INFLUENCE OF SHAPE OF DIRECTRIX ON THE COST OF 
RC CYLINDRICAL AND CONOIDAL SHELLS
ABSTRACT

In order to study the most economical configuration of Cylindrical and Conoidal shells having different directrices to cover a given area, the following types of cylindrical and conoidal shell structures have been analyzed, designed and the costs of construction per sq.m have been estimated.

1. Circular Directrix

2. Parabolic Directrix

3. Inverted catenary Directrix

4. Cycloidal Directrix

The span of the shell is taken as 25m; chord width of the shell is 10m and the semi-central angle is varied as 30º, 35º and 40 º. 

All the designs have been carried out by incorporating the recommendations of IS: 2210-1988 ‘Criteria for Design of Reinforced concrete shell structures and Folded plates’, IS: 2204-1962 ‘Code of Practice for Construction of Reinforced concrete shell roof’ and IS: 456-2000 ‘Code of Practice for Plain and Reinforced concrete’. The cost of roof to cover unit area has been estimated, compared and the most economical configuration has been identified.
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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 construction. The curved space roofs require 25 to 40% 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 reason the thickness of shells is usually very small in the range of 75mm to 150mm.

Shell roofs are generally adopted for hangers, sport auditorium, exhibition 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 advances include the construction of shell structures using prefabricated shell elements. 
2. ECONOMICS OF SHELL

Shell structures tend to be expensive when only a few units of a kind are to be built. Thin shell roofs work out to be competitive or economical only if several identical units are involved so that many reuses of the forms are ensured. The cost of form works tends to make shell roofs some times expensive in spite of their low consumption of materials – cement and steel. Form work costs can be brought down by resorting to mobile forms of precasting.
3. ADVANTAGES OF SHELL ROOFS
· Aesthetically superior
· Material consumption is quite less

· Form work can be removed early 

· Large column free areas can be covered  
4.  DISADVANTAGES OF SHELL ROOFS
· Top surface is curved, the advantage of flat top is lost
· Form work is costly
· Analysis is complicated
5. CYLINDRICAL SHELLS

Cylindrical shells are perhaps the most useful of the shell structures because they can span up to 45m with a minimum of material requirement. They are very efficient structures because they are inbuilt with the arch forms which reduce stresses and thicknesses in the transverse direction. Cylindrical shells are essentially deep concrete beams with very thin web and may be designed as such by the ordinary methods of reinforced concrete. The curve of the cross section of the barrel is usually a circle. However, any other form maybe used, such as a parabola, inverted catenary, cycloid or a funicular curve which fits the thrust line of the applied load. Each curve has its particular structural and esthetic qualities. 
6. CONOIDAL SHELLS
A conoid surface is generated by a straight line moving parallel to a fixed plane. The moving line always intersects two different lines, one straight and one curved one. The curved directrix can be a parabola (or) catenary (or) part of a circle. It is assumed that both the straight line directrix and the plane containing the curved directrix are at right angles to the director plane, the curved directrix being moreover symmetric about its vertical axis. Such conoids are called square conoids. A part of a conoid, known as a truncated conoid, is preferred to a full conoid, as otherwise large compressive and tensile stresses accompanied by bending and torsion will occur near the flat edge. Quite frequently, only a part of the surface that is truncated conoids is used for purpose of roofing. One of the greatest advantages in the use of conoidal shells is that a considerable amount of natural lighting is achieved at a minimum structural cost. Also the formwork for this ruled surface can be easily made from straight planks.
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            Fig.1. Cylindrical shell                                       Fig.2. Conoidal shell
7. PROPERTIES OF CURVES 

7.1 Different ‘Directrix’ commonly employed for the cross section of cylindrical shell:

1. Arc of a circle

2. Cycloid

3. Catenary

4. Parabola
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D             Fig.3  Properties of curved elements 


General equation for curves is       R = Ro cosnθ


Where,

R   
 = Radius of curvature at any point




Ro 
 = Radius of curvature at crown




θ   
 = Angle made by the tangent to the horizontal.




n
 = 0, for Arc of a circle





 = 1, for cycloid




 = -2, for catenary





 = -3, for parabola




Øk
 = Semi central angle
8.  NUMERICAL INVESTIGATION AND DISCUSSIONS
In the present work, an attempt has been made theoretically to evaluate the economical directrices of cylindrical and conoidal shells having the shape of a circle, parabola, inverted catenary and cycloid. The span of all the shells is taken as 25m; chord width of all the shell is 10m and the semi-central angles are varied as 30º, 35º and 40º. For each directrix the shell was analyzed and designed with these semi-central angles. A minimum thickness of 75mm is provided for all the shells. The live load is taken as 0.75KN/m2. The cost of roof per unit area has been estimated, compared and the most economical configuration has been identified.
9. BEAM THEORY FOR LONG CYLINDRICAL SHELLS
There are three theories available for analysis of cylindrical shells. They are

1. Membrane theory

2. Bending theory

3. Beam theory

Out of these three theories, Beam theory is used for analysis and design of long cylindrical shell. The analysis of beam carried out for rectangular or T-sections may be extended to the cylindrical shell which has curved section with or with out edge beams. Using the familiar expression in the beam theory σx = (M/I).y and τxy = (VQ/bI) longitudinal stresses and shear stresses may be found. However since cross section is not that stiff as in the case of rectangular or T-section, only beam analysis is not enough. The cross section should be analyzed as an arch taking an elementary length subjected to vertical load and shear difference between the two edges. This takes care of transverse bending of cylindrical shells. In this investigation, all the cylindrical shells have been designed as per beam theory.
10. MEMBRANE THEORY FOR CONOIDAL SHELLS
M.Soare1 has presented a comprehensive treatment of conoids with various directrices. An engineer not well equipped in advanced mathematics would find his treatment somewhat difficult to follow. The membrane theory has also been discussed by G.S.Rao2 and Bhise3 and Apte. In what follows, a simplified approach made by G.S.Ramaswamy4 is presented. The method, which employs a polynomial stress function, leads to results which are in close agreement with Soare’s theory if the shell considered is not too deep.
11. COST COMPARISON FOR CYLINDRICAL SHELLS
Table.1- Comparison of cost per unit area for semi central angle 30°

	SEMI CENTRAL ANGLE (Φk) = 30°

	DIRECTRIX
	DIMENSIONS OF EDGE BEAM(m)
	QTY. OF STEEL REQD

(KN/m2)
	COST

(Rs/m2)

	CIRCULAR
	0.2x1.660
	0.223
	2078

	PARABOLIC
	0.2x1.740
	0.204
	2000

	INVERTED CATENARY
	0.2x1.717
	0.221
	2084

	CYCLOID
	0.2x0.820
	0.712
	4259


Table.2- Comparison of cost per unit area for semi central angle 35°

	SEMI CENTRAL ANGLE (Φk) = 35°

	DIRECTRIX
	DIMENSIONS OF EDGE BEAM(m)
	QTY. OF STEEL REQD

(KN/m2)
	COST

(Rs/m2)

	CIRCULAR
	0.2x1.424
	0.230
	2098

	PARABOLIC
	0.2x1.545
	0.205
	1995

	INVERTED CATENARY
	0.2x1.511
	0.223
	2085

	CYCLOID
	0.2x0.820
	0.415
	2937


Table.3- Comparison of cost per unit area for semi central angle 40°

	SEMI CENTRAL ANGLE (Φk) = 40°

	DIRECTRIX
	DIMENSIONS OF EDGE BEAM(m)
	QTY. OF STEEL REQD

(KN/m2)
	COST

(Rs/m2)

	CIRCULAR
	0.2x1.180
	0.209
	1995

	PARABOLIC
	0.2x1.356
	0.173
	1838

	INVERTED CATENARY
	0.2x1.310
	0.153
	1757

	CYCLOID
	0.2x0.820
	0.242
	2165


12. COST COMPARISON FOR CONOIDAL SHELLS

	Table.4- Comparison of cost per unit area for semi central angle 30°

SEMI CENTRAL ANGLE (Φk) = 30°

	DIRECTRIX
	DIMENSIONS OF EDGE BEAM(m)
	QTY. OF STEEL REQD

(KN/m2)
	COST

(Rs/m2)

	CIRCULAR
	0.2x1.660
	0.144
	1790

	PARABOLIC
	0.2x1.740
	0.154
	1845

	INVERTED CATENARY
	0.2x1.717
	0.146
	1821

	CYCLOID
	0.2x0.820
	0.176
	1960


Table.5- Comparison of cost per unit area for semi central angle 35°

	SEMI CENTRAL ANGLE (Φk) = 35°

	DIRECTRIX
	DIMENSIONS OF EDGE BEAM(m)
	QTY. OF STEEL REQD

(KN/m2)
	COST

(Rs/m2)

	CIRCULAR
	0.2x1.424
	0.125
	1693

	PARABOLIC
	0.2x1.545
	0.150
	1806

	INVERTED CATENARY
	0.2x1.511
	0.153
	1838

	CYCLOID
	0.2x0.820
	0.152
	1853


Table.6- Comparison of cost per unit area for semi central angle 40°

	SEMI CENTRAL ANGLE (Φk) = 40°

	DIRECTRIX
	DIMENSIONS OF EDGE BEAM(m)
	QTY. OF STEEL REQD

(KN/m2)
	COST

(Rs/m2)

	CIRCULAR
	0.2x1.180
	0.128
	1692

	PARABOLIC
	0.2x1.356
	0.134
	1727

	INVERTED CATENARY
	0.2x1.310
	0.137
	1751

	CYCLOID
	0.2x0.820
	0.128
	1745


13. GRAPHICAL REPRESENTATION OF COST COMPARISON
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                                 Fig.4. Comparison of cost per unit area for semi central angle 30°
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                                 Fig.5. Comparison of cost per unit area for semi central angle 35°
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     Fig.6. Comparison of cost per unit area for semi central angle 40°

14. CONCLUSION
From this investigation it is found out that Parabolic directrix gives the least cost for semi-central angle 30° - 35° and Inverted catenary directrix gives the least cost for semi-central angle 40° in the case of cylindrical shells and Circular directrix gives the least cost for semi-central angle 30°,35° and 40° in case of conoidal shells subjected to gravity loads.
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