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ABSTRACT

This paper describes the design of a tension structures to cover a sport arena.
Wind tunnel details are used to evaluated wind action static and dynamic in order to
perform non linear static and dynamic analyses. Wind forces in time histories are
evaluated from pressure coefficients acquired in wind tunnel and time histories of
displacements are evaluated in order to study the dynamic deformed shape. An
interesting comparison between the existent structure, realized with a spatial
reticular steel structure, and the tensile-structure proposed, puts in evidence the high
performance of this second kind of structure and its low dead load. This is a very
important characteristic in a particularly vulnerable seismic zone.

1. INTRODUCTION

Sports arenas, indoor swimming pools, skating park, conference spaces are
buildings that need to cover large spans without intermediate supports. Tension
structures, and hyperbolic paraboloid shape in particular, are the most flexible
structures to realize free spaces. Furthermore, such structures meet the
requirements of today’s market in terms of lightness, innovation of materials and
cost-effectiveness. Thus, considering the developments obtained in the research
aimed at parameterization of the structural responses of hyperbolic paraboloid
cables nets illustrated in a previous proceeding (Rizzo et all ACEM 12), this paper
shows a design of a tension structure covering a sport arena located in Chieti (ltaly).
This project is based on aerodynamic wind tunnel and its detail is used to evaluated
wind action static and dynamic in order to perform non linear static and dynamic
analyses. Finally, to complete this study, the present work describes an interesting
comparison between the existent structure, realized with a spatial reticular steel
structure, and the new structure, realized with a tension structure to put in evidence
the high structural performance of this second kind of structure and its low dead load.
In fact, such structures have a ratio between live loads and dead loads which is
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opposite of the one of traditional heavy structures and this determines a different
approach in structural analysis.

2. EXISTING STRUCTURE

The sport arena used for this project, called “Palatricalle”, is located in Chieti (ltaly)
and it is the main complex of the city dated 1980. The existing structure is realized
with a spatial reticular steel structure with square footprint of dimensions of about 73
m. The main information regarding the existing structure are summarized in Table 1
and the structural model are reported below (Fig. 1).

Table 1: Palatricalle existing structure.

Existing structure data

Square plan: 73x73 m

Geometrical parameter Beam high (including roof): 2.30 m

Roof material Steel: S235

Roof structural weight 1.00 KN/m?:
- roof weight: 0.30 kN/m?
- structural weight: 0.50 kN/m?
- systems weight: 0.20 kN/m?

Support structure Concrete bleachers

Support structure material Concrete: C25/30 Steel: B450C

Fig. 1 Existing structural model

In 2007, Palatricalle was restored in order to respect FIBA and fire regulation. As
consequence, the capacity of the arena is decreased: from 3500 to 2400 seats; for
this reason a new design has been proposed, in particular an expansion and an
auxiliary spaces dedicated to catering, meeting and business activities are designed.
Thanks to the high performance of tension structures in covering medium and large
spans, this structural typology is chosen to realize a new idea of Palatricalle.
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3. HYPERBOLIC PARABOLOID ROOF DESIGN

Fig. 2 illustrates a virtual three-dimensional view of the project and its ground floor.
Geometric and mechanic parameters of hyperbolic paraboloid roof with a square
shape are reported in Table 2 (Rizzo 2011).
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Fig. 2 Ground floor (a), Virtual three-dimensional view (b)

Table 2: Geometric and mechanic parameters of hyperbolic paraboloid roof.

Square plane models with H,=1/6 L

Geometric parameters

a=Lil; p=fMfy  y=HlLnx fy f2 L1 L. H Hp
[cm] [ecm]  [cm] [cm] [cm] [cm]
1 1/6 Limax 2 444 8.89  80.00 80.00 1/6 Limax 1/6 Lmax
Mechanic parameters
A, A; € )
[cm?] cm?
5.71 2.31 0.006294 0.007652

Tension structure is formed by:

- an hyperbolic paraboloid cables net;

- aborder structure;

- a cable-stayed system for anchorage.
Cable net, with a distance of 2 m, is anchored to border structure at an altitude
varying from +12.60 to +26.00 m. Cable net is covered with PTFE (Teflon); this
membrane is fixed for points through mechanical connections. Border structure,
which has the function of absorbing the forces transmitted from the cable net, is
constituted by four arcs having the same curvature of the roof. They have a
rectangular cross section 500x900x30 mm, made of steel S355. The anchoring
system presented tubular steel columns (500x30 mm) and a cable-stayed system
with a distance of 4 m (8 m in correspondence of the entrance). The columns are
inclined about 20° respect to the vertical; in this way it opposes, for the form, to the
cable shoot. The stays are made of high-strength steel with E=16500 KN/cm? and
they changed their sections if are parallel to the bearing cables (@ 40) or parallel to
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the stabilizing one (@ 30). These characteristics are summarized in Table 3 where A,
Az and Aj; indicate the cable area values obtained by preliminary design, respectively
for load bearing cables, for stabilizing cables and for stays; €4, €2, and €3 indicate the
values of cable strain respectively for load bearing cables, for stabilizing cables and
for stays; L is the length of stays; L1 is the span of the bearing cables, L is the span
of the stabilizing cables; f; and f; is, respectively, the values of load bearing cable
sag and of stabilizing cables sag. Stays 1 are parallel to the bearing cables while
stays 2 are parallel to the stabilizing cables. Fig. 3 show the FEM model realized to
investigate wind action on the tension structure while in Table 4 are reported its main
characteristics.

Table 3: Input project data.

Input project data

Geometrical Square plan: 80x80 m
parameter Thickness: 0.15 m
Bearing cables A;=571cm? g =0.006294 T, =592.99 KN Li=80m  f;=4.44m

Stabilizing cables A, =2.31 cm? g, = 0.007652 T, =720.93 KN L,=80 m f,=8.89 m

Stays 1 As;=10.50cm® g5 =0.010500 T;=1819.1 KN L=25840m
Stays 2 A; = 8.00 cm? g3 = 0.003500 T3 =462.00 KN L=25840m
Column Cross section (tubular): 40x2 cm Material: steel S355
Border structure  Cross section (rectangular): 50x90x3 Material: steel S355

Structural weight  0.18 kN/m*:
- roof weight: 0.10 kN/m? (membrane)
- structural weight: 0.06 kN/m? (dead load + connections)
- systems weight: 0.02 kN/m” (separated from cables net)
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Fig. 3 FEM model
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Table 4: Characteristics of FEM model

Elements n.
Nodes number: 1805
Cable elements: 3028
Frame elements: 384

4. HYPERBOLIC PARABOLOID ROOF DESIGN

4.1. Non-linear static analysis

Non-linear static analysis were performed applying, on a FEM model, the wind
action evaluated using the mean experimental pressure coefficients for two wind
angles, 0° and 90°. The wind action applied on the FEM model was calculated using
the mean (C,,), minimum (C,m,) and maximum (C,..x) pressure coefficient point
values for each Thiessen polygon. This value is then extended to all net nodes by a
numerical procedure (Gumbel 1974) (Cook 1978, 1979, 1980). Static analysis
results are shown in Table 5 where & represents vertical displacements (in this case
suction displacements). Then results were compared with the structural response
obtained from non-linear dynamic analysis, performed by applying the entire force
time history calculated with the time history of pressure coefficients obtained from
wind tunnel data.

Table 5: Non-linear static analysis - vertical displacement.

8, Cpmax 8, Cp min 5, Com
[m] [m] [m]

Wind 0° 0.104 0.260 0.250

Wind 90° 0.060 0.350 0.268
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Fig. 4 Deformed shape C,nm 0° (b). Deformed shape Cpm 90° (b)
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4.2. Non-linear dynamic analysis

During experimental wind tunnel tests, pressure time histories were acquired at a
frequency of 252 Hz and with an acquisition time step of 29.7 seconds. A total of
7504 values were acquired with a time step equal to 29.7/7504, approximately
0.0039 seconds. Wind tunnel data acquisition must be scaled to determine the
correct time step on a real full-scale and the step integration to be used in dynamic
analysis. This is done by comparing wind tunnel speeds with real speed according to
the technical code being considered. In particular, after calculating wind tunnel
speeds, a Uy value is determined (calculated as 10 cm on the model scale), the
geometric scale of the model is established (in this case 1:100 (A=100)). the
integration step is equal to 0.24 s. A time history is applied to each node. In this case,
1681 pressure time histories were applied with 7504 values plus an additional “ramp”
with a length of 469 values. (Majiowiecki 1994).
Fig. 6 (a) shows 3 time histories acquired by pressure taps close to the node N1, N2,
N3 (check nodes indicated in Fig. 5) for wind angle at 0° (parallel to the stabilizing
cable). As can be seen by the trend of time histories, the pressure coefficients
decrease moving away from the flow separation zone (containing N1). However,
since the border structure generally consists of steel beams that are much stiffer
than cables, in this area would occur vertical displacements much lower than those
recorded in the middle of cables net. Fig. 6 (b) illustrates the history of vertical
displacements of node N2 by applying force time history.

Wind
0°

Fig. 5 Check nodes N1, N2 and N3

Cp Time history Cable joints displacements
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Fig. 6 Time History (a) Cable joint displacements (b)
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Fig. 8 (a) (b) illustrates the trend of absolute displacements for a 0° wind angle,
calculated on cable S1 (stabilizing cable) and cable P1 (bearing cable) as shown in
Fig. 7. The cables were discretized in 41 nodes.

Woiond &\ W;o“d &\
(a) (b)
Fig. 7 Stabilizing cable S1 (a) Bearing cable P1 (b)
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Fig. 8 Vertical displacements: cable S1 (a) cable P1 (b)

The greatest suction displacement is equal to about 22 cm and the minimum
pressure displacement is equal to about 11 cm. However, the mean results, in terms
of displacements, were summarized in Table 6. Then a comparison was done with
results of non-linear static analysis for C, min that in absolute value provide maximum
displacements as reported in Table 7. (Simiu, Scanlan 1996).

Table 6: Non-linear dynamic analysis results.

Wind_0°
Stabilizing cables S1 Bearing cables P1
Min displacements Max displacements Min displacements Max displacements
[m] [m] [m] [m]
0.1152 0.1971 0.0954 0.2181
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Table 7: Comparison between non-linear static and dynamic analysis.

Wind_0°
Af
[m]
Non-linear Static Analysis (Cp min) 0.218
Non-linear Dynamic Analysis 0.260

CONCLUSION

This paper describes a project of a sport arena with medium span using an
hyperbolic paraboloid tension structure made of cables net. Results show that is
possible to cover 80 m of span with a cables net that weighs 0.4 KN/m?, which
presents cables with areas that do not exceed 6 cm?, with a diameter not greater
than 3 cm. If you consider that, currently, the same span is covered with a common
spatial reticular steel structure, with a height of the single beam that exceeds 1.50 m,
with a structural weight four times bigger than the one of the cables net, you can
understand how the advantage of using cables net is relevant both in terms of formal
and structural lightness. So, the tension structure results less expensive than a
traditional one. Then the paper comments static and dynamic non-linear analysis
results conducted on cables net. In particular, analysis consider wind action. It is
calculated using the pressure coefficients acquired through experimental wind tunnel
tests. Such tests have provided pressure coefficients for minimum, mean and
maximum values and as time history. These coefficients were used to perform non-
linear static analysis with wind action evaluated for mean, minimum and maximum
pressure coefficients and to perform non-linear dynamic analysis applying wind
action as a time history of force, calculated using the single time histories of the
pressure coefficients. It showed that the results of dynamic analysis are very similar
to the results obtained with static forces calculated using the mean pressure
coefficients, demonstrating that it is possible to simplify experimental data when
making a global analysis. So, the paper shows that you can use experimental results
obtained in a simplified form even for very deformable structures such as cables nets.
This would permit designers to make a preliminary dimension calculation of cables
nets with a hyperbolic paraboloid shapes, in the form examined, using appropriate
pressure coefficient values.
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