocks with prestressed
bottom chord having wire
cablereinforcement span,
(a) 18 m 6.58 40 514-529 2.63
(b) 24 m 9.60 40 744-765 3.85
(¢) 30 m 13.20 40 1135-1186 5.28
2. Truss spacing=12 m
Prestressed bow string of
linear elements with wire
reinforcement span
(a) 18 m 7.6-9.1 30-40 491-759 3.06-3.63
(b) 24 m 14.9-17.4 30-50 1018-1367 5.95-6.96
(c) 30 m 25.5-29.8 30-50 1422-2213 10.20-11.90
Prestressed bow string
with bar reinforcement
span
(a) 18 m 7.6-9.1 30-40 563-962 3.06-3.63
(b) 24 m 14.9-17.4 30-50 1238-1822 5.95-6.96

(c) 30m 25.5-29.8 30-50 1778-2981 10.20-11.90

16.4 CONSTRUCTIONAL FEATURES

The chords and struts of trusses are designed to have the same width for
convenience in fabricating in a horizontal position. If precast roof slabs are
used for roof covering, the upper chord panels are made equal to the width
of precast slabs which is usually about 3 m. The lower tension chord is
prestressed with the use of bunched high strength wire or cables running in
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preformed holes. For spans in the range of 18 to 24 m, the trusses are made
in one piece but when spans run from 24 to 30 m, they are made in two
pieces with the joint in mid span.

Polgonal trusses with inclined top chords are generally made of 6 m
blocks or half trusses with 3 m panels. Due to higher tensions developed in
the diagonal members of large span trusses, prestressing them becomes in-
evitable. In general polygonal trusses are less economical than the bow type
with regard to material and labour costs. At the ends of trusses near the
supports, 10 to 12 mm steel bearing plates are anchored and embeded while
casting and these serve as bearings and for fixing of trusses to the columns.

16.5 ANALYSIS OF TRUSSES

Based on theoretical and experimental work, it is established that the stress-
es in the various members of the truss are analysed on the assumption of
hinged joints in steel, reinforced concrete and prestressed trusses. The rigi-
dity of the joints does not significantly affect the forces developed in the
members, as such the analysis is generally carried out on the assumption of
hinged joints.

The trusses ase analysed for dead, wind and snow loads applied to the
joints of the top chord. The load of suspended mechanical handling facilities
is applied at the panel points of the bottom chord. When loads are applied
to the chords of a truss between the panel points, the bending moments
are determined by assuming the chord as a continuous beam with spans
equal to the distance between the points.

Trusses must also be analysed for forces developed during fabrication
and erection. Initial stresses developed due to the prestressing of the
bottom chord member should also be considered in the design of trusses.
If 4= Contraction of the bottom chord due to precompression

P = Prestressing force
L = Length of the bottom chord
A= Cross sectional area of bottom chord

E¢=Modulus of elasticity of concrete

PL
a-(1£)
The displacements of the ends of truss members in a direction perpendicular

to their Jongitudinal axis caused by the elastic contraction 4, is determined
with the aid of Williot diagram.

Then we have the relation

If §=displacement at the ends of members

M =Bending moment developed in the members
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The moments in the members are obtained by the relation,

6EIS
M= (T)

In the case of large span trusses with larger magnitudes of prestressing
forces in the bottom chord, the secondary stresses developed in the various
members due to the contraction of the bottom chord should be investigated
and considered in the design of the members.

16.6 DESIGN EXAMPLE

A reinforced concrete truss is to be designed for a warehouse shed to. suit
the following data:

Span of truss (centre to centre of bearings) =25 m
Spacings of trusses =5m
Central rise of truss =4.13m

The fink type truss shown in Fig. 16.2, supports réinforced concrete purlins
at intervals of 1.35m and the roof is covered by Asbestos sheets. The
bottom chord member is to be prestressed. The maximum design forces in
the various members are shown in Table 16.2.

200 % 250

‘l 3540-—a+—351.o-~—

24780 —mrre

Fig. 16.2 Precast reinforced concrete truss for 25 span

Design suitable reinforcements in the truss members. Adopt M-35 grade
concrete and Fe-415 grade tor steel for main reinforcements and Fe-250
grade mild steel for secondary reinforcements. Sketch the typical details
of reinforcements and high tensile wire cables in the members of the truss.
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TaBLE 16.2 Forces in Truss Members

_{0.8 x200x 250 3
As= (MW) =400 mm

Member Cro§s sec§ional Diregt force . Bending moment
Dimensions Compression Tension
(mm X mm) (kN) kN) (kN-m)
AB 200 250 395 — 4.3
BC 200 x 250 364 — 12.0
cD 200x 250 297 — 16.0
DE 200 250 236 —_— 16.0
BH 100x 250 36 — —
CG 100 < 250 62 — —_
DF 100 X250 72 — —
AH . 200 x 250 — 377 —
HG 200 x 250 — 335 —
GF 200x 250 — 268 —
G 200 % 250 — 225 —_
CH 100x 250 -— 18 —
DG 100 % 250 — 35 —
EF 100 x 250 — 59 —
. Design of Compression Members
(a) Member AB
w=(1.5%395)= 592.5 kN b=250 mm
My,=(1.5%x4.3)=645 kN.-m D =200 mm
Length L=2.11m JSex=35 Nymm?
Effective length=L.=(0.65x2.11)=1.37 m
L (137 5
(5)- (57)=685- 10
P, 592.5% 103
(fck-bw) “(35 %200 260)" 0.338
M, 6.45 x 106 )
(fck 'b-Dz) h (35 x 200 x 2002) 0.018
If cover d'=40 mm
dt 40
(5)- (i) -02
Referring to Chart 46 of SP 16,
(_g_) =0 Provide minimum reinforcement of 0.8 percent
Sek in the section

Provide 4 bars of 12 mm ¢ (4;=452 mm?) and 6 mm ties at 200 mm

centres.
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(b) Member BC

Length L=2.70 m
Effective length= L. =(0.65x 2.70)=1.755m

L\ (1755
(7)‘)“ (W)zsw <12

Py =(1.5x 364)=546 kN
Ma=(1.5x12)=18.0 kN-m

Py \_ ([ 546x10% Y _
(fck~b- \)‘“ (35x250x200)”0'312

My _ ,“18 x 108 _
(fck -b-m) h (35 x 250 x 2002) =0.051
From design Chart 46 of SP. 16,

(ﬁ,) _00l . p=(35x0.01)=0.35

ck
Provide minimum reinforcement of 0.8 percent A =400 mm?
Provide 4 bars of 12 mm ® (As=452 mm?) and 6 mm P ties at
200 mm centres.
(c) Member CD

Pu=(1.5% 207) = 445.5 kN

Mo=(1.5% 16)=24 kKN -m
L, (0.65%4.05Y
(7)_)~(M0.2 )~13.16> 12

Slenderness effects have to be considered additional moments to be
considered are

. 2 5
Mux=(P“ D)(L") _ (M)(13.16)2=7.71 KN-m

2000 J\D' 2000
.. Total moment Mu:(24+7.71)=3l.71 kN:m
P,=445.5 kN

Py \_ (4 45:5x10°)
(/;k~b-D)“( ) 0.254

(]’Zﬁ% -D?
From Chart 46 of SP-16 we have

———*) = 0.09

Mo \ _(_3L71x 106
35 % 250 x 2007

(—’1) 006 .. p=(35x0.06)=2.10

f ck

N 2.10 x 250 x 200} _ 2
s = (_,‘ 100 )-— 1050 mm
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Provide 4 bars of 16 mm @ and 4 bars of 10 mm &. (A4s=1120 mm?)
Adopt 6 mm @ ties at 200 mm centres.

(d) Member DE
i Py=(1.5x236)=354 kN
{12 My=(1.5x16)=24 kN-m

% L 0.65x 4.2 .

(354%0.2 L
Mg = (——W)U&(SS) =6.6 kN-m

Total moment M, =(24+ 6.6)=30.6 kN.-m

L Py oy 354 x 103
: Ja-5-D) T \35<250 = 200

)-—: 0.202

My ) 30.6x105
Sk b-D2 ) {35 x 250 x 2002
From Chart 46 of SP-16,

)=0.087

(—’?—)=0.055 oo p=(35%0.055)=1.925
fck
_(1.925x250 %200 ,
Ag= (W——w)—Qﬁ mm:

Adopt 4 bars of 16mm @ and 4 bars of 10 mm @ (A4s=1120 mm?),
Use 6 mm @ ties at 200 mm centres.

(e) Member DF

Py=(1.5x72)=108 kN section used is 100 x 250 mm.
Lo\ _ (0.65x4.1y
Additional moments to be considered is,

108 x 0.1
( 2000
Since the moments and forces are of small magnitude, provide mini-
mum reinforcement of 0.8 percent in the section.

do= 0.8 x 100 x 250
5 100

Provide 2 bars of 12 @ (4;=226 mm?).
Adopt 6 mm @ ties at 200 mm centres.

My = )(26.65)2=3.83 kKN-m

) = 200 mm?

2. Design of Tension Members

(a) Bottom Chord Member

Maximum design tensile force in the bottom chord member
AH =376 kN s Ng=377 kN
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Permissible compressive stress in concrete of M-35 grade at transfer 5
. C

=g =15 N/mm?
Permissible tensile stress at working loads o = 0 loss ratio =7= 0.8
. Area of concrete section
N 377 x 103
= (/7“7)= (m)zm,axm mm?
Section adopted = (200 x 250) = 50,000 mm?
- Compressive prestress
_ ( 377 x 103
0.8 x 50,000
Prestressing force

) =9.43 N/mm?

9.43 x 50,000} _
Using 7 mm diameter high tensile wires initially stressed to 1100 N/mm?
and having an ultimate tensile strength of 1500 N/mm?, the number

of wires required is given by

471.5% 103
”:(38.5 x 1100)= HL13

Use 1 Freyssinet cable containing 12 wires of 7 mm with suitable end
anchorages.
Ultimate tensile strength of tie

12 x38.5x0.87 x 1500

s T ( 1000 )= 603 kN

Lo%d factor against collapse

603
_ (3”77«)_ 1.599 > 1.50

‘Assuming direct tensile strength of concrete as 4 N/mm?

Cracking load = [ 22:000(0:8 X943 + 40} _ 577 5 jon
1000
Load factor against cracking
571.2

Provide 4 bars of 12 mm @ and 4 bars of 10 mm & as untensioned
reinforcement with 6 mm & ties at 200 mm centres.

(b) Member EF
Section adopted is 100 x 250 mm
Maximum design tensile force Ng= 159 kN
59 < 103y 2
8= ( 530 ) =257 mm
modular ratio for M-35 grade concrete is

280
m= (m‘ifs‘)" 8.1
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Using 2 bars of 16 mm & (As=404 mm?)

Ac+(m=T)Ay

. Ny 59 x 103
I =] - * = - 7V
Tensile stress [ ] [(zso x100)+(8.1=1 )404]
=2.11 N/mm? < 4 N/mm?
Provide single legged ties of 6 mm & at 200 mm centres.
Typical reinforcement details are shown in Fig. 16.3.

Details at Junction- C

Hair-pin
Reinforcement

Freyssinet \Coble'lz nos.7mmé¢ 4123
Cone-Anchorage H.T.Wires

Typical-Section of

Details at Junctlion-A

Tie Member

Fig. 16.3 Reinforcement details in truss
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16.7 EXAMPLES FOR PRACTICE

1. A reinforced concrete truss of polygonal parallel chord type is pro-
posed for the roof system of an industrial structure for a span of
24 m, comprising of 8 bays of 3 m each. The truss height is 2.5 m.
Spacings of truss =6 m. The roof is covered by precast ribbed slabs of
size 3 m by 6 m each weighing 24 kN. Liveload on roof is 1.5 kN/mz2,
Roof finishes= 1 kN/m2. The top and bottom boom members are
250 mm wide by 300 mm deep, while the diagonal members and verti-
cal members of cross section 250 mm by 150 mm. Using M-35 grade
concrete and Fe-415 grade tor steel, design suitable reinforcements for
the members of the truss. Design the bottom tie as a prestressed
member. .

2. The compression and tension members of a 18 m span reinforced con-
crete truss are subjected to the forces shown in table below: ‘

Cross sectional Length of

Member Dimensions member Forces Moment:
(mm X mm) (m) &N) (kN-m)
300
AB 200 %240 1.8m Compression 35
240
DE 200 % 240 3.6m Compression 120
AH 200 X 240 3.0m Teﬁ?on -

Using M-35 grade concrete and Fe-415grade tor steel, design suitable
reinforcements in the members. Design the suitable prestressing force
for the tie member using 7 mm diameter high tensile wires initially
stressed to 1000 N/mm?2. Sketch the details reinforcements in the cross

. section of the members.

3. A polygonal truss with an upward support diagonal having a sloping
top chord is proposed for the roof system of an Industrial ware house 1,
30m by 120 m in plan. The spacings of trusses=6 m. R.C.C. purlins 3
are proposed between the trusses to support the asbests roof cladding. |
M-35 grade concrete and Fe-415 grade tor steel are specified for "
precasting the trusses at site. Design the R.C.C. purlins and the typi-
cal compression and tension members of the truss. Also design the |
bottom chord tie as a prestressed member. Sketch the typical reinforce- I
ment details in the members of the truss. 0
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Poles

17.1 GENERAL FEATURES

During the Jast two decades, reinforced concrete poles are being widely
used and they have gradually replaced the traditional poles made of wood
and steel. Reinforced concrete poles are mass produced and are extensively
used in most countries for railway, power and signal lines, lighting poles,
antenna masts, telephone transmission, low and high voltage electric power

transmission and substation towers. The main advantages of reinforced
concrete poles are:

L. Fire resistant, particularly to grass and bush.fires near the ground
level.

2. Freeze thaw resistance in cold regions.

Durability from corrosion in humid and temperate climates and from
erosion in desert areas.

Economical, when mass produced using precast techniques.
Resistance to termite attack when embeded in carth.

R.C. poles can be moulded to any size and shape.

Easy installation in ground.

Clean and neat appearance and requiring negligible maintenance for
a number of years, thus ideally suited for urban installations.

(95

o N L

The various advantages have resulted in the rapid development and use of
different types of reinforced concrete poles in the developed and develop-
ing countries. In view of the crash programme of rural electrification in
India, it is estimated that there will be a demand for two million poles
annually which will further increase due to the electrification of new lines
during the next decade.



Poles 293

17.2 CLASSIFICATION OF POLES

According to the Indian Standard Code IS: 785-1964, the reinforced con-
crete poles are classified into 11 categories depending upon their transverse
load carrying capacity as detailed in Table 17.1. The depth of embedment
of pole below ground level depends upon the length of the pole. The embe-
ded depth varies from 1.2 m for 6 m long poles to 2.40 m for 17 m long
poles.

TasLe 17.1 Classification of R.C.C. Poles

Maximum over all Minimum ultimate transverse load
Class of poles length applied at 600 mm from top

(m) (kN)

1 17.0 ' 30
2 17.0 23
3 17.0 20
4 17.0 14
5 16.0 - 11
6 12.5 10
7 12.0 8
8 12.0 7
9 11.0 S
10 9.0 3
11 7.5 2

Minimum over all length of all classes of poles shall be 6 m.

17.3 DESIGN FEATURES

Reinforced concrete poles are subjected to bending moments of equal
magnitude in opposite directions. The poles are generally designed for the
following critical conditions.

Bending due to wind load on cable and on exposed face.
Combined bending and torsion due to eccentric snapping of wires.
Maximum torsion due to skew snapping of wires.

Bending due to failure of all the wires on one side of the pole and
Handling and erection stresses.

ok WD

The pole shall be designed such that when it is vertical, its strength in the
transverse direction shall be sufficient to take an ultimate load cqual to
the horizontal wind load on wires and pole multiplied by the load factor.
The design should ensure that at 40%, of the ultimate load, the stresses and
and strains are such as not to cause any harmful cracking in pole. The
minimum load factor for transverse strength of all classes of poles is pres-
cribed as 2.5.

In the case of poles used for power transmission lines, the strength of the
pole in the direction of the line should be not less than 1/4 of the strength
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required in the transverse direction. The torsional strength of the pole
should be not less than 0.75 kN-m for poles of class 1 to 9 and not less
than 0.50 kN-m for poles of other classes.

The design of a typical reinforced concrete pole for power transmission
lines is illustrated by the following example.

17.4 DESIGN EXAMPLE

A reinforced concrete pole is to be designed to suit the following data:
Line voltage—3 phase, 400 V—

No of circuits—one

Number of conductors (including neutral and street lighting wire)—five
Size and material of conductor—7.1 mm diameter copper

Size and material of neutral Wire—5 mm diameter copper

Size and material of street lighting wire—4 mm diameter copper
Normal span—50 m

Wind pressure—1 kN/m?2

Load factor—2.5

Over all length of pole—7 m

Material M-20 grade concrete Fe-415 grade tor steel.

Arrangement of conductors—As shown in Fig. 17.1

Tension in conductors—3 kN

Design and detail the reinforcements in the pole.

1. Wind Load Calculations

Wind load on 3 conductors/span

2 71 ,
Wind load on Neutral wire/span
2 5

Wind load on street lighting wire

2 4
= (1.00>< X »W)XSO)—O.I% kN

2. Bending Moments

Total bending moment at ground level due to windage on all the
wires = (0.71 x 5.6)+(0.167 x 5.6)+(0.133 x 5.95)= 570 kN-m
Equivalent load at 0.6 m from top corresponding to ‘windage on all
the wires

- -.532_0[(0.71 X 5.6)+(0.167 x 5.6) +(0.133 x 5.95)] = 1.097 kN

Assuming the pole to have uniformly taperihg square section having
dimensions as shown in Fig. 17.1.
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Fig. 17.1 R.C. transmission pole

Wind load on pole above ground level

0.125 +0.2286
+0.228¢

e

- 1.00><5.80( ).-. 1.025 kN

Bending moment at G.L. assuming the load to be acting at centre of
gravity of pole

1 .
= 2 — X iR ClEr I I b= P -
1.025 x = % 5.80 0.2986 40,125 ] 2.682 kN-m

{().2286 +2x0.125
3
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Equivalent load at 0.6 m from top corresponding to windage on pole

_ {2682
32

Total transverse load at 0.€¢ m from top corresponding to windage on
the conductors and pole =(1.097+0.515)=1.612 kg

Ultimate load with load factor = (1.612x2.5)=4.03 kN

From Table 17.1, a reinforced concrete pole belonging to class 9 can
be chosen.

)=0.515 kN

3. Design of Reinforcements
Using M-20 grade concrete and Fe-415 grade tor steel, the ultimate
moment capacity of the pole section at ground level is given by,
jwu(“m, = 0138/‘014 -b -d?
Assuming an effective cover of 30 mm,
Effective depth at ground leve] = (228.6 - 30.0)= 198.6 mm
o Mugimy=(0.138 x 20 x 50 x 198.62)=272 x 106 N- mm
‘ =272 kN -m
Total service load bending moment at G.L. due to windage on wires
and pole=(5.70 +2.682)=8.382 kN-m
Ultimate moment with a load factor of 2.5
Mu=(2.5-8.382)=20.955 kN-m

Since M, < Mygim), the section is under reinforced

‘ A f,
Mu=0.87fyA5t-d[ - ijf-ky_}

20.955 % 106 =0.87 415 x Ast x 198.6 [ I- A 415 ]

250 x198.6 x 20

Solving Ast =342 mm?2

4. Torsional Moments

Due to skew snapping of the wires torsional moments develop in
the pole.

Torsional moment 7= 3(1.4+0.6)=6 kN.m
B Tu=(2.5%6)=15 kKN-m
. Bending moment at base My=20.955kN-m
. Ve=4.03 kN.-m
Equivalent bending moment A, = (M, + M) where,

i Mi=T, [iil_(gﬂ] =15 [Lﬂ%ﬁg&p)] =176 kN.-m

Mey=(20.955+17.6)=38.6 kN-m :
The longitudinal steel should be designed for this bending moment.
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For the assumed section at ground level Myqim) = 27.2kN-m
[Meo1 — Myqim)] =(38.6 - 27.2) = 11.4 kN-m
(11.4—106) =fio - Ase-(d—d*)
Assuming cover of 30 mm J=198.6 mm dl =30 mm
fue ¥ 0.87f, + (0.87 x 415) » 361 N/mm?

N 6
Asc=( 11.4x10 ): 187.3 mm?

7361 % 168.6
o [03670b(048d) ] 0.36 % 20 x 250(0.48 x 198.6)
e 0.87f; = 0.87 % 415
=475 mm?
Asefic 87.3 x 361
Asz= (—(T“éﬁ%) = (»%%—;—\415 )= 187.3 mm?
. y . Pt

Age = (Ast1 + As2) = (475 + 187.3) = 662.3 mm?
Provide 4 bars of 22 @, one each at the corners (4s = 720 mm?).

5. Transverse Reinforcements

. Ta B WIS _
Vo= Va+1.6 (77—)—-4.03+1.6 ( s )_mo KN

oo Ve 100x10° 2
e (bd)'( 550 % 198.6 )“‘ZN/mm

(100Ast )=( 100 % 720 )21'45

bd 250 x 198.6
7e=0.70 N/mm?

Balance shear = Vs = {100 - Wo‘.]p;:%(s)gg 1986 } ~65.3 kN

Using 10 mm @ — 2 legged stirrups, spacing

[ 0.87-415-2-79-198.6} _|7a 0
VST 65.3-103 -
Adopt 10 mm @ -2 legged stirrups at 170 mm centres spacing

throughout the length of the pole.
The reinforcement details are as shown in Fig. 17.2.

17.5 EXAMPLES FOR PRACTICE

1. A reinforced concrete pole 10 m long is required to carry 4 conduc-
tors of 7 mm diameter each spaced at 500 mm intervals in a cross
arm fixed at 600 mm from the top. The depth of embedment is 1.8 I
m. below ground level. Spacings of poles= 50 m it
Wind pressure= 1.5 kN/m?




298 Advanced Reinforced Concrete Design

\4-22&

10§ -170¢/fc

Fig. 17.2 Reinforcement details in R.C. pole

Load factor=2.5

Tension in conductors = 3 kN

Adopting M-20 grade concrete and Fe-415 grade tor steel, design a
suitable pole for the transmission line,

2. A reinforced concrete pole 12 m long is required to carry 4 conduc-
tors of 7 mm diameter each spaced at 600 mm intervals in a cross
arm fixed at 500 mm from the top. The pole is enibeded to 2 depth of
2 m below ground leve]. Spacings of poles =60 m
Wind pressure = | kN/m?

Load factor=2.5
Tension in conductors = 4 kN

Adopting M-20 grade concrete and Fe-415 grade tor steel, design a
suitable pole for the transmission line.
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eep Beams

18.1 GENERAL FEATURES d

A beam is considered as deep, if the depth of the beam is large in relation to
the span of the beam. According to the Indian Standard Code IS : 456 — 1978,
2 beam is considered as a deep beam when the ratio of effective span
to over all depth (L/D) is less than 2.0 for simply supported members and
2.5 for continuous members. :

In deep beams, the bending stress distribution across any transverse
section deviates appreciably from the straight line distribution assumed in

-the elementary beam theory. Consequently a transverse . section which is

plane before bending does not remain approximately plane after bending
and the neutral axis does not usually lie at the mid depth. In the case of
deep beams, shear flexure and shear modes dominated by tensile cleavage
failure are common. The ultimate failure due to shear is generally brittle in
nature in constrast to the ductile behaviour and progressive flexural failure
with large number of cracks observed in normal beams.

18.2 PARAMETERS INFLUENCING DESIGN

The prominent parameters influencing the design of deep beams are:

(a) C=Length of support

(b) D =over all depth of beam
(¢) L=Effective span

(d) b=Width of beam

(e) w=uniform load on the beam
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The characteristic ratios used as parameters in design calculations and
charts are,

C .
€= Tl= support to span ratio

B= (-}?) = Depth to span ratio

The design charts and the procedure of design outlined here are based on
the reports published by the Portland Cement Association, U.S.A. and
the concrete Association of India. These reports are based on the original

work reported by Dischinger in 1932. The parameters used in design are
illustrated in Fig. 18.1.
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Fig. 18.1 ’I‘ypical deep beam under uniform loading

18.3 FLEXURAL BENDING STRESSES

Figure 18.2 shows the flexural bending stress at mid span of a continuous
deep beam for different ratios of B having values of 0.5, 0.67 and 1.0 and
e=0.1. As £ increases from 0.5 to 1.0, the compressive stress decreases
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rapidly at the top and the neutral axis moves towards the soffit of the
beam. The tensile stress decreases gradually from 1.31 (w/b) to (w/b).’

a

- 030 p=D/L  £=C/L h=10 Y667 s

: | | /

5 T !

£ 025f D _‘.,w_.....l.__ﬁ- <

< Oy

s Lef—t —H4l -

o 4 C

e U T 17

3 Straight tine distr/i/

g bution for p:&&

& -025 -

8 /

& 3'\ /

< —

.e-o:sn/xf/é

a2 ~08 -04 0 04 08 12
- Tension Compression —

Unit Stress in Terms of w/b

Fig. 18.2 Flexural stresses at mid-span of deep beams with uniform loading

Tncreasing the value of the depth D, beyond the value of the span
L(DJL > 1), does not significantly influence the magnitude of the stresses

within the depth ‘L’. The curves are nearly the same for values of e¢=0.05
to 0.2.

The variation of stresses at support sections of a continuous deep beam
for different values of B varying from 0.5 to 1.0 and ¢=0.1, 0.2 and 0.05
are shown in Figs. 18.3, 18.4 and 18.5.

0.50

\ 5 X‘ﬂ p= DjL € =02
. ' €E=C/L
T s

0-25 \

Distance From Mid Depth (in terms of D)

0 . 2
St. line distribution
-0-25 -
406] o
-0-50 L 00 T—=
-12 -0-8 -0-4 0 04 08 12
- Tension Compression —s=

Unit Stress in Terms of w/b

Fig. 18.3 Flexural stresses at support of deep beams with uniform loading
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Fig. 18.4 Flexural stresses at support of deep beams with uniform loading
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Fig. 18.5 Flexural stresses at support ot deep beams with uniform loading

Assuming the uniformly distributed load shown in Figs. 18.2 to 18.5,
‘the mid span and SUpport moments in a typical interior span is given by
wi?

Mspan) = —— (1 —€2)

24
L2 .
lw(supportj = %4“ (1 —€) (2 - 5)

The reinforcements are designed for tension 7, expressed as the product of
a coeflicient and wZ for mid span and support sections. The coefficient for
tension computation is shown in Fig. 18.6. The flexural stresses developed
in simply supported singie span girders is shown in Fig. 18.7.
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Fig 18.6 Resultant tension in deep beams having uniform loading
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Fig. 18.7 Flexural stresses in simply supported single span deep girders
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It is assumed that the stress distribution curves are similar at mid span
for continuous girder with a length equal to 0.5L between the points of
inflexion and that of a simply supported girder of span L. Hence the curves
for the continuous girder shown in Fig. 18,7 may be adopted for single
span girders when B=0.5D/L. The design data is therefore generally

selected for single span girders for B=0.5 D/L and €=0.5 by using the
Figs. 18.6 and 18.7.
| The flexural stresses developed in continuous deep girder having concen-
trated loading at bottom and top 4re shown in Figs. 18.8 and 18.9 respec-
tively.
k]
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! = 74
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Fig. 18.8 Flexural stresses at mid span of deep beams with concentrated load
at botton edge
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Fig. 18.9 Flexural stresses at centre line of support of deep beams with concen-
trated loading at top edge



Deep Beams 305

A comparison of the curves indicate that they are nearly alike for B=0.5.
But as B increases there is increasing divergence of stresses for the two
cases of loading. For =1, when the girder is loaded at top, the stress
changes direction thrice and there are three neutral axis positions across
the depth of the girder. )

The resultant tension values as a function of depth to span ratio B and
the parameter e, are shown in Fig. 18.10. According to dischinger, selection
of T-values based on loads applied at the bottom gives conservative results
for continuous beams with loads applied on the top edge. For single span
girder of span L, and depth ‘D’ with a concentrated load W. The value
of parameter B is taken as equal to 0.5 D/L and e=0.5 C/L. The tension
is computed as the product of the coefficient from Fig. 18.11 and the con-
centrated force W. The reinforcements are provided as near the soffit of
the girder as possible.
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Fig. 18.10 Resultant tension in deep beams with concentrated load
at mid span
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18.4 SHEAR STRESSES IN DEEP BEAMS

In the case of deep beams with relatively small percentage of reinforcement,
the cracks (fevelop vertically from the soffit and remains practically vertical
in comparison with the diagonal tension cracks observed in conventional
_shallow beams as shown in Fig. 18.11.

)</Directkm of Tensile Stress
(- b)

1 {a} Shallow Beam

v'Z/Dirr::cﬁon of Tensile Stress

i

(b} Deep Beam

Fig. 18.11 Diagonal tension cracks in shallow and deep beams

It is clear from the figures that the diagonal tension which is characteris-
tic of a shallow beam changes gradually into plain horizontal tension as
the beam becomes a deep girder. Hence the conventional shear investiga-
tions are not strictly applicable to deep beams. Experimental investigations
by V. Ramakrishnan and Y. Ananthanarayan have revealed that deep
beams and shallow beams exhibit practically similar modes of shear failure
for low shear span to depth ratios of less that 2. In deep beams the shear
failure is always initiated by splitting action similar to that in a cylinder
under diametrical compression as in the Brazzlian splitting test.

18.5 1.S. CODE PROVISIONS

According to the Indian Standard Code IS : 456-1978 provisions, a deep
beam is a beam having a ratio of effective span to over all depth (Z/D) less
than 2 for simply supported and 2.5 for continuous members,

The reinforcements are provided for positive bending moment at mid
span and negative bending moment at supports of continuous members
computed on the basis of the lever arm, which is determined using the
following relations:
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(a) For simply supported beams:

Z =02 (L+2D)

when 1 <L/D <2
or Z=0.6 L
when LID < 1

(b) For continuous beams:

Z=02(L+1.5D)

when 1 < L/D < 2.5
or Z=0.5L
when L/ID <1

where Z=Lever arm

L = Effective span taken as centre to centre distance between
supports or 1.15 times the clear span, which ever is
smaller and

D =over all depth

The positive reinforcements extending over the full span length with-
out curtailment, should be placed within a zone of depth equal to
(0.25D—0.05L) adjacent to the tension face of the beam.

The negative reinforcement over supports of a deep beam with a L/D
ratio in the range of 1 to 2.5 should be distributed in two zones as detailed
below: -

(a) A zone of depth 0.2D adjacent to the tension face should contain a
proportion of the tension steel given by

0.5 [L/D - 0.5]

(b) A zone measuring 0.3D on either side of the mid depth of the
beam, containing the remainder of the tension steel evenly distributed.

For beams having a span to depth ratio less than 1, the steel is evenly
distributed over a depth of 0.8 D measured from the tension face.

In addition, side face reinforcement to the extent of 0.127¢ of gross comn-
crete area, when deformed barsvf,&re used and 0.15% when mild steel bars are
used should be provided as vertical reinforcements. Also the minimum per-
centage of longitudinal reinforcement is fixed at 0.2%, for deformed bars
and 0.25% for other types of bars. The spacing of the horizontal reinforce-
ment should not be greater than three times the wall thickness or 450 mm.

A deep beam complying with these reinforcement details is deemed to .

satisfy the provisions for shear according to the 1.S. Code. The application
of these design principles are illustrated in the following design examples.
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18.6 DESIGN EXAMPLE

Design a typical interior span of a continuous deep beam using the follow-
ing data:

Span of beam (L) = 9m

Over all depth (D)=4.5m

Width of supports (C)=0.9 m

Width of beam (b)=0.4 m

Uniformaly distributed load = w= 200 kN/m
(including self weight)

Concrete = M-20 grade

Reinforcements = Fe-415 Tor steel.

Sketch the details of reinforcements at centre of span and suppoIT
sections.

1. Design Parameters

2. Moments

2
‘Moment at mid span= %~ (1—-¢€%

i 92
=(:9(l}9~—) (1-0.01)=675 kN-m

2

M - wl?
oment at support ={-—57" (1-¢)(2—¢)

y[2
=.‘12%~(1—0.1)(2—0.1)

w2\ 200% 92\ |
“Y ik —‘(T)_(MT—)—IISOKN'YH

3. Tensile reinforcements (using dseign graphs)

The resultant 7" of all tensile stress in concrete is obtained by inter-
polating coefficients from Fig. 18.6.

For the given parameters € = 0.1 and B=0.5

Coefficient for mid span=0.1 2

Coeflicient for interior support= 0.23

- Tension = (Coefficient) x wL

Tension at mid span=(0.12x 200 % 9)=216 kN

Tension at -apport = (0.23 x 200 x 9)=414 kN
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2 3

Mid span: 4;= (—“—1%%9——) =939 mm?
3

Support: As= (-ﬂ%—;(—olg——) = 1800 mm?

. Steel Reinforcements according to 1.S. 456 Code Procedure
Lever arm for continuous beam

Z=02(L+1.5 D)
when 1 < LD <25

In the present case (L/D) = (495) 2.0

Z=02(9+1.5x4.5=3.15m

Tension at support

-(7)-
( 14 %103 )=930mm2
(*

Tension at mid span = ( ) ( :’7155 ) 214 kN
( ) 365 kN

Mid span ‘ A= 330
_{365x10 2
Support As= ""—Z*TOM) = 1586 mm

. Minimum Reinforcements

According to IS : 456 x minimum percentage of horizontal reinforce-
ments are given by.

As = (0.002 x 400 x 4500) = 3600 mm?

Vertical reinforcements are given by

Asv=(0.0012 x 400 x 1000) = 480 mm?/m

. Arrangement of Reinforcements

According to the IS : 456 Code the reinforcements for positive and
negative bending moments should be arranged as detailed below:

For positive B.M (centre of span)

Zone of depth=(0.25D x 0.05L) = (0.25 x 4.5 x 0.05x 1)=0.675 m

A= 3600 mm?, to be distributed over a depth of 0.675m from the
tension face. -

Use 20 bars of 16 (4, = 4020 mm?) arranged in 5 rows of 4 bars each.
For negative B.M (support section)

Zone of depth=0.2D=(0.2x4.5)=09m

‘ . (L 9
] — /5
Proportlon of steel =0.5 ( D 0. 5) 0. D( [ 5 0. 5) 0.75

Ag=(0.75 x 3600) = 2700 mm?
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Use 16 bars of 16 over a depth of 900 mm from tension face (4 rows
of 4 bars each). Remaining steel = (3600 — 2700) =900 mm?, Zone = 0.3
D=(0.3x4.5)=1.35m on either side of the mid depth of beam. Use
20 bars of 8mm (5 rows of 4 bars). For vertical reinforcements at
support and span sections, adopt 4 legged stirrups of 6 mm @ at
230 centres. The details of reinforcements are shown in Fig. 18.12.

Support Centre of
Section 16-16 & (4 Rows) Span-Section

AR

/[
/1
1

£
|
N

<

)
P
*

s
s
o
<

16 §1230|c/c
(6 -|Legqed) 4.5m

l |
\\l, 1

20-18 & |(5-Rows)

e
/

—
o
U
o

4=
;

675
A i
20 -16 &
Suppart“ | {5 Rows)
e £ .5 M
f—AOOj 1= 400~
g-g; ' . 16 -16 & L ‘
k (4 Rows of 4 Bars) - 6&~230 ¢/
: o Tfe# 4 Legged
4-8% =5 7” Stirrups
1350 L -8 %
1
1350 L - 8§
L L~ B §
i A 20 16§
Sji : -4 (5Rows ot & Bars) E
Section at : Section at
Support Centre of Span

Fig. 18.12 Reinforcements in deep-beam
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18.7 DESIGN EXAMPLE

Design a single span deep beam to suit the following data:
Effective span=6m A

Over all depth=6m

Width of support=0.6 m

Width of beam=0.4m

Total load on beam including self weight = 400 kN/m
Concrete = M-20 grade

Steel = Fe-415 grade Tor steel

1. Design Parameters
L=6m C=06m
D=6tm w =400 kN/m
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For single span deep beams, the length of the support Is disregarded
and reaction assumed to act at the centre line of the support. Using

the parameters of the continuous girder,

e=0.5 and B”—‘ (;;91:) == (§%> =0.5

The total tension is obtained from Fig. 18.6 as
T=0.095w(2L) = (0.095 x 400 x 2 % 6) =456 kN

« 103
A= {fﬁgpfvg } ~ 1983 mm?

230
Using the IS : Code procedure,
2 / 62
Maximum moment = {”i;,} = E\420-§~§—‘> =1800 kN-m
A%

For simply supported beams,
Z=02L+2D)for 1 < L/D < 2 In this case (L/D)=1
Z=0.26+216)=3.6m

2. Reinforcements

) MYy (1800 .
o f e B — g
Tension ézi_é 36 \; 500 kN
1500 x 103
Y Attty PRy ) 2
As X } 2174 mm’

Minimum horizontal reinforcement = (0.002 % 400 x 6) = 4800 mm?

Zone of depth =(0.25D— 0.05Ly=0.25% 6 x0.05x 6y=12m

The tension reinforcement of 4800 mm?, is arranged within a depth of

1.2 m from the tension face.

Adopt 24 bars of 16 mm @ in 6 rows of 4 bars each.
Vertical reinforcement area = ( 0.0012 x 400 x 1000) =480 mm?
Use 4 legged stirrups of 6mm & at 230 mm centres.

The reinforcements details are as shown in Fig. 18.13.
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/" "8k 400~
T 1 ] -4 -16 §
{10 &
. 6 &+230|c/c 6 & 1
230c/c b ] | 4 -300¢c/k
>1O §+ 300ic/c
6m / p
24 -6 §
W% P p 4 @ ——L
7 T L d 4] 24-16
i 1200 ([ 1Y) Bars
I L ows
L L85 ek
Jé /
t 6 m

Fig. 18.13 Reinforcement details in single span deep beam

18.8 DESIGN EXAMPLE

A coal bunker 3m by 3 m square with a height of 3 m stores 300 kN of
coal. The side walls are 180 mm thick. Depth of hopper bottom = 1.2 with
a central opening of 0.5 m by 0.5m. The bunker is supported on 4 R.C.
columns at the corners. If the total weight of hopper bottom is 60kN,
design the side walls of the bunker as a deep beam using M-20 grade con-
crete and Fe-415 grade tor steel.

1. Data
Weight of coal =300 kN
Weight of hopper bottom =60 kN
Size of bunker=3mx3mx3m
Thickness of side walls = 180 mm
2. Loads
Weight of one side wall =(3 x3x0.18 x 24)=40kN

3
Total load on one wall acting as deep beam = (60 +40) =130 kN

4
3. Moments

Span of deep beam=3m

M= (—”—/g[i)=(-1_3-%§_3)=48.75k1\1-m
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Reinforcements
(L/D)=(3/3)=1
Z=02L+2D)= 0.23+2x%x3)= 1.8m

Tension T'= (/}.{.) - (,48-75 > —27 kN

Z 1.8
(27 > 103y _ )
s~< 730 )—118mm

Minimum horizontal reinforcement
=(0.002 x 180 x 3000} = 1080 mm?
Use 10 bars of 12mm @ in a zone of depth
=(0.25D x 0.05L) = (0.25 x 3000 x 0.05 x 3000) = 900 mm

Vertical reinforcement = (0.0012 x 180 % 1000) = 216 mm?
Use 6 mm @ bars at 240 mm centres in vertical direction in both faces.

EXAMPLES FOR PRACTICE

. A single span deep beam has an over all depth of 4m and an effective

span of 6 m. The width of the beam is 400 mm. The beam supports a
uniformly distributed live load of 300kIN/m, over the entire span.
Using M-20 grade concrete and Fe-415 grade tor steel, design suit-
able reinforcements for the beam and sketch the details.

A continuous deep beam spanning over three equal spans of 8 m each
has an over all depth of 4m. The width of support is 0.8 m and the
width of beam = 0.4m. The beam supports a uniformly distributed
live load of 160 kN/m. Using M-15 grade concrete and Fe-250 grade
mild steel, design suitable reinforcements for the central span of the
continuous deep beam. Sketch the details of reinforcements.

A continuous deep beam with an interior span of 9 m, has an over all
depth of 4.5m. The width of support=009m. Width of beam
=400 mm. The beam supports a uniformly distributed live load of
100 kN/m together with concentrated loads of 200 kN at centre of
span points. Using M-20 grade concrete and Fe-415 grade tor steel,.
design suitable reinforcements for the beam.

The total weight of contents and the hopper bottom of a bunker
having 4 walls of size 4 m height by 4.7 m length is 840 kN. The Thick-
ness of walls is 150 mm. The bunker is supported on 4 columns locat-
ed at the corners. Adopting M-200 grade concrete and Fe-415 grade
tor steel, design the walls of the bunker assuming them as deep beams.
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19.1 GENERAL ASPECTS

Reinforced cement concrete pipes are widely used for carrying drainage
and irrigation water and for culverts over national highways carrying very
heavy traffic. During the last two decades, R.C.C pipes have replaced the
steel pipes for many works due to their negligible maintenance costs. R.C.C
pipes are also used in gravity mains for carrying water under hydrostatic
pressure. Developments of] pipe casting by spinning process has resulted in
better quality pipes. For conveying liquids under high pressure, prestressed
concrete pipes are widely used.

19.2 CLASSIFICATION OF R.C.C. PIPES

According to the Indian Standard Code IS: 458-1971, Reinforced cement
concrete pipes are classified as non pressure and pressure pipes with their
applications as detailed below in Table 19.1.

19.3 DESIGN PRINCIPLES

Reinforced concrete pipes either spun or cast are designed to with stand the
internal hydrostatic pressure without exceeding the permissible stresses of
126.5 N/mm?, for mild steel and 140 N/mm?2, in the case of cold drawn steel
wires. The thickness of the concrete pipe is designed in such a way that
under specified test pressure, the maximum tensiie stress in concrete when
considered as effective to take stress along with the tensile reinforcement,
should not exceed 2 N/mm2. The minimum thickness of pipe varies with the
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TasLe 19.1 Classification of Pipes

Pipe designation

Conditions where used

NP-1 Unreinforced concrete nonpressure
pipe

Reinforced concrete light duty non
pressure pipe

R.C. heavy duty non pressur pipe

NP-2
NFP-3

NP-4 R.C. heavy duty non pressure pipe

P-1 R.C. pressure pipes tested to a
hydrostatic pressure of 0.2 N/mm?
(20 m head)

P-2 R.C. pressure pipes tested to a
hydrostatic pressure of 0.4 N/mm?
(40 m head)

P-3 R.C. pressure pipes tested to a-
hydrostatic pressure of 0.6 N/mm?
(60 m head)

For drainage and irrigation use above
ground or in shallow trenches

For drainage and irrigationuse for cul-
verts carrying light traffic

For drainage and irrigation use and for
culverts carrying heavy traffic

For drainage and irrigation use and for
culverts carrying very heavy traffic such
as Railway loadings

For use in gravity mains the design pres-
sure not exceeding 2/3 of test pressure

For use in pumping mains, the design
pressure not exceeding half the test pres-
sure
For use in pumping mains, the design
pressure not exceeding half the test pres-
sure

internal diameter and classification of pipes. For pressure pipes the thick-
ness varies from 25 mm for diameter of 80 mm to 65 mm for a diameter of
1200 mm. The spigot dimensions of .NP-1 class pipes are designated as
shown in Fig. 19.1. The structural design of pipes should be in accordance
with the Indian Standard Code IS: 783-1959.

30 30"

==

Fig. 19.1 Spigot dimension of NP-1 class R.C.C. pipes

The longitudinal reinforcement is designed to support the R.C.C pipe as
a circular beam loaded with twice the self weight of the pipe and twice the
weight of water to fill the pipe across a span equal to the length of the
pipe. Under these loading conditions, the stresses in the reinforcement
should not exceed the permissible stresses.
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19.4 REINFORCEMENTS IN PIPES

The circumferent
loads but minj
rent classes of
for pipes of ¢]

mum quantity of steef
pipesin IS: 458-1971. T
ass-P-1 are shown in Ta

ial and longitudina] reinforceme
reinforcem
he typical
ble 19.2,

nts are designed for the
ent are specified for diffe-
reinforcement requirements

TaBLE 19,2 Reinforcement Requiremen:s n Pipes of Plass P-1
N-Nw‘_ﬁ_fk mmmmm —
Reinforcements
Internal R
Diameter Longitudina) mild stee] at Spiral hard drawn steel wire
bermissible stress of at permissible stresg of
(mmj 126.5 N/mm? (kg/m) 140 N/mm? (kg/m)
100 0.863 0.327
200 0.863 0.575
400 1.00 3.800
600 1.25 8.150
800 1.78 14.500
1000 2.50 22.50
1200 3.36 32.50

The pitch of
the thickness of the barrel,
size of aggregate plus the

The minimum clear coy
different types of pipes

pirals should neither be m

whichever g

er for concrete pi

TABLE }

T ——

Barrel thicknesg

diameter of the bar

For spun pipes

ore than |
le

00 mm or four times
S, nor less than the maximum
used.

pes specified in the 1§, Code for

are as shown in Table 19.3,

9.3 Cover Requirements

T

For pipes other
than spun pipes

(mm) (mmy)
25 mm and below 8.5 12.0
Over 25 and including 30 mm 9.0 12.0
Over 30 and below 75 120 16.0
75 mm and above 18.0 18.0
MWMNH\«‘~\N

19.5 TESTS ON Pip

The R.C.C, pipes shou
Standard Code IS - 35

(a) Hydrostatic test
(b) Three edge bearing
(©) Absorption test
(d) Bursting test

ES

Id conform to the following tests specified in Indjan

97-1966:

test or sand bearing test
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The requirements of load to produce a crack of size 0.25 mm and the ulti-
mate load to be sustained before failure for different classes of pipes are
specified in the relevant IS. Code.

19.6 DESIGN EXAMPLE

A reinforced concrete pressure pipe is to be designed to with stand a work-
ing pressure of 0.2 N/mm? The internal diameter of the pipe is 1000 mm
and the length of the pipe is 3 m. Design the pipe and sketch the details of

reinforcements. Adopt M-20 grade concrete and hard drawn steel wire
conforming to LS. 432,

1.

2.

Data

Intensity of pressure= 0.2 N/mm? =200 kN/m?
Internal diameter = 1000 mm =1 m
Length of pipe=3m, m=13m

Permissible Stresses

According to IS : 458-1971
og = 140 N/mm?
oot =2 N/mm?

Hoop Tension and Reinforcement

Maximum hoop tension=(39> = (200 X 1}= 100 kN/m

2

100 x 103

AS‘=( 140
Provide 10 mm & bars at 70 mm c/c as spiral reinforcement
(Ast= 1122 mm?)
Minimum quantity of steel as per IS : 458 is 22.5 kg/m length of pipe
Assuming 80 mm as thickness of pipe
Weight of one spiral of 10 mm @ = (7 x 1.06 x 0.612) = 2.03 kg

Number of spirals in 1 m= él%o—)g) =143
.. Weight of spiral reinforcement/metre length of pipe
=(2.03 x 14.3)=29.14 kg/m
The quantity of steel reinforcement provided is greater than the
minimum of 22.5 kg/m specified in the code.

Thickness of Pipe

>= 714 mm?/m Length

Let r= Thickness of pipe from cracking considerations

[ woy  1_,
l_mooz f(m=1Dda]
100 x 103 ] _9
10007+ (13- 1)1122 |
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Solving ¢= 36.53 mm
But minimum thickness is not less than 55 mm. Adopt 7= 60 mm,

5. Longituding] Reinforcement

Assuming the Pipe to span over g length of 3 m
Self weight of Pipe = (7 x 1.06 x 0.06 x 24)=4.79 kN/m

T x]2

Weight of water=( X 10}-—- 7.85 kN/m
Total design load = 2(4.79 + 7.85)=25.28 kN/m

1:61’4[1)4~d41=53’2[1,324- 14]=0.028 m+

2
Mg = (-M‘?S'zgg x3 ,} =28.44 kKN.m

&
Stress o= é’ 2%?%%@} =0.568 N/mm?

A
Weight of each bar — {’3%9(3 x 7800) =0.153 ke/m

"
-". Number of bars required = ( (—}fr«

" Provide 20 bars of 5 mm ¢ spaced 166 mm along the circumference
as longituding] reinforcement.

the pipe required to pass a given discharge. If QO is the discharge, 4 = Cross
sectional area of the pipe and » = velocity of fcw, and 4= diameter of the

pipe, then
(D0 -

The structural design of the Pipe involves the computations of the three
edge bearing stren h of pipe, the weight of earth fi]] over the fill and the
load on pipe due to a surface concentrated live load, each associated with
a strength factor generally taken as 1.5, The type of non-pressure pipe and
bedding are so chosen that under the Worst combination of field loading,
factor of safety of 1.5 ig available as given by the €quation,
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Three edge bearing strength (kN/m) 7 [W due to filling material (kN/m)]
[ Factor of safety (1.5) ]~ [ Corresponding strength factor _g
N {Q’ due to surface load (kN/m) ]

’ strength factor (1.5)

The loading acting on the pipe due to the soil in embankment is computed
from the equation, '

W = CowD?

where, W= Vertical external load in kN/m of pipe due to embankment
material as shown in Table 19.4.
Ce = Coefiicient depending on the ratio of height of embankment
H to the external diameter of the pipe and condition of laying
as specified in IS : 783-1959,
w= Density of the embankment material in kN/m?3
D = External diameter of pipe (m)

The load on the pipe due to a concentrated high way wheel load 2 is
obtained from the equation,

W=4C,-I- P
where, W= Vertical external load in kN/m due to concentrated surface
load
C, = Influence coefficient depending upon D and H as compiled in
. Table 19.5

H = Vertical depth of top of pipe below the surface (m)
D =External diameter of pipe (m)

P = Concentrated wheel load (kN)

f=TImpact factor (1.5 for high ways)

In the case of Railway loading, the load is uniformly distributed because
of the sleepers and ballast. The load on a burried pipe in a railway
embankment is given by the equation,

W=4Cs-U-D

where, W=1Load on pipe in kN/m
Cs=Influence coefficient depending on the length of the sleeper,
distance between two axles and depth of the top of pipe
below surface
U= Uniformly distributed load in kN/m?, on the surface directly

448
P = Axle load in kN (229 kN for B.G.)
A = Half the length of the sleeper in m (1.35 m for B.G.)
B=Half the distance between the two driving axles in m [0.92 m
for B.G.)
W, = Weight of track structure in kN/m {(generally 3 kN/m)
D = Outside diameter of the pipe in m.

above the pipe= i:ﬁ +2W,- E]
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For broad gauge loading, the equation reduces to W= 339.Cs- D
The values of the coefficient C; is compiled in Table 19.6.

TasLE 19.6 Influence Coefficient Cs for Broad Gauge Railway

Loading

H Cs H Cs
(m) (m)

0.1 0.250 1.0 . 0.183
0.2 0.249 2.0 0.094
0.3 0.245 3.0 0,052
0.4 0.240 4.0 0.032
0.5 0.233 5.0 0.021
0.6 0.224 €0 0.015
0.7 §.218 7.0 0.011
0.8 0.205 3.0 0.009
0.9 0.193 9.0 0.007

10.0 0.005

R ————

19.8 DESIGN EXAMPLE

Design a suitable pipe culvert to suit the following data:
Discharge through pipe culvert= 1.57 m3/s

Velocity of flow through pipe=2 m/s

Width of road {two lane)=7.5m

Top width of embankment =15 m

Side slopes of embankment = 1.5:1

Bed level = 102.0C

Top of embankment = 103.00

Loading — L.R.C. Class AA.

Draw the longitudinal section, and end view of the pipe culvert.

1. Diameter of Pipe Culvert
Discharge O = Av

4=(9)- (157)= 0785 m?

v
-
{ij*) ~0785 .. d=100m
Adopt NP-3, R.C.C. pipe heavy duty non-pressure pipe for carrying
heavy road traffic.
From IS:458-1971, for apipe of internal diameter 1 m, the external
diameter D=1.2 m.
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2. Load Due to Earth Fijl

Height of embankment over pipe=2m
From Table 19.4, for d = 1000 mm and H=2 m,
Load due to earth fil] - 59.5 kN/m

3. Load on Pipe Due to I.R.C. Class AA Wheel Loads

Assuming L.R.C. Class AA tracked vehicle,
350

Load/m length ( 3T,}) =97.22 kKN/m

Loading on pipe=4.C,.7.p
From Table 19.5, for d= 1000 mm and
H=2m, Ci=0.032, I=1.5, P=97.22
Loading on pipe =(4x0.032x 1.5%97.22) = 18.66 kN/m
4. Check for. Safery Factor
Referring to IS : 458-1971
Three edge bearing strength for NP-3 class pipe of 1000 mm internal
diameter is 117 kN/m.

.- The strength factor (S.F.) required for bending is obtained from
the equation,

111 59.5 18.66
- i i ‘. F.=0.96.
(1.5) (S.F.)+(I.5 ) o SF=09
The strength factor for first class bending is 2.3 and for concrete

crade bedding shown in Fig. 19.2 is 3.7. Any of these two bedding
can be provided for the pipe culvert.

5. Reinforcements

The minimum reinforcements in the pipe according to IS : 458-1971
are as follows.
Spiral ‘reinforcement of hard drawn steel wire with a permissible
stress of 140 N/mm? = 44 keg/m
Longitudiia) reinforcement of mild steel with a permissible stress of
126.5 N/mm2 = 5.80 kg/m
Provide 12 mm ¢ bars at 60 mm ¢/c as spiral reinforcement
Average diameter of spiral=1.1 m
Weight of one spiral of 12 mm ¢ = (mx1.1x0.88) = 3,045 kg
1000
60
. Weight of spiral reinforcement/metre length of pipe

=(3.045 x 16.66) = 50.7 ka/m
The quantity of spiral steel provided is greater than the minimum of
44 kg/m specified in the code. Providing 6 mm ¢ mild steel bars as
longitudina] reinforcement,

Number of spirals in | m=( }: 16.66
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’ A::curatly Shaped

to Fit Pipe

a) First-Class Bedding

5 -
‘ o

a

S+ | 0250 min

M-15 Grade Concrete

b). Concrete Cradle Bedding

Fig. 19.2 Beddings for concrete pipes in pipe culverts

2

Weight of each bar = {020 7800} = 0.22 kg/m
4

.. Number of bars required = (?)‘?53) =26.36

Spacing = (”;6%-29) ~131 mm

Adopt 130 mm spacing for the longitudinal reinforcement.
The details of the pipe culvert are shown in Fig. 19.3.
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Fig. 19.3 R.C.C. pipe-culvert

19.9 EXAMPLES FOR PRACTICE

1. A reinforced concrete pressure pipe is to be designed to with stand a
working pressure of 0.1 N/mm2. The internal diameter of the pipe is
500 mm and the length of the pipe is 3 m. Design the pipe according
to the I.S. Code requirements and sketch the details of reinforce-
ments. Adopt M-20 grade concrete and hard drawn steel wire con-
forming to IS : 432.

2. A R.C.C pipe is required to with stand 15 m head of water Using.
M-20 grade concrete and hard drawn steel wire, design the pipe and
sketch the details of reinforcements.

3. Design a suitable pipe culvert to carry a discharge of 1 m3/s with a
velocity of 2 m/s. The depth of earth filling over the pipe is 2 m.
Adopt LR.C. class AA loading with M-20 grade concrete and steel
conforming to I.S. 432. Sketch the details of reinforcements and bed-
ding for the pipe.
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20.1 GENERAL TYPES

The most common types of reinforced concrete bridge decks are (a) the
slab type, (b) the tee beam and slab type with cross girders. The reinforced
concrete slab type deck is generally used for small spans. This type of super
structure is economical up to spans of about 8 m. Slab decks are simpler
for construction due to the easier fabrication of form work and reinforce-
ments and placement of concrete. The slab decks are supported on the two
opposite sides on piers or abutments.

Tee beam and slab types decks are generally adopted in the span range
of 10 to 25m. For longer spans, the dead weight of girders becomes t00
heavy and to reduce the dead weight moments, prestressed concrete bridge
decks are most commonly used. The tee beam deck comprises of the conti-
nuous slab cast monolithic with the longitudinal tee girders and cross
girders spaced at regular intervals as shown in Fig. 20.1.

20.2 ANALYSIS AND DESIGN OF SLAB DECKS

(a) Slabs Spanning in one Direction

For slabs spanning in one direction, the dead load moments can directly be
computed assuming the slab to be simply supported between the supports.
Bridge deck slabs have to be designed for LR.C. loads, specified as Class
AA or Class A depending on the importance of the bridge. The different
classes of LR.C. loads specified in I.R.C. bridge code are shown in Figs. 20.2
and 20.3. For slabs supported on two opposite sides, the maximum bend-
ing moment caused by a wheel load may be assumed to be resisted by an
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Deck Slab

IRlwinl

Tee Beam

(a) Without Cross -Girders

_—Deck siab

Main Beam Cross- Girder

{b) With Cross- Girders
Fig. 20.1 Tee beam and slab bridge decks

effective width of slab measured parallel to the supporting edges. For g

single concentrated load the effective width may be calculated by the
equation: :

b,=k~x{1~%)+bw

where b, = The effective width of slab on which the load acts
L = Fffective Span
X = Distance of centre of gravity of load from nearer support
by =breadth of concentration area of load

k=A constant depending on the ratio (B/L) where B is the width
of the slab,

The values of the constant ‘K’ for different values of the ratio (B/L) is
compiled in Table 20.1.
Notes for Fig. 20.2

1. The nose to tail spacing between two successive vehicles shall not be
less than 90 mm.

2. For multi lane bridges and culverts, one train of Class AA tracked or
wheeled vehicles whichever creates severer conditions shall be cons;-
dered for every two traffic lane width,

3. No other live load shall be considered op any part of the said 2-lane
width carriageway of the bridge when the above mentioned train of
vehicles is crossing the bridge.



Bridge Deck Systems 327

e E———

Wt. 70 Tonnes

7200

9000 MIN.
¥

i—CARRIAGE WAY WIDTH et

850 859
==
Sﬁ
mﬂ‘- Y‘w Lod S Il
BT 357
fo 2900 ——={

TRACKED VEHICLE

CARRIAGE WAY WIDTH —mo

F 2350 MIN.—
2050
£, I f}'é?ojﬂ ;,

3757 6257 6257 3.75T
300 700 300 |
300 309 300 300 |
o o
- - 150
TrE R
o % | | [ t
I l 1 600 1x00] ! 600 |
o - -
H |
Bl - == o= o -
i et !
300 300
PL‘AN

Fig. 20.2 I.R.C. Class AA loading

The maximum {oads for the wheeled vehicle shall be 20 tonnes for a
single axle or 40 tounes for a bogie of two axles spaced not more than
1.2 m centres. ]
The minimum clesrance between the road face of the kerb and the |
outer edge of the wheel or track, C, shall be as under: ‘

Carriage width Minimum value of C

3.8 m and above single lane bridges 0.3m
less than 5.5 m multi-lane bridges 0.6 m
12m

5.5 m or above
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TasLE 20.1 Values of k

k k k k
B For simply For B For simply For
T supported continuous L supported continuous
slab slab ’ slab . slab
0.1 0.40 0.40 1.1 2.60 2.28
0.2 0.80 0,80 1.2 2.64 2.36
03 1.16 1.16 1.3 2.72 2,40
0.4 1.48 1.44 1.4 2.80 2.48
0.5 1.72 1.68 1.5 2.84 2.48
0.6 1.96 1.84 1.6 2.88 2.52
0.7 2.12 1.96 1.7 2.92 2.56
0.8 2.24 2.08 1.8 2.96 2.60
0.9 2.36 2.16 1.9 3.00 2.60
1.0 2.48 2.24 2 and 3.00 2.60
above

Notes for Fig. 20.3

1. The nose to tail distance between successive trains shall not be less

than 18.4 m,
No other live load shall cover any part of the carriage way when a

train of vehicles (or trains of vehicles in multi-lane bridge) is crossing
the bridge.

2.

3. The ground contact area of the wheels shall be as under:
Axle load Ground contact area _
tonnes . B w
mim min
114 250 500
6.8 200 380
4.1 150 300
27 150 200
1.6 125 175
4,

The minimum clearance, f, between outer edges of the wheel and the
roadway face of the kerb, and the minimum clearance, g, between

the outer edges of passing or crossing vehicles on multi lane bridges
shall be as given below:

Clear carriage way width g f

55t07.5m Uniformiy increasing ‘

150 mm for all
from0.401.2m carriage way

widths

above 7.5 m 12m - 1
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Fig. 20.3 LR.C. class A and B loadings

The maximum bending moment in the slab develops for Class AA wheeled
vehicle for spans up to 4m and for Class AA tracked vehicle for spans
exceeding 4 m. For two lane bridges, the shear due to Class AA tracked
vehicle controls the design for all spans from 1 to 8 m. The distribution re-
inforcement is designed for 0.3 times the live load moment and 0.2 times
the dead load moment.

(b) Slabs Spanning in two Directions

In the case of bridge decks with tee beam and cross girders, the deck slab is
supported on all the four sides and is spanming in two directions. The
moments in the two directions can be computed by using the design curves
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developed by M. Pigeaud. The method developed by Pigeaud is applicable

to rectangular slabs supported freely on all the four sides and subjected to
a symmetrically placed concentrated load as shown in Fig. 20.4.

Wearing coat

. I, i |

I / 1
¢ N R.C.Slab
e O
]
Dispere:
b width—

Fig. 20.4 Dispersion of live load through deck slab

The notations used are as follows:

L =Long span length
B=Short span length

u, v= Dimensions of the load spread after allowing for dispersion
through the deck slab

k = Ratio of short to long span=(B/L)
M =Moment in the short span direction
M>=Moment in the long span direction
my and my = Coefficients for moments along the short and long spans
n= Poisson’s ratio for concrete generally assumed as 0.15
W= Load from the wheel under consideration

The dispersion of the load may be assumed to beat 45 degrees through the
wearing coat and deck slab.

The bending moments are computed as

MI = (I’le +Hmz)W
My = (2 + pm )W
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The values of the moment coefficients m; and my, depend upon the para-
meters, (#/B), (v/L) and K.

Figures 20.5 to 20.11 are the Pigeaud’s curves used for the estimation of
moment coefficients m; and ma, for values of K ranging from 0.4 to 1.0.
Moment coefficients for slabs completely loaded with uniformly distributed
load for different values of K and 1/K are obtained from Fig. 20.12.
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Fig. 20.6 Moment coefficients m; and m, for K=0.5
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20.3 ANALYSIS AND DESIGN OF TEE-BEAM AND
SLAB DECKS

A typical tee beam deck slab generally comprises of the longitudinal gir-
ders, continuous deck slab between the tee beams and cross girders to pro-
vide lateral rigidity to the bridge deck. The distribution of live loads among
the longitudinal girders can be estimated by any of the following rational
methods.

1. Courbon’s method
2. Hendry-Jaegar method
3. Guyon-Massonnet method

Among those methods, Courbon’s method is the simplest and is applicable
when the following conditions are satisfied:

(2) The ratio of span to width of deck is greater than 2 but less than 4

(b) The longitudinal girders are interconnected by at least five symmetri-
cally spaced cross girders

(c) The cross girders extend to a depth of at least 0.75 of the depth of the
longitudinal girder

Courbon’s method is popular due to the simplicity of computations as
detailed below:

When the live loads are positioned nearer to the Kerb, the centre of
gravity of live load acts eccentrically with the centre of gravity of the girder
system. Due to this eccentricity, the loads are increased and decreased on

‘each girder, depending upon the position of the girders. This is calculated

by Courbon’s theory by a reaction factor given by,
szzr::g[] -+ W,Ldee]

Where R, =Reaction factor for girder under consideration
{=Moment of inertia of each longitudinal girder
dy= Distance of the girder under consideration from the central
axis of the bridge
W = Total concentrated live load
n=Number of longitudinal girders
e = Eccentricity of live load with respect to the axis of the bridge.

The live load bending moments and shear forces are computed for each of
the girders. The maximum design moments and shear forces are obtained
by adding the live load and dead load bending moments. The reinforce-
ments in the main longitudinal girders are designed for the maximum
moments and shears developed in the girders.

An approximate method may be used for the computation of the bending
moments and shear forces in cross girders. The cross girders are assumed
to be rigid so that the reactions due to dead and Iive loads are assumed to
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be equally shared by the cross girders. This assumption will simplify the
computation of bending moments and shear forces in the cross girders.

The complete design of slab deck and tee beam decks are illustrated by
the following examples.

20.4 DESIGN EXAMPLE

Design a reinforced concrete slab culvert for a state high way to suit the
following data:

Carriage way—-Two lane (7.5 m wide)

Materials—M-20 grade concrete Fe-415 grade tor steel

Kerbs—600 mm wide

Clear span =6 m, Wearing coat= 80 mm

Width of bearing=0.4 m

Loading—ILR.C. Class A or AA

Whichever gives the worst effect. Design the R.C. deck slab and sketch the
details of reinforcements in the longitudinal and cross sections of the slab.

1. Data

Clear span=6m

Width of bearing=0.4m

Kerbs =600 mm

M-20 grade concrete and Fe-415 grade tor steel

2. Allowable Stresses

oep="7 N/mm? m=13
og = 190 N/mm? j=0.89
Q=1.008

3. Depth of Slab and Effective Span
Assume thickness of slab at 80 mm per metre of span for high way
bridge decks.
Over all slab thickness = (80 x 6) = 500 mm
Using 25 mm & bars with clear cover of 25 mm
Effective depth = [500 — (25 + 12.5)]=462.5 mm
Width of bearing=0.4m
Effective span is the least of
(1) Clear span + Effective depth=(6 m +0.4625m)=6.4625m
(2) Centre to centre of bearings=(6 m+ 04m)=64m
Effective span=L=6.4m
The cross section of the deck slab is shown in Fig. 20.13.
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Fig. 20.13 Cross section of deck slab
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4. Dead Load Bending Moments
Dead weight of slab = (0.5 x 24)=[2 kN/m?

Wearing coat = (0.08 x 22) =1.76
Total load =13.76 kN/m?
2
Dead load bending moment = (wgﬁi ) =70.4kN-m

5. Live Load Bending Moment

The bending moment will be maximum for LR.C. Class AA-tracked
vehicle and hence computations will be made for this class of loading.
Impact factor of class AA-tracked vehicle is 259 for 5m span de-
creasing linearly to 10% for 9m span.

For 6.4 m span,

Impact factor = [25 —}—5(6.4— 5)] =19.7%

The tracked vehicle is placed symmetrically on the span. -

Effective length of ioad = [3.6 + 2(0.5+0.08)]=4.76 m

Effective width of slab, perpendicular to span is expressed as,
be=k-x(i ~ x/L)+ by

Referring to Fig. 20.14

x=32m, L=64m, B-87m, (73%)= 1.36
bw=(0.85+2x0.08)= 1.0l m

From Table 20.1, For(%) = 1.36, simply supported slabs, k=277
¢

be=2.77 x 3.2(1 - ?-3) +1.01=5.442 m
6.4
The tracked vehicle is placed close to the kerb with the required mini-
mum clearance as shown in Fig. 20.15.
Net effective width of dispersion = 6.996 m
Total load of two tracks with impact = {700 x 1.197) = 838 kN
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Fig. 20.14 Dispersion of loads due to LR.C. Class-AA vehicle
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. . _ 838 AP )
Average intensity of load = (WQB@@E ) =25,17kN/m

Maximum bending moment due to live load is given by

Mipax= (_2.5_17 ; 476 3_2) - (2;17 ;(476 « ‘%&)

=120.36 kN -m
Total design bending moment = (120.36 + 70.4) =191 kN.-m

6. Shear Due to Class AA-Tracked Vehicle

For maximum shear at support, the LR.C. Class AA-tracked vehicle
is arranged as shown in the Fig. 20.16.

W =2568 kN/m?

t-»*———— 476 m

A B

e x=238m § 4.02m
L=64m :

Va
Fig. 20.16 Load position for maximum shear

Effective width of dispersion is given by,
be=k-x(1-x/L)+by,

where x=238m . (—?):1.36
B=8.Tm
L=64m k=277
bw= 1.01 m
be=2.77 x 2.38(1 —%)+I.OI —516m

5160
Width of dispersion = (2225 +2050 + T) =6.855m

(Refer Fig. 20.15)
_ 838 A 2

76 x 4.02
Shear force Vs = (g@v@i%’%@ﬂw )= 76.80 kN

Dead load shear = (iﬂ%ﬂ) ~43.75 kN

Total design shear =(76.80+43.75)=121 kN
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7. Design of Deck Slab
Effective depth required is

M 191 x 106
d= ( 'Q'JS)‘(/I,OOS X 1000)=435"3 mm
Effective depth provided =462.5 mm

M 191 x 106
= = f - = 2447 2
As (gn.fd) (190x0.89><462.5) 2442 mm

1000 1 491

3443 ):vm mm

Spacing of 25 mm diameter bars= (

Provide 25mm @ at 200 mm centres.

Bending moment for distribution steel is
=(0.3M1L+0.2M4)= (0.3 x 120.36) + (0.2 x 70.4)= 50.2 kN-m
Using 12 mm @ bars

Effective depth = [462.5 — (12.5+6)] = 444 mm

B 50.2 x 106 - 2
Ay = (Té‘o@”x?@% 4’47) = 669 mm

1000x 113

Provide 12mm & bars at 150 mm centres.

Spacing of 12 mm @ bars= (

8. Check for Shear Siresses
(Vv 121 x10% y .. s

Ty = (Z)_(?) = (T@'()“O—;z?{f;‘i"‘s) =0.26 N/mm

( 10045, ) 3 ( 100 x 2442

“bd 1000><462.5‘}:°'528

From Table 17 of IS: 456-1978 code

Permissible shear stress 7.= 0.30 N/mm?

since 7y < 7¢, shear reinforcements are not required.

The details of reinforcements in the slab is shown in Fig.20.17.

20.5 DESIGN EXAMPLE

Design a R.C.C. Tee beam girder bridge to suit the following data:

Clear width of road way=7.5 m

Span (centre to centre of bearings)=16 m

Live load—I.R.C. Class AA or A which ever gives the worst effect

Average thickness of wearing coat= 80 mm

Concrete mix = M-20 grade

Steel = Fe-415 grade tor steel

Design the deck slab, main girder and cross girder and sketch the typical
details of reinforcements.
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Fig. 20.17 Reinforcement details in deck slab

I. Dara

Effective span of the beams = 16 m

Road width=7.5 m

Thickness of the wearing coat = 80 mm

M-20 grade concrete and Fe-415 grade tor steel,

2. Allowable Stresses

Oep="7 N/mm2 m=13
ogt = 190 N/mm? J=0.89
O=1.008

3. Cross Section of Deci

3-main girders are provided at 2.5 m centres. Thickness of deck slab
=80 mm

Wearing coat =80 mm

Width of main girders = 300 mm

Kerbs 600 mm wide and 300 mm deep. Cross girders are provided at
every 4 m intervals. Breadth of cross girder = 300 mm Depth of main
girder =160 cm at the rate of 10 ¢cm per metre of span.
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The depth of cross girder is taken as equal to the depth of the main
girder to simplify the computations. The cross section of the deck and
the plan showing the spacing of cross girders are shown in Fig. 20.18.

150 x 150 R.C. Posis at
15 m Intervals

. : of |
|- .
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| 200
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200 206
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Cross Girders
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Girders
| , 3|
b—¢m | Lm g Lm L P —

‘Plan ot Bridge - Deck
Fig. 20.18 Tee-beam and slab bridge deck

4. Design of Interior Slab Panels

(a) Bending Moments

Dead weight of slab=(1 x I x 0.2 x 24) = 4.80 kN/m?

Dead weight of W.C=(0.08 x 2.2)

=1.76

Total dead load = 6.56 kIN/m?

1850 A«-s
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Live load: Class AA-tracked vehicle one wheel is placed at the centre
of panel as shown in Fig, 20.19.

u=(0.85+2x0.08)=1.0l m
v=(3.60+2x0.08)=3.76 m

(%) - (1_2%1) ~0.404 (%) - ﬁl()é) ~0.94

k= (7?) - (;Z—g) ~0.625

Referring to Pigeaud’s curve (Fig. 20.7)
M =8.5x10"2 and My =2.4x10-2
" Mp=W(M, +0.15M3) = 350(8.5 % 10~24+0.15 x 2.4 x 10-2)
=31.01 kN-m
As the slab is continuous
Design B.M =0.8M5p
Mg (including impact and continuity factor)
=(1.25%0.8 x31.01)=31.01 kN-m
My,=350(2.4 x10~2+0.15 x 8.5 x 10-2)=8.855 kN -m
Design My =(1.25x0.8 x 8.855)=8.855 kN.m

- ]
%

%
7
| /4’2 7l

,—-1~01m~4‘

LE——

376 m

I

—— B=25m S—

Fig. 20.19 ‘Position of wheel load for maxi-
mum bending moment

(b) Shear Forces

Dispersion in the direction of span = [0.854-2(0.08 +0.2)] = 1.4 m. For
maximum shear, load is kept such

span, the load is kept at (I——ji) =0.705 m from the edge of beam as

shown in Fig. 20.20.

that the whole dispersion is in
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t-0-85m 80 mm W.C.
} § # {" Ll j
l 200 mm
Slab
T ¥ .
t—0-705 m ~={
(x)

o = 22m ———

25 m e

Fig. 20.20 Position of wheel load for maximurn shear

Effective width of slab= k- x{1 ~ x/L) + by
Breadth of cross girder = 30 cm
Clear length of panel=L=3.7m

(£)- (31

From Table 20.1 k for continuous slab is obtained as k=2.52
Effective width of slab '

_ [2.52 % 0.705 (1 - %Zg?) +3.64(2x o.os)] -5 m
Load/m width = (12_9) ~70 kN

2.2-0.705

Shear force = 70[ 55

] =47.60 kN

Shear force with impact = (1.25 x 47.60) = 59.50 kN
(b) Dead Load Bending Moments and Shear Forces

Dead Load =6.56 kN/m?2
Total load on panel=(4 x 2.5 X 6.56) = 65.6 kN

(-l—l—) =1, (_v_> =1 as panel is loaded with uniformly distributed load.

B L
B 2.5 1
k= (”E)“ (T}.«o.szs and =16

From Pigeaud’s curve (Fig. 20.11)
M =49x10-2 and M,=1.5x10-?
Mp=65.6(49%x10"24+0.15x1.5x10-3)=3.36 kN-m
Taking continuity into effect
Mpg=(0.2x3.36)=2.688 kN-m
Mp=656(1.5x10"240.15%4.9 x 10-2)= 1.468 kN-m
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Taking continuity into effect
Mr=(0.8x1.468)=1.174 kN m

L “ ’)
Dead load shear force = ( @365;?;7?,,} =7.216 kN

(d) Design Moments and Shears

Total Mp=(31.01 +2.688)=33.698 kN-m
Total My = (8.855+ 1.174)=10.029 kN . m
Total shear force = (59 5+7.216)=66.716 kN

(¢) Design of Section

. 33.698 x 106 ,
EﬁbCf]Vﬁ‘ dﬁpth =d= {mﬁ‘g:;‘m‘ao} =[80 mm
Adopt over all depth = 200 mm
Effective depth =180 mm

33.698 x 106 | ,
Asi= {Ezfxmémo) = 1107 mm

(For short span)

Use 12 mm & at 100 mm centres (Ag= 1131 mm2)

Effective depth for long span using 10 mm diameter bars
=(180-6~ 5)=169 mm

¥10.029>< 108
190 % 0.89 x 169

st ==

}= 351 mm?

(Long span)
Use 10 mm @ at 200 mm centres {4y =393 mm?)

(f) Check for Shear Stress

Nominal shear stress
66.716 x 103 i N
S { R }: 0.87 =0.37 N/mm?
(E.QQ%{) - g’ ];99(.5,}3}ii9§_)} =0.87
bd 1000 x 1745
From Table 17 of Is: 456-1978 code
Permissible shear stress = koro=(1.2x 0.37)
=0.444 N/mm? > 0.37 N/mm?

Hence the shear stresses in the slab are within permissible limits,

¥

5. Design of Longitudinal Girders

(a) Reaction Factors
Using Courbon’s theory, the [.R.C. Class AA loads are arranged for
maximum eceentricity as shown in Fig. 20.21.
Reaction factor for outer girder is,

;ZPP}(I 37I%x2.5x1-1

Ra= 0143 .,v.m}zz.xom-’,
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(C. 6. of Loads)
~Axis of Bridge
|

w
}.—3 m
. V‘ O%}m -—»1 fe— 0075 |
. i : |
ATrovzm«i ?ﬁ iA

F=125 m e 25m ———ee———— 2.5m ———<}-125m -]

e 75 J

Fig. 20.21 Transverse disposition of L.R.C. Class AA-tracked vehicle

Reaction factor for inner girder is,

Ro= 2011 40- (372
If W=Axle load =700 kN
Wy=0.5W

" Ra=(1.107 x 0.5W) = 0.5536W
Rp=(0.667 x 0.5 ) =0.3333W
(b) Dead Load from Slab per Girder
The dead load of deck slab is calculated with reference to Fig. 20.22.

150 1 150 R.C. Posts

Q_IL —~Parapet - Railing
000 | ©

o] /Karb
N
300 80 mm W.C

e ¥
200 200 mm R.C. Slab Deck <
Ao { %
f—s00 —l 100 ————f
Tee - Beam

-

Fig. 20.22 Details of deck-slab, kerb and Parapet



346 Auavanced Reinforced Concrete Design

1. Parapet railing 0.700 kN /m
2. Wearing coat =(0.08 x 1.10 x 22) 1.936
3. Deck slab=(0.2 x 1.10 x 24) 5.280
4. Kerb=(0.5x0.6 x 1 x 24) 7.200
15.116 kN/m
Total dead load of deck = (2 x 15.116)+(6.56 x 5.3) = 65 kN/m
It is assumed that the dead load is shared equally by all the girders
.". Dead load/girder = (%:5-) =21.66 kN/m
(¢) Live Load Bending Moments in Girder
Span of girder= 16 m
Impact factor (for Class AA)=10%
The live load is placed centrally on the span as shown in Fig. 20.23.
Bending moment = (4 +23" l) 700 = 2485 kN-m
.". Bending moment including impact and reaction factor for outer
girder is
=(2485x 1.1 x0.5536)= 1513 kN-m
Bending moment including inpact and reaction factor for inner girder is
=(2485x 1.1 x0.3333)=912 kN-m
p——36m —
MMM
L1
‘ a=8m ’ }— : bz8m
; L=16m
| N
o3 6 M
Intluence
Line for B .M
Fig. 20.23 Influence line fo:; bending moment in Girder
(d) Live Load shear

For estimating the maximum live load shear in the girders, the I.R.C
Class AA loads are placed as shown in the Fig. 20.24.

Reaction of W, on girder B= (3-595»955) =63 kN

Reaction of W, on girder 4= (2—59—;—%225— ) =287 kN
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/Longitudinal Girders

Wy = 350 kN /CFOSS Girders ’ 25m
e 142 m
° ?
Wa = 3|50 kN 2.05m
, 25m
— 3:6m — |0.45m ]
A 8
P Lm —f Lm —- tm —t 4m |

Fig. 20.24 Position of I.R.C. Class AA loads for maximum shear

Total load on girder B=(350+63)=413 kN

Maximum reaction in girder B= (413 ;%lig} =366 kN
Maximym reaction in girder 4= (@7%3;_2) =255kN

Maximum live load shears with impact factors in inner girder
Inner girder =(366 x 1.1)=402.6 kN
Outer girder = (255 x 1.1)=280.5 kN

(¢) Dead Load Moments and Shear Force in Main Girder

The depth of girder is assumed as 1600 mm (100 mm - for every metre
of span)

Depth of rib=1.4 m Width=0.3 m

Weight of rib/m=(1x0.3 x 1.4 x 24)= 10.08 kN/m

The cross girder is assumed to have the same cross sectional dimen-
sions of the main -girder.

Weight of cross girder = 10.08 kN/m.

Reaction on main girder =(10.08 x 2.5)=25.2 kN

Reaction from deck slab on each girder = 21.66 kN/m

. Total dead load/m on girder =(21.66+10.08) = 31.74 kN/m
Referring to Fig. 20.25, the maximum bending moment are computed.

31.74 x 162 25.2x%x 16 25.2 x 16
g )*( 3 )*( 4)

Mmax=(

(Centre of span)
=1218 kN-m
Dead load shear at support

=(31.72 >_<i§)+25.2+(?—5§%}=292 KN.
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252 25.2 25.2 25.2 25-2 kty

374 kN/m
//

/.m——~—-+_—-.._4m ; im ) LN, Q——

16 m
Fig. 20.25 Dead loads on main Girders

(f) Design Bending Moments and Shear Forces
The design moments and shears are compiled in TabJe 20.2.

TABLE 20.2 Design Moments and Shear Forces

B.M. D.L. B.M L.L.BM Total B.M Units
Outer girder o 1218 1513 2731 kN-m
Inner girder 1218 912 2130 kN-m

S.F. D.L.5.F LL.SF Total S.F Units
Outer girder 202 280.1 572.1 kN

Inner girder 292 402.6 694.6 kN

(&) Design of Sections Jor Maximum B.M. and s F .

Mmax=2731 kKN.m
Vmax = 6946 kN

The beam is designed as a Tee-section,
Assuming an effective depth d=1450 mm

2
Approximate lever arm = (1450 - tgg) = [350 mm
s 2731 x 106
" \290%13%0
Provide 12 bars of 36® in three rows (Ase=12,216 mm?)

Shear reinforcements are designed to resist the maximum shear at
supports.

Nominal shear stress
3
Ty = (ZK) = (M) =1.596 N/mm?

>= 10647 mm?

300 x 1450
If 4 bars of 360 are bent up near Supports to resist shear,
100As) _ EQQz_SX 1018y
bd | "\"300x1450 | =
From Table 17 of IS: 456, for M-20 grade concrete rc = 0.47 N/mm?
". Shear taken by concrete = (re-b-d)
_ (047 x300 x 1450
S\ Tqoo0
Assuming 2 bars of 369 to be bent Up at support section,

} =20445kN
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Shear resisted by bent up bars = ¥, = {04+ Agy*sin «)
_ {156x2x 1018 x 1
- ( 1000 < 7/ 2
.. Shear to be resisted by vertical stirrups
V=(694.6-204.45-215.90)=274.25 kN
Using 10 mm & - 4 legged stirrups,
osyr Agy-d ) _( 150 x4 x79 x 1450
V h 274.25 % 103

Provide 10 mm @ — 4 legged stirrups at 250 mm centres near supports
and 450 mm centres towards the centre of span.

)==215.9 KN

Spacing s, = ( ) =250.6 mm

. Design of Cross Girders

Self weight of cross girder = 10.08 kN/m
Referring to Fig. 20.26

N
T
\Cross Girders
Ltongitudinal
“Girders
Lm N
125m
45" | 7
1-25m
Lm <
4
for——— 2.5 m ———d————— 2.5 m ——————d
\l\
18-28 kN/m
me
~~~~~ —25m . 2.5 m —

Fig. 20.26 Loads on cross-girder

I

Dead load from slab :( 2x=x2.5%x1.25x% 6.56) =20.5 kN

]

Uniformly distributed load = (91} =8.2 kN/m
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Total load on cross girder = (10.08 +8.2) = 18.28 kN/m
Assuming the cross girder to be rigid,

Reaction on each cross girder = ( 18.2§ x5

For maximum bending moment in the cross girder, the loads of
LR.C. Class AA should be placed as shown in Fig. 20.27.
[

) =30.47 kN

- ~
Longitudinal
Girders
/"//i\\“\
) Lm
4% 2
¢ i
18 m
1
A a9 :: l c 4
; N
Cross % A 1-8m
Girder ) V] ‘
% 7/
‘ f—2.08m ———«—{ &m
i S -
L 25m 2:5m
| 27125 kN 271-25 kN
L 2.05m ——e
A - C
B8 ’
1.4 75 M
“25m 25m ———e

Fig. 20.27 Position of live loads for maximum B.M. in
cross girder

350 (4- 1)
Load coming on cross girder= 7 =271.25 kN
Assuming the cross girder as rigid, reaction on each longitudinal

girder is
; 2
- ( 2x27125 ) — 180.83 kN
Maximum B.M. in cross girder under the load = (180.83 x 1.475)

=266.7 kN-m
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L.L. B.M- including impact = (1.1 x 266.7) = 293.37 kN-m

Dead load B.M. at 1.475 m from support

1.475
2

. Total design B.M. =(293.37+25.10)= 318.47 kN-m

Live load shear including impact = (w)—- X 1.1 )

=(30‘47><1.475—18.28>< ):25.10 kN-m

=198.917 kN

.. Dead load shear=30.47 kN
. Total design shear = (198.917 +30.47) = 229.39 kN
Assuming an effective depth for cross girder as 1540 mm

_( 31847x10
=1 190 x0.9 x 1540
Provide 4 bars of 20 mm & (4= 1256 mm?)
229.39 x 103
300 x 1540
1004, } _ (100X 1256 } _ 0 oo
() (sociis poos
. From Table 17 of IS : 456, 7o =0.22 N/mm?
0.22 % 300 x 1540
(Tc-b~d)=(~ 1000 }:;01.61(1\1

Balance sheit = (229.39 — 101.6) = 127.79 kN
Using 10 mm © -2 legged stirrups,

. 150 x 2% 79 x 1540
Spacing sy = ( ngm) =285 mm

): 1209 mm?

Shear stress =7, = ( } = (.496 N/mm?

Adopt 10 mm @ -2 legged stirrups at 250 mm  centres, throughout
the length of the cross girder.

The details of reinforcements are shown in the cross section of the
deck slab, and longitudinal section of main and cross girders in
Figs. 20.28 and 20.29.

EXAMPLES FOR PRACTICE

A road bridge deck consists of a reinforned concrete slab continuous

over the beams spaced at 2 m centres and cross girders spaced at 5 m
centres. Thickness of the wearing coat is 100 mm. Type of loading-
LR.C. Class AA or A whichever gives the worst effect. Adopt M-20
grade concrete and Fe-415 grade tor steel. Design the deck slab and
sketch the details of reinforcements.

A reinforced concrete simply supported slab is required for the deck

of a road bridge having the data given below:
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06 & l 37%m
. _—-150 x 150 R.C. Posts

— at 1.5m intervals

e |

L—12 & - 4 -Bars
I~ 10 ¢ - 150 c/c

L /6 ~-12% 10 & -300¢c/c 108% -200c/
T v w v v - -\"Ts - /1 ,/ v v vjr
200 H
’ S - & & 5. d s t}
M2 E -100 ¢/ 021 —
btd
B s ¥
10 § - 250 c/c 1450
1400 .
;g E bl i:>1z—3s & (3-Rows) ===} b, {{|—
78 : .
300 b 300 |
[ 2500 ———————y
Fig. 20.28 Cross-section of tee-beam and slab-deck
Width of carriage way=7.5m
Kerbs =600 mm wide
Clear span=5m
Type of loading = L.R.C. Class AA or A whichever gives the worst
effect
Materials = M-20 grade concrete Fe-415 grade tor steel.
Design the deck siab and sketch the details of reinforcements in the
longitudinal and cross sections of the slab.
3. Design the centre gitder of a 3-girder R.C. tee beam and slab deck
system using the following data:
Clear width of read way=7.5m
Span-(centre to centre of bearings)=15 m
Loading-I.R.C. Class AA and A
Wearing coat= 100 mm thick
Thickness of slab =200 mm
Spacing of cross girders=3.75 m
Materials— concrete M-20 grade, tor steel of Fe-415 grade.
Sketch the details of reinforcements in the girder.
4. An R.C.C. tee beam and slab deck is to be designed for a major river

crossing ina National Highway. The following data is available.
Clear width of road way=75m
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Spacing of Stirrups

l—-—io 3 4 Legged - 250 c/c ~— 300 cre —4

4-25%
Pk n
1y O A oy = Y
R 10 % i
\Q, 250 c/c
{( 1600 .
‘ N\ . :l‘ 36§
L =g N 1
ressriim
3001 i-363 =300
l-7 0 1000 —t— 1000—| |

Longitudinal Section of Main Girder

2-20% 2-20§
. : 4 A
( ] 200 4 i -
. r'-'“""'"‘""""""“"’""“ o o g r‘"""“
]
! § I
I N | I
¥
\\\ S
\ { ! 1400
LI L1 ‘w3
1 '\X% T i i A-A,
| stirrups 10%-250 crc 4-20 4300 b
| e 2500 } Cross Section

xl 5300 ___.____.._...l

Longitudinal Section of Cross -Girder

Fig. 20.29 Reinforcement details in longitudinal and cross girders

Foot paths=1.5 m on either side

Wearing coat = 100 mm thick

Number of main girders =4

Span (centre to ecentre of bearings) =20 m

Spacings of cross girders= 35 m c/c

Loading=LR.C. Class AA or A which ever gives the worst effect.
Materials = concrete M-20 gfade tor steel of Fe-415 grade

Design the deck slab and the main girders of the deck and sketch the
details of reinforcements.
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5. The beam and slab deck of a high way bridge consists of two main
longitudinal girders spaced at 4 m centres with cross girders at
every 4 m intervals. Design the deck slab using the following data:
Thickness of wearing coat=80 mm
Loading=L.R.C. Class AA or A whichever gives the worst effect
Materials = M-20 grade concrete and Fe-415 grade tor steel.

Design the deck slab and sketch the details of reinforcements in the
slab.
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APPENDIX-1

Bending Moment and Shear Force Coetficients For

Continuous

Beams.

All Beams Freely

Supported at End Supports

All Spans Loaded

Incidental Load

0125
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EOSO !0025 0-080

5»077 003610036" 0-077
Q?QS Q-?SQ Q?SQ 005
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Bending Moment Coetficients
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>
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LS 1Mo Toa 1 0433 104391
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. : 0457 (.457
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- fo123 Y0034t 0.123 0445 Towoo 0445
© . 5 3473 4 ¥ R .
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038 Q-

062, 0355
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Max. Forces (Shear)
Uniformly Distributed
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0-62 | 0-58 ! 0.45
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062 1058 T 0591 060 1 0/45

B.M. Coefficients ;- Multiply by (Span x Total Load on Span) Coetficients
Above The Line are For Negative B.M. at Supports; Those
Under The Line are For Positive Mid-Span B.M.

Shear Coettficients ;- Multiply by (Votal Load on Span)
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APPENDIX -2

Values of Exponential Functions
x e ¥ X ¥
01 09048 2.6 0-0743
0.2 0-8187 2.7 0-0672
0-3 07408 2-8 0-0608
0.4 0-6703 29 00550
0-5 0- 6065 3.0 00498
06 0-5488 39 0-0450
0.7 0-4966 3.2 0-0408
0-8 04493 3-3 0-0369
09 0-4066 3.4 0-0334
1.0 03679 3.5 0-0302
1 03329 36 0.0273
1.2 0-3012 3.7 00247
1.3 0-2725 3-8 0-0224
1.4 02466 3.9 0-0202
1.5 022314 4:0 0-0183
1.6 0-2019 41 0-0166
1.7 0-1827 4.2 0-0150
1.8 01653 43 0-0136
1.9 01496 4.4 00123
2.0 01353 4.5 00111
21 0-1225 4.6 0-0101
2.2 0-1108 4.7 00091
2.3 0-1003 4.8 00082
2.4 0-0907 4.9 0:-0074
2.5 0-0821 5.0 0-0067
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