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ABSTRACT

Doubly curved cable suspended roofs with two 
sets of nonorthogonal cables with opposite curvature to form 
a hyperbolic paraboloid are analyzed both numerically and ex
perimentally. Equations have been presented to determine the 
initial shape of the unloaded roof and to determine the dis
placements and tension increments approximately by neglecting 
the horizontal displacements. The effect of deformation of 
the frame is also taken into account. Equations have also 
been derived for more accurate determination of the displace
ments by taking the horizontal displacements into account. 
Correction for nonlinearity of the load-deflection behaviour 
is also applied by an approximate method and by an incremental 
load method,

A cable roof 240 ft x 120 ft rectangular in 
plan and with a difference in height of 12 ft between adja
cent corners has been analyzed numerically using the two 
methods mentioned above and the results have been compared.
The behaviour of the roof under a uniform load and under 
concentrated loads at various positions have been determined. 
The behaviour with change in the pretension in the cables 
and with change in the degree of nonorthogonality of the 
cables also has been .studied,»
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To check the validity of the theory, a small 
scale model was tested and the experimental results have been 
compared with the theoretically calculated values.
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Chapter 1- Introduction,

1.1 About Cable Roofs.

Cable roofs are recently gaining recognition 
as economical structural forms. This is mainly because they 
permit very long spans of economical, column-free construction, 
which suits large exhibition halls, sports stadiums and other 
similar buildings. The economy of cable roofs is due to the 
efficiency with which the cable carries the load. The cable 
carries the load in pure tension and the use of high tensile 
steel increases its efficiency. The direction of the stresses 
in the cable roof are expressed by the cables themselves. 
Another advantage is that, there is no possibility of any 
buckling of the elements. Prestressing of the cables makes 
the roof stiff and résistent to uplift due to wind. This 
permits the use of light materials for covering and also 
makes it suitable for permanent buildings.

Another reason for the popularity of the cable 
roof is its aesthetic value. An infite number of different 
shapes can be obtained with cable roofs. The different types 
of cable roofs can be broadly classified into four groups
(i) Roofs with a single set of cables with single curvature. 
Catenary roofs fall into this group. This type of roof is 
liable to flutter and hence a heavy roof deck will have to be
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used,
(ii) Roofs with double set of cables with single curvature. 
Here the flutter is eliminated due to the damping effect of 
the secondary cables.
(iii)Roofs with single or double set of cables with double 
curvature-circular. This is a very economical shape and has 
the advantage of all the cables being of equal length. This 
means design of only one cable. The disadvantage of this type 
is the difficulty of drainage. Drainage outlets will have to 
be provided at the center of the roof.
(iv) Roofs with a double set of cables with a double curvature- 
saddle shape. There is no problem of drainage with this type.

One saddle shape which is popular as a roof 
shape is the rectangular hyperbolic paraboloid with the two 
sets of cables running diagonally and at right angles to each 
other. This requires that the roof be a square or a rhombus in 
plan. When the area to be covered is rectangular, the two 
sets of cables are nonorthogonal. It is this type of roof 
that has been analyzed in the present study,

1,2 Review of Prior Work.

In recent years several studies have been 
published on cable roofs. The book entitled 'Hanging Roofs'^ 
the proceedings of a colloquium held by the International 
Association for Space Structures in Paris on 9-11, July 1962, 
contains several articles on cable roofs. In a paper presented 
at this colloquium, a procedure for determining the initial

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- 3-

- 2shape of a cable roof was given byc8iev and lEidelmah..' They also
3published a paper which described an approximate method of

analysis of prestressed roofs, neglecting the horizontal
4"

displacements of the joints. Another paper by Siev gave a 
general linear method of analysis with the horizontal dis
placements taken into account and correction for nonlinearity 
applied by an iterative procedure. These analyses were for 
orthogonal nets and assumed the angle between the two sets of 
cables to be a right angle.

5Thornton and Birnstiel derived nonlinear equa
tions for a three-dimensional suspension structure and used
two methods for their solution. An influence coefficient6
method has been used by Krishna and Sparkes for the solution
of nonlinear equations with the principle of superposition
assumed in a limited way to analyze, pretensioned cable systems
consisting of two cables of reverse curvature, pretensioned

7
together by means of a set of vertical hangers. Buchholdt
used a theory based on the minimization of the total potential
energy and a solution by the method of steepest descent.8 9
Bathish used membrane theory to analyze cable roofs. Siev
has analyzed an orthogonal roof bounded by main cables and 
compared the experimental values.

In this study a hyperbolic paraboloid non
orthogonal roof, rectangular in plan, has been analyzed both 
theoretically and experimentally, ,
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(a) AXONOMETRIC VIEW

(b) PLAN

H

V

(c) ELEVATION OF A SINGLE SECTION OF CABLE 

Fig.(2-1)- Views of Cable Sections Meeting at a Joint,

-4-
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Chapter 2- Determination of the Initial Shape of the 
Prestressed Unloaded Roof,

Considering the equilibrium of a typical joint 
(m,n), the forces acting at the joint are, the pretension in 
the cables as shown in fig.(2-la). The self weight of the
cables is neglected for the moment and the net is assumed to
be weightless. The self weight could later be considered as 
part of the external load acting at each joint along with 
other superimposed loads.

Oblique coordinates ̂  and in the directions 
of the cables are used for convenience. Resolving forces in 
the direction of the 5 axis,

= 0 (2-1)

Resolving forces in the direction of the 'y\y

axis,

= 0 (2-2)

solving equations (2-1) and (2-2),

where ^ e t c .  are horizontal components of the
tensions in the sections of the cable considered.
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Similarly,

i.e. The horizontal components of the oblique tensile forces 
are constant throughout the cable.

Resolving in the direction of the z-axis,

V + v  + V  +V = 0  (2-3)
Where , Vĝ ^̂ n̂r-l etc. are. the vertical components of
the tensions in the cable sections considered.
From fig.(2-lc),

V«,-n,-*4+l ~  COT K«,,V4,k»+1

Where Y is the angle made by the cable section with the 
vertical.

~ ) (2-4a)a.
where a is the length in plan of a cable section and z, the 
vertical ordinate of the joint.
Similarly,

) (2-4b)

,-m+i — I (2-4c)

(2-4d)
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Substituting equations (2-4) into equation (2-3),

+ = 0  (2-5)

If Hm and are- arbitrarily fixed, then the
ordinates of the joints, z will be the unknowns. The number
of unknowns z will be equal to the number of equations (2-5) 
that can be formulated.
Equation (2-5) can be written in finite difference form as.

The ratio together with the boundary
conditions, determine the exact shape of the roof. It has 10
been shown that for a fixed bounding frame, the variation in 
the ratio does not alter the curvature of the roof
appreciably in the case of orthogonal nets.
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Ghapter 3- Analysis of the loaded Roof Neglecting 
Horizontal Displacements.

In this chapter, the equations to determine 
the displacements of the joints and the tension increments 
in the cables of the roof are derived using an approximate 
method neglecting horizontal displacements. The horizontal 
displacements can be expected to be small compared to vertical 
displacements when the roof is subjected to vertical loads.

Considering the equilibrium of joint (m,n) 
under a vertical load acting at the joint,and resolving
in the direction of the z-axis,

+ f ^ +2,4.=°

where S’H is the increase in the horizontal component of ten
sion and ^  the vertical displacement.

Subtracting equation (2-5) from equation (3-1) 
and neglecting second order terms,

+ %  (L:-^k...+k....,)+%(K.44- =  -R»,4, (3-2)

Resolving in the direction of f and >^axes and 
neglecting horizontal displacements will result in equations 
(2-1) and (2-2), which means that the increase in the hori-
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Pig.(3-1)- Elevation of a Gable Section Before and After loading.
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zontal component of the tension is constant throughout the 
cable.

The elongation of the cable section shown in
fig.(3-1) is

where JT is the change in tension, is the length of
the section and BA is the tensile rigidity of the cable.
Also

  (3-4)
s,.

and

   K ----- (3-5)

Substituting equations (3-4) and (3-5) in equation (3-3)>

Si =   ^ ------ - L
-h.-M.-w+i S/Nd. S / N t ___J..C,«-M

S h^ a.
EA, ■S'N*

(3-6)

The elongation of cable n is obtained by summing up the 
elongations for all such sections of the cable,

-  <  -  Z T^  SIN* r
(3-7)
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_

Also,

+  (3-9)

where is the displacement in the ^ direction and

X.,. ) +  (>^h Z  ̂ ’■■' )

Subtracting equation (3-10) from equation 
(3-9) and neglecting second order terms,

L a  = o.(ss - Si u(v ~ \  ) f i’i  -sx  )

•■■ ( 3- id

Assuming that the length of two adjacent 
sections are equal, when the elongations of all sections are 
summed up, the first term in the bracket represents the 
distance increment between the two ends of the cable. This is
equal to the total movement of the frame at the ends of the
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cable and is zero when there is no deformation of the bound
ing frame.

Considering the inward displacement of the 
frame to be positive and equal to u,

Equating equations (3-8) and (3-12),

Similarly,

i » '  Z p ^ ( u U ]

Now substituting for and in equation
(3-2),

. EA.X,., (r - 3 i  + \  \

Oj
=  -  (3-14)
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where , Ya n are the length in plan of the cables m and n.u y HI u y n
respectively.

When Hja= Hn= H, equation (3-14) may be written

H ( 4.,.+

X  ^ [*=-+
. EA,y.„/a 2i {(K«zkJ(̂>̂z. 4».j})

2 F + ( k . ; k J ]

=  a-RL,^

The number of equations (3-15) that can be 
written is equal to the number of joints and when the frame 
deformations Ujjj , %  are zero, is equal to the number of un
knowns S z.

Equation (3-15) can be written in the matrix
form as

or
A Z = P (3-16)

Z = a”^ P
When the frame deformation is to be taken into 

account, the number of unknowns is in excess of the number of 
equations by the total number of cables. To calculate the 
effect of frame deformation, the horizontal inward displace
ments of the frame between the two anchorage points of each 
cable"is determined. Hence the influence coefficients for the 
deformation of the frame are obtained.
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Thus

U

<*•„ • ■S h, ■
4 : >

sJ
where etc. are the influence coefficients , 
or

S = £-41 (3-17)
Equations (3-17) can he substituted into 

equations (3-13) and (3-14) which can be solved to obtain the 
displacements Sz and the horizontal components of the tension 
increments directly.
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Pig.(4-1)- Forces acting at a Joint in the Initial and 
Displaced Positions.

L ri

Fig.(4-2)- Plan of a Cable Section between Joints i and j,

-15-
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Cliapter 4- Analysis of the Loaded Roof Taking the 
Horizontal Displacements into Account.

Resolving the forces at a joint i [fig. (4-1)] 
in all three directions, viz. and z directions,

+ f  = 0  (4-la)

= 0  (4-la)

where @(,y9, T are the angles made by a cable section with 
the ^,4^ and z, axes respectively.

The extended length of the cable section 
between joints i and j is given, by,

ü  % JZ
(ü,y

+  (4-2a)

and the original length is given by,

=(’̂ -’ÿ)+(Sfe"^/+(ài-ài/ (4-2b)
Subtracting eequation (4-2b) from equation 

(4-2a) and neglecting second order terms,

(4-3)
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Now,
=  X  + sfN e 

ÿ =

where Q is the angle between the and y axes.

S k  - SS +

=. S'^^cose
where. S-̂  and Ŝ y, are. displacements in the direction of ^ 
and axes respectively.
Also from fig.(4-2),

C0S% =

cos

COS a it
4

COSor., - éfc) + - Hi) SIN $
COS =,

•i
% r

where, &x is the increment in the angle oc

1.0. coscocwo). =p.s..+ (̂JA)
^ L X*i J \ 4*/

since  y is. small.
k

=4^)c.s.c, + & i 4 ± ^ k ^ > i «  (4.4̂ , 
\ /ÿV ^

neglecting second order terms.
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Similarly,

cos

CoS = * « 4 (  ( 1 - ^ ) 4  (Wc)

Substituting now in equation (4-3) for x , y , ^

and ^ ,

/.«.. « % +  ^Gsocy

,:c. (4-5)

Also,

/é./ =  (4-6)^  E4
Combining this with equation (4-5),

Now considering equations (4-1), the corres
ponding equations before loading.
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y  (T.̂  =  0 (4-8a)

X  ^

Subtracting equation (4-8a) from equation 
(4-la) and omitting terms of second order,

X  [tj ( c o 5 ^ + & ; ^ - C 0 5 q ( ^ )  +  ̂  +  % ?  =  O

Substituting from equation (4-4a)

swe _  ^ c o s « ; J  + Çj=o

Substituting again for <S^ from equation (4-6)

“H J  8 J ~  ®

Substituting now for from equation (4-7)

Assuming that the length of two adjacent 
sections are equal.
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^  _   I

for a flat parabola.
It isB also convenient to use the horizontal 

component H of the initial tension, which is constant 
throughout the cable instead of Tj[j which varies from section 
to section.

i.e. sin)Tj_.j =  K

or

=  E/sin

i a.
Also replacing ) by and

rearranging terms.

COSotij.COS/^^;
PL

+ R  ̂  _  0 (4_9a)
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Similar ly s

(■ * -  A '

4 }

I§
4 Ç ^ - 0

Correction for Nonlinearity

In deriving the above equations, the higher 
order terms were neglected as being small. This is true only 
for an infinitesimal load. For larger loads, the behaviour is 
nonlinear and the correction for this is applied in tv/o ways:
(i) by an approximate method (ii) by an incremental load 
method.
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(i) Approximate Method of Correction.

In this method, half the displacements obtained 
by solving equations (4-9) are added to the initial co-or
dinates and the new displacements are calculated using the 
corrected co-ordinates. The iteration is continued until the 
values converge sufficiently. This correction amounts to 
basing the calculations on a configuration which is half-way 
between the initial and the final (displaced) configurations,
(ii) Incremental load Method.

Here, the load is applied in small increments 
and the calculations are based on the previous displaced con
figuration. The accuracy of the final displacement depends on 
the size, of the increment; the smaller the increment, the 
greater is the accuracy.
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(a ) PLAN

(b ) AXONOMETRIC VIEW

Fig. (5-1)- Views of a 240 ftx 120 ft Hyperbolic Paraboloid 
Cable Hoof.
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Chapter 5- Numerical Studies.

5.1 Neglecting Horizontal Displacements.

A hyperbolic paraboloid roof 240 ft, x 120 ft 
rising by 12 ft from two opposite corners to the two adjacent 
corners shown in fig.(5-1), was analyzed by using the method 
mentioned in chapter 2, neglecting frame deformation. The 
ordinates of the joints were first determined by solving 
equations (2-5) for the roof. Equations (3-16) were, then for
mulated for the loaded roof and were solved to obtain the 
resultant displacements. The calculations were done for one 
quarter of the net consisting of 21 joints for equal loads at 
all joints and a tension of 50 Kips in all the cables. With 
the deformation of the frame neglected the number of equations 
that had to be solved was twenty one.

The same roof was. analyzed using equations
(3-16) taking the deformation of the frame into account.; For
this purpose, the frame was assumed to consist of four beams
simply supported at their ends. The flexural rigidity of the

2beams were taken as 96,000 Kip-in , The number of equations 
in this case was thirty three; twenty one for the joints and 
six for cables in each direction, the others being determined 
by symmetry. In both cases the equations were, solved on the 
IBM 8/360 computer using the available subroutine. The results 
of the calculations are shown in tables (5-1) and (5-2).
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Table (5-1)- Vertical Displacements of the Joints of 
240 ft X 120 ft Roof shown in fig.(5-1).

E =50 Kips, BA=30x10^ Kip-
Vertical Displacements (ft)

Joint No, Load = 1 Kip/joint Load = 1 Kip/joint 
5 Kips at joint 16

Without 
frame de
formation

With 
frame de
formation

Without 
frame de... 
formation

With 
frame de
formation

1 .218095 .199978 .215975 .194460
2 .543592 .535913 .559846 .550742
5 .398608 .397683 .411660 .410576
4 .860394 .874873 .927712 .944904
5 .755987 .773634 .810777 .831731
6 .461982 .475346 .490521 .506381
7 1.115842 1.149762 1.289348 1.329612
8 1.036608 1.072337 1.169473 1.211885
9 .813359 .842227 .888684 . 922938

10 .461982 .475346 .490521 .506381
11 1.281914 1.324941 1.678529 1.729610
12 1.217212 1.261412 1.473241 1.525713
13 1.036608 1.072338 1.169473 1.211886
14 .755987 .773635 .810777 .831732
15 .398608 .397684 .411661 .410577
16 1.341772 1.383839 2.284966 2.334901
17 1.281914 1.324942 1.578529 1.729661
18 1.115842 1.149763 1.289348 1.329613
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