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Abstract

Cable roof structures have only become widespread in large span structures in
the latter part of the twentieth century. However, they still represent a rela-
tively new form of roof construction, especially as in the present case of a
small span innovative structural solution. The contribution of this text to the
structural engineering community lies in the increased interest in building
simple cable roof structures. Since its completion in September 1996, this
small cable roof structure has been recognized as an interesting architectural
and structural example. The text describes aspects of the design and construc-
tion of a small cable roof that was designed as a roof for an open-air theater
stage for the city of Sao Jose do Rio Pardo, Sao Paulo, Brazil. A cable network,
in the shape of a hyperbolic paraboloid surface, is anchored in a reinforced
concrete edge ring. The projection of the ring’s axis onto the ground plane is
an ellipse. Workers with specialized training were employed in the various
stages of the construction, which was completed in September 1996.
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1. Introduction

The cable roof network, initially in the form of a hyperbolic paraboloid surface,
is anchored in a ring of reinforced concrete whose axis projects an ellipse in the
horizontal plan. The larger and smaller axes of the ellipse measure 20.00 m and
13.00 m, respectively. The network is formed by an orthogonal mesh 10 by 6,
which is parallel to the ellipse axes. Both end points of the larger axis are 1.75 m
below the surface center, while both end points of the smaller axis are 1.00 m
above the surface center. The center of the surface is 4.50 m above the ground. A

wire rope with diameter of 1 inch (25.4 mm) and composed of galvanized steel
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wires of high resistance was specified for the cables. Cable clamps were used at
the intersection of two cables and purlins were fixed over the cable clamps in the
direction parallel to the ellipse’s smaller axis. A pre-painted steel sinusoidal sheet
was used for roof cladding. The cross section of the edge ring is rectangular
measuring 1.00 m wide by 0.45 m high. The edge ring axis follows the form of
the hyperbolic paraboloid surface. The ring is sustained by four identical rein-
forced concrete columns with 3.71 m high and rectangular cross section mea-
suring 0.25 m by 0.50 m. The axis of the smaller moment of inertia of the rec-
tangle is tangent to the ellipse equation. The structure is shown in Figure 1. No-

tice the rotation of the cross section of the edge ring.

2. The Hyperbolic Paraboloid Surface Equation

The hyperbolic paraboloid surface, which is necessary for the description of the

undeformed configuration of the cable network, can be written as:

X 2 2
Z= A(—] + B(lj (1)
a b

The value of A4 is equal to —1.75 m, the value of Bis equal to 1.00 m, the value
of ais equal to 10.00 m and the value of bis equal to 6.50 m.

3. Finite Element Discretization of the Structure

The finite element discretization of the structure is shown in Figure 2. The cable
network was discretized with 96 cable elements. Reference [1] describes this
element and explains a procedure to tension the cable network. The edge ring
was discretized with 72 beam elements, of the type often used in the linear anal-
ysis of structures. This element is suitable because small displacements are ex-
pected for the edge ring. The discretized edge ring is defined by a closed poly-

Figure 1. Structure.
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Figure 2. Structural model.

gonal line, whose vertexes belong to the hyperbolic paraboloid surface. Only one
beam element was used for the discretization of each column. Reference [2] is a
public domain 3D finite element program for the design and analysis of light
structures. The program element library includes cable elements, membrane
element, frame element and spring element. The computer source code written
in Ada95, the executable code for Windows and examples is available for down-
load. The input files used to analyze this structure are included as example
number 2.

Figure 3 shows the node numbering of the structural model. Column 1 is
linked to nodes 6 and 73, column 2 is linked to nodes 30 and 74, column 3 is
linked to nodes 42 and 75 and column 4 is linked to nodes 66 and 76. The con-
nection between the edge ring and the column can obstruct the ring’s rotation
about its axis, favoring the appearance of torsional moment in the ring. To mi-
nimize this torsional moment, the columns were hinged at the ring connection
and clamped at its the base. Moreover, the axis of the smaller moment of inertia
of the column’s cross-section was placed tangentially to the ellipse equation, be-
cause the pinned hypothesis for the connection will not be verified perfectly in

the real structure.

4. Material Specifications

A wire rope with a diameter of 1 inch (25.4 mm) and composed by 37 galvanized
steel wires of high resistance was specified for the cables. The metallic area is
equal to 3.829170 cm?, the elastic modulus is equal to 14710 kN/cm?, the break
force is equal to 456 kN, and the thermal coefficient is equal to 0.0000115/C.
Reference [3] discusses the benefits of structural cables previously submitted to

tensioning to eliminate the initial lengthening caused by the helical configure-
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Figure 3. Binding cable connected to the edge ring.

tion of the wires. The specification for the concrete is given by an elastic mod-
ulus equal to 2746 kN/cm?, transverse elastic modulus equal to 1144 kN/cm?,

and a specific weight equal to 24.5 kN/m’.

5. Loading Cases

At the time of the construction, no wind loads guidelines were available for this
roof shape. In the absence of guidelines and considering the characteristics of
the region where the structure was built, an ad hoc estimate for the design wind
loads was a downward pressure of 470 Pa and an upward pressure of 706 Pa. For
the cable network, the wind load was considered acting orthogonal to the
hyperbolic paraboloid surface, which is the undeformed configuration of the ca-
ble network. Reference [4] provides guidelines for loading cases and corres-
ponding safety factors for structural applications of steel cables for buildings.
Notice that a deformed configuration of the cable network does not define a
hyperbolic paraboloid surface. For the edge ring, the load of the lateral wind was
considered acting orthogonal to its faces. The eight loading cases considered for
the design of the structure are shown in Table 1, where L is the loading case
number, SF is the safety factor for the cable force, AT is the temperature change,
(1) is the vertical pressure applied to the cable network due to the permanent or
live load, (2) is the orthogonal pressure applied to the cable network due to the
wind load and (3) is the orthogonal pressure applied to the edge ring due to the
lateral wind load. The direction of the lateral wind is horizontal and is further

determined by an angle specified in degrees in relation to the X-axis.

6. Cable Network

Reference [1] describes the cable element. The cable element has three states:
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Table 1. Loading cases.

Pressure (Pa)

L SF AT (C)
1 @ (3)
1 2.0 0 0 0 0,0°
2 2.0 0 0 0 0,0°
3 2.2 0 -93.2 0 0,0°
4 2.7 0 -289.3 0 0,0°
5 2.0 0 -93.2 —-470.7 588.4,0°
6 2.0 0 -93.2 706.1 588.4,90°
7 2.0 -15 —-289.3 0 0,0°
8 2.0 15 -289.3 0 0,0°

1) Normal state-a simple truss element, 2) Cut state-a truss element with a cut in
its length in order to apply tension to the element and 3) Tension state-a truss
element with constant tension. By default, all cable elements start in the normal
state. The state of each cable element can be changed at the start of a loading
case. In the cut state, a constant cut value is applied in the element’s undeformed
length. In the tension state, the element shows a constant tension value regard-
less of its nodal displacements. A constant cut value is equivalent to a constant
tension value in the sense that they both produce the same internal forces. A ca-
ble network is tensioned by applying constant cut or constant tension to selected
elements of the cable network. A binding cable element is an element of the ca-
ble network that is connected to the edge ring. Figure 3 shows that there are 10
binding cable elements in the X direction and 18 binding cable elements in the Y
direction. Applying tension to the cable network in a loading case will be speci-
fied by applying tension to the binding cable elements. Notice that applying ten-
sion to elements of a cable network is accomplished in practice by applying ten-
sion through a hydraulic jack. Table 2 shows the state for the binding cable ele-
ments in the X direction at the start of each loading case, where L is the loading
case number. The cross-sectional dimensions were determined by repeating the
following steps: start with the initial dimensions, calculate the critical bending

moments, and then determine the dimensions needed to resist these moments.

7. Structural Nonlinear Analysis

The stable equilibrium configurations correspond to local minimum points of
the total potential energy function. The total potential energy is minimized using
the BFGS quasi-Newton method and employs a line-search procedure through
cubic interpolation as described in [5]. The source and executable computer
codes are available for download from the corresponding author’s website. The
computer code generates a script file for AutoCAD using only basic commands

in an attempt to be independent of AutoCAD version.
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Table 2. Binding elements X.

L State

1 Self weight only
2 Tension 196.1 MPa
3 Equivalent cut

4 Equivalent cut

5 Equivalent cut

6 Equivalent cut

7 Equivalent cut

8 Equivalent cut

8. Results for the Cable Network

Table 3 shows, for each loading case L, the minimum and maximum displace-
ment for the cable network nodes. For loading cases 1 and 2, the displacements
are relative to the undeformed configuration of the cable network. For the re-
maining loading cases, the displacements are relative to the configuration ob-
tained after applying tension to the binding cable elements in the X direction.
Notice that when considering all loading cases, the minimum and maximum
displacements in the Z direction occur for the wind pressure and wind suction
loading cases respectively. The maximum absolute value of the displacement in
the Z direction divided by the average diameter of the ellipse is approximately
1/300. Table 4 shows, for each loading case L, the maximum axial force in the
cable network elements. Note that when considering all loading cases, the max-
imum axial force occurs for the wind suction loading case. The value of this
force divided by the value of the break force is approximately 1/5. An attempt to
use a cable with smaller a cross-sectional area did not yield better results because
it became necessary to increase the tensioning force to keep the vertical dis-
placements acceptable, which, in turn, resulted in unacceptable internal forces in
the edge ring.

9. Results for the Edge Ring

Table 5 shows the critical internal forces for the edge ring, where N is the node
number and L is the loading case number. The internal forces are shown in the
element reference system, whose Y-axis is parallel to the smaller dimension of its
rectangular cross-section. Notice that the maximum axial compression occurs

for the loading case of temperature decrease.

10. Results for the Columns

Table 6 shows the critical internal forces for the columns, where N is the node
number and L is the loading case number. The internal forces are shown in the
element reference system, whose Y-axis is parallel to the smaller dimension of its

rectangular cross-section.
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Table 3. Displacements (mm).

Minimum Maximum
t Z Node Z Node
1 -29 18 8 36
2 -69 97 0 66
3 -7 97 0 72
4 -15 97 1 36
5 -36 97 2 72
6 -3 72 54 97
7 -16 97 1 54
8 -15 97 2 36
Table 4. Cable forces (kN).
L Force
1 20.40
2 75.10
3 72.90
4 68.53
5 65.04
6 93.55
7 76.81
8 60.28
Table 5. Critical internal forces (kN, kNm), edge ring.
FX FY FZ
N
MX MY MZ
Axial Compression Force, L =7
64 312.00 -38.00 —64.00
-9.02 -19.32 -0.39
65 -315.00 47.00 64.00
9.02 71.49 —34.62
Shear Force Y,L=5
41 222.00 —-80.00 125.00
14.02 —-248.70 10.10
42 -219.00 89.00 -125.00
-14.02 146.22 -79.63
Shear Force Z, L =5
30 219.00 89.00 —-125.00
-14.02 -146.12 79.63
31 -222.00 -80.00 125.00
14.02 248.70 —10.10
Torsional Moment, L = 1
27 103.00 —54.00 -19.00
40.99 117.48 -28.73
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Continued
28 —105.00 62.00 20.00
—40.99 -101.89 —18.04
Bending Moment Y, L =5
36 253.00 —-6.00 -7.00
3.24 -476.31 -115.62
37 -253.00 13.00 5.00
-3.24 480.23 109.34
Bending Moment Z, L = 1
18 65.00 1.00 -6.00
2.84 210.94 -196.03
19 —65.00 6.00 8.00
-2.84 —-206.23 194.27

Table 6. Critical internal forces (kN, kNm), columns.

EX FY FZ

N
MX MY MZ

Axial Compression Force, L =5

75 190.00 -3.00 32.00
0.00 -118.86 -11.47

42 -179.00 3.00 -32.00
0.00 0.00 0.00

Shear Force Y,L=1

75 161.00 -5.00 19.00
0.00 -71.59 -17.85

42 -150.00 5.00 -19.00
0.00 0.00 0.00

Shear Force Z,L =5

73 190.00 —4.00 34.00
0.00 —125.53 -12.94

6 -179.00 4.00 -34.00
0.00 0.00 0.00

Bending Moment Y, L =5

73 190.00 —4.00 34.00
0.00 —125.53 -12.94

6 -179.00 4.00 -34.00
0.00 0.00 0.00

Bending Moment Z, L =1

75 161.00 -5.00 19.00
0.00 -71.59 -17.85

42 -150.00 5.00 -19.00
0.00 0.00 0.00
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11. Support Reactions

Table 7 shows the critical support reactions, where L is the loading case number.

12. The Steel Reinforcement

The reinforced concrete structure was designed in the ultimate limit state ac-
cording to the criteria established by the Brazilian standard of reinforced con-
crete structures in force at the time as recommended in [6]. The characteristic
strength of the materials was 20 MPa for the concrete and 500 MPa for the steel.
In the connection between a column and the edge ring, an approximate hinged
connection was built with the reinforcement details as recommended in [7].
These details aid the rotation of the concrete ring section. Figure 4 shows the
reinforcing steel bars for the edge ring and for the columns. The bar diameter is

shown in millimeters.
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Figure 4. Edge ring and column reinforcing steel.
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Table 7. Support reactions for node 73 (kN, kNm).

L FX FY FZ MX MY

1 -18 9 161 —34.03 —65.41
2 -13 10 161 -36.58 —49.92
3 -16 11 166 —42.46 —58.35
4 =20 15 176 —55.02 —=76.00
5 -28 20 190 -73.55 -102.58
6 2 -1 130 4.22 5.88

7 =20 15 176 -55.21 —-73.55
8 =21 15 176 -54.72 —-78.36

13. The Construction

Due to the complex geometry of the edge ring, a surveyor was necessary during
the wood form construction. The reinforcement bars were cut and folded at the
construction site. The reinforcement steel for the edge ring was placed inside its
wood form to guarantee the procedures specified in reference [6]. The concrete
placement for the edge ring was applied with a pump and conducted conti-
nuously to ensure a monolithic element. Workers with specialized training were
employed in the various stages of the construction, which was completed in
September/1996. Figure 5 and Figure 6 show the reinforcement bars crossing at
the connection between the column and the edge ring to approximate a hinged
connection. The concrete hinge details are explained in reference [7]. Figure 7
shows the carpentry work of the concrete form for the edge ring. Figure 8 shows
the steel reinforcement for the edge ring. Figure 9 shows the anchor plate for the
cable connector. Figure 10 shows the placing of the concrete. Figure 11 shows
the concrete edge ring. Figure 12 shows the cable network installation. Figure
13 shows the cable connector. Figure 14 and Figure 15 show the installation of
the roof cladding. Figure 16 shows the audience seats. Figure 17 shows the

complete structure as viewed from outside.

14. Concluding Remarks

The contribution of this text to the structural engineering community lies in the
increased interest in building simple cable roof structures. Since its completion
in September 1996, this small cable roof structure has been recognized as an in-
teresting architectural and structural example. It has received international at-
tention by being entered into the following websites: 1) Structurae [8], which is a
database concerned with the structural aspects of the documented projects and
the technical aspects of its construction and design, and 2) Tensinet [9], which

consists of 22 participating organizations related to tension structures (manu-
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Figure 7. Carpentry work for the edge ring.
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Figure 9. Anchor plate for the cable connector.

Figure 10. Placing concrete.
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Figure 13. Cable connector.
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Figure 14. Roof cladding installation.

Figure 15. Roof cladding installation.
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Figure 16. Audience seats.
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Figure 17. Complete structure.

facturers, producers, engineering offices, architecture offices, and universities)

with representatives from nine European Union member states.
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