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ABSTRACT  

The purpose of this research is to evaluate aerodynamic loads on large span hyperbolic paraboloid 
shaped roofs. This geometrical shape is specific to the design of tension roofs with a cable structure. 
The present study, however, consider a rigid roof structure so that the evaluation of the pressure 
coefficients for this particular geometrical shape is possible. Future studies will focus also on the 
analysis of the pressure coefficients variation that occurs with structural deformation. The parabolic 
shape selected is often used to build tension structures. These kinds of structures are light and 
characterized by innovative construction materials and technical elements such as air conditioning, 
lighting, etc. The design of tension roofs is always striving towards technological and structural 
innovation in order to build ever lighter structures to cover equally ever larger spans. Tension 
structures are in line with the new contemporary architectural concept of space, allowing for the 
construction of large open spaces where the flexibility and the modifiability of the structures in 
question are the most important prerequisites. They also meet the demand for structures that only 
need basic planned maintenance and can also withstand seismic pressure. In Italy, this constructive 
typology has so far been largely neglected and to a certain extent even ignored by building 
regulations. In fact no mandatory standards have been set for the design and construction of tension 
structures, except for temporary constructions.. 
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1.  INTRODUCTION 

The need of a dynamic approach appears in the design of large free spaces where the flexibility and 
modifiability of the structures are the most important prerequisites for great spaces that in most cases 
act like stages for virtual activities performed all around. Spaces without mid-span pillar or headroom 
meet such need. As a consequence, sports complexes, swimming pools, stadiums, shopping malls, 
etc. can exploit a long-established covering solution, such as tension structure, improved by new 
technologies that make it more reliable and comfortable than before. In fact, traditional structures, as 
for example steel or concrete plates or plywood timbers often result so expensive and massive that 
building construction becomes difficult; on the contrary, tension structure meets current market’s 
requirements in terms of lightness, innovation of materials, cost-effectiveness and lack of 
intermediate support.  

The problem with tension structures lies in matching two constraints: available economic means 
(let’s think, for ex., to small cities) and extreme shapes designed by architects: if on one hand tension 
structures realise a perfect compromise between lightness and high structural performance, on the 
other hand they are extremely complex in the design phase. In fact, these kinds of structures have a 
ratio between live loads and dead loads which is opposite of the one of traditional weight structures 
and this determines a different approach in structural analysis: wind and snow action analysis has an 
instrumental role in the design and optimization of such structures, because they can easily buckle 
and so result particularly susceptible to dynamic wind action or to snow or water loads, especially if 
they are not-symmetrical. For this reason a non linear static and dynamic analysis carried out by 
specific software and specialised technicians is needed. 

In addition to their design complexity, another constraint that prevents the diffusion of tension 
structures is the lack in international codes of mandatory standards for structural design and action 
distribution on complex shapes, except for temporary constructions. In fact, in Italy, in Europe as well 
as in the United States, this constructive typology has been neglected so far and even ignored by 
building regulations. 

2  PRELIMINARY DESIGN 

2.1 Two-dimensional model 
With the purpose of analyzing as many different geometrical configurations as possible deriving 

from three-dimensional surface (hyperbolic paraboloid) it was developed a procedure of preliminary 
design that simplifies a three-dimensional geometry (hyperbolic paraboloid) with a two-dimensional 
model; the three-dimensional surface and the three-dimensional model is represented in Fig.1 (a). The 
steps of this process were the following: 

• Identification of a bearing zone (load bearing cables with a down concave) and a stabilizing 
zone (stabilizing cable with an up concave) with an opposite flexure in a 
three-dimensional surface. The geometrical characteristics are represented in Fig.1 (b) in 
particular cable sags (f1, f2) and cable spans (L1, L2). 

• Assumption of a two-dimensional model (rope beam) to simulate the real three-dimensional 
structure. 

Once that geometry and loads (live and dead loads) are prefixed, the procedure of preliminary 
design consists in evaluating the minimum and optimal values of pretensions and areas of the two 
series of cables (load bearing and stabilizing); cables area is optimal when cables stress, under the two 
opposite load configurations (maximum snow load and maximum wind depression), respects the 
upper and lower stress limits (σmax, σmin), so fixed as to prevent cable curvatures reversal. 
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Figure 1: Load conditions: the “0” configuration refers to a dead load; “1” to the permanent load; “2” to the 
snow action (mid-value) and “3” to the wind action (depression) (mid-value) (d); plan shapes considered (e); 
2D structural model (rope beam). 



There are four key conditions of load configuration that are considered, as shown in Fig.1 (c); “0 
condition”: it is the starting balance state where cable weight only acts. The cable stress is an initial 
value calculated in order to maintain, for given geometry, displacements equal to zero.“1 condition”: 
it is the permanent action state, where - in addition to cable one - other weight elements operate: 
systems, membranes and roof panels’ weight. The difference of action between 0 condition and this 
condition brings to a geometrical variation. The “1 condition” geometry is the final and the permanent 
roof configuration in case of no environmental intervention.“2 condition”: it is the maximum snow 
action state. In this condition the load bearing cables (C1) reach the maximum extension and the 
highest values of stress, while the stabilizing cables (C2) reach the minimum value of stress; if 
structure is badly designed then the stabilizing cables reach the curvature reversal and therefore the 
structure collapses. “3 condition”: it is the maximum wind action (suction value) state. In this 
condition cables have a reverse behaviour with respect to “2 condition”. In this instance the load 
bearing cable C2 reaches the maximum stress values, whereas the stabilizing cable C1 reaches the 
minimum stress value.  

The mechanical parameters involved in the preliminary design procedure are the cable (C1, C2) 
strains in the different load configurations, in particular in the starting balance state (“0”) with only 
cables weight (ε0,1, ε0,2), with the maximum snow action (“2”) where permanent loads plus cables 
weight and snow action (ε2,1, ε2,2) operate and, finally, with the maximum wind action (suction) (“3”), 
where permanent loads plus cables weight and suction wind action (ε3,1, ε3,2) operate. 

The hypotheses formulated in order to simplify the three-dimensional real structures as a 
two-dimensional model (rope-beam) are represented by: parabolic configuration of cables (load 
bearing cables and stabilizing cables), geometrical congruence for vertical displacements in the 
middle node, steady connection between load bearing cable and stabilizing cable. Once the 
geometrical parameters are set, the value of vertical displacements for the snow and wind action the 
initial prestress (optimized value) and the specific load to be borne by the support structures are 
defined. Structural output is obtained identifying the balance state between the equivalent loads for 
each load case (“0”, “1”,”2” e “3”) and iterating on the earliest C1 stress value (σ0,1) in order to obtain 
the maximum stress value under maximum snow action (σ2,1) and the minimum stress value under 
wind action (σ3,1) fixed in early hypotheses.  

The procedure determines the cable areas (A1 and A2) to be used for this geometrical 
configuration. The vertical displacement values (Δf2,1) of the C1 middle node under snow action are 
therefore evaluated. 

2.3 Different geometrical shapes sample  
Using the previously explained procedure, for a set of values of span and sags a statistical sample 

of different roof shapes has been produced. In order to obtain such sample, three different geometrical 
parameter ratios are used: 

• γ ratio, between cables sags, γ = f2/f1; 
• ρ ratio, between the roof height (H) equal to sum of cables sags (H = f1+f2) and the maximum 

value between cables (C1 and C2) spans(L1 e L2), ρ = H/Lmax; 
• α ratio, between cable spans, α = L1/L2. 

After having prefixed adequate stress limits and having assumed a specific snow and wind action 
value, the exact and optimal value of the cables areas and the vertical displacements (maximum 
value) are evaluated for each geometry of statistical sample. The structure behaviour is analyzed in 
order to understand the ratio between the cable areas and the structural performance with a geometry 
variation. For example, considering a cable net with cable spans equal to 20 meters (L1 equal to L2), 
with the traction force value equal to 150 kN, the maximum stress value of C1 cable (under snow 
action) σ2,1 , and with maximum value of C2 cable (under wind suction) σ3,2 equal to 1100.00 Mpa, 



and with a snow load equal to 1 kN/m2 and wind suction equal to 0.6 kN/m2, changing γ and ρ ratio, 
the optimal cable area values variation is obtained as reported in Fig. 2 (a). A more meaningful result 
is obtained by analyzing the interaction between two factors: cable area and vertical displacements of 
the cable net. The graph in Fig. 2 (a) points out that cable area values fall off until an asymptotic limit 
when γ ratio increases; therefore, data say that an optimal state is obtained only when the C2 span is 
greater than C1 span. (L2 should be major of L1). The vertical displacement variations of the previous 
case are reported in Fig. 2 (b). The absolute value of vertical displacements increases for γ ratio 
greater than 1; in reverse, it falls off for γ ratio less than 1. The absolute value of vertical 
displacements increases when ρ ratio falls off too. 

The procedure results are compared to the results provided by a non linear analysis on rope-beam 
F.E.M. two-dimensional model, in order to check the procedure explained. Considering model 
approximation the numerical error of procedure is marginal. 
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Figure 2: Parametric variation cables areas 

3  AERODYNAMIC TESTS IN WIND TUNNEL 

3.1 Planning 
This research is able to make a positive contribution to new rules as for example the Italian 

CNR2008. With the aim of compensating for lawlessness about preliminary design of tension 
structures, experimental tests were performed in the CRIACIV’s wind tunnel in Prato, in order to 
assess the wind action on tension roofs with a hyperbolic paraboloid shape.  

From the statistical sample of different geometrical shapes that were studied (about one thousand 
different configurations), some configurations were selected to be tested in the wind tunnel in order to 
highlight their aerodynamic behaviour and calculate the pressure coefficients. The geometrical 
configurations selected have an optimal behaviour with each load condition. The optimal solutions 
were chosen analyzing the cable stress variation for each load condition.  

The sample selected has three different α ratios, that is to say three different plan shapes: the first 
equal to 1 (square plan), the second equal to 0.5 (rectangular plan with C1 span value less than C2 
span value) and the last one equal to variable value (circular plan); it has also one value of γ ratio 
equal to 2 and two different values of ρ ratio equal to 1/6 Lmax and 1/10 Lmax, where Lmax is the 
maximum cable span value. Having in mind the design of sport centres, swimming-pools, meeting 
rooms with new shops and community inner spaces, another geometrical parameter (in the following 
Hb) has been taken into account which measures the distance between the roof and the ground floor. 
Two values of this parameter have been added: Hb equal to 1/3 Lmax and 1/6 Lmax.  



The roughness of the lateral surface in the circular model was increased in order to try to obtain the 
correct values (with a Reynolds number high) in the wind tunnel where the Reynolds number is low. 
The two tests with a low Reynolds number were carried out in order to evaluate the influence of this 
variable.  

One of the most relevant point in the study of action-structure interaction (and in particular wind 
action-structure interaction) is the analysis of the distribution of wind pressure on the structure. 
However, the calculation of this variation for tension structures with a three-dimensional geometric 
configuration is impossible without specialized experimental tests (such as wind tunnel tests) because 
international building regulations are inadequate and ignore particular shapes, such as hyperbolic 
paraboloid, hyperboloid or ellipsoid: while there are precise indications for shells, slopes and domes, 
in Italy there are no regulation to calculate the wind action on this shape.  
 
Table 1: wind tunnel tests models planning  

Square plan models 

  α  ρ  γ  f1 [cm]  f2 [cm]  L1 [cm]  L2 [cm]  H [cm]  Hb [cm] 
p.1 1 1/10 Lmax 2 2.67 5.33 80.00 80.00 8.00 (1/10 Lmax) 13.33 (1/6 Lmax) 
p.2 1 1/10 Lmax 2 2.67 5.33 80.00 80.00 8.00 (1/10 Lmax) 26.66 (1/3 Lmax) 
p.7 1 1/6 Lmax 2 4.44 8.89 80.00 80.00 13.33 (1/6 Lmax) 13.33 (1/6 Lmax) 
p.8 1 1/6 Lmax 2 4.44 8.89 80.00 80.00 13.33 (1/6 Lmax) 26.66 (1/3 Lmax) 

p.13 1 1/6 Lmax 2 2.22 4.44 40.00 40.00 6.66 (1/6 Lmax) 
6.66  

(1/6 Lmax) 
Rectangular plan models 

  α  ρ  γ  f1 [cm]  f2 [cm]  L1 [cm]  L2 [cm]  H [cm]  Hb [cm] 
p.3 0.5 1/6 Lmax 2 4.44 8.89 40.00 80.00 13.33 (1/6 Lmax) 13.33 (1/6 Lmax) 
p.4 0.5 1/6 Lmax 2 4.44 8.89 40.00 80.00 13.33 (1/6 Lmax) 26.66 (1/3 Lmax) 
p.5 0.5 1/10 Lmax 2 2.67 5.33 40.00 80.00 8.00 (1/10 Lmax) 13.33 (1/6 Lmax) 
p.6 0.5 1/10 Lmax 2 2.67 5.33 40.00 80.00 8.00 (1/10 Lmax) 26.66 (1/3 Lmax) 

Circular plan model 
  α  ρ  γ  f1 [cm]  f2 [cm]  D1 [cm]  D2 [cm]  H [cm]  Hb [cm] 
p.9 - 1/6 Lmax 2 4.44 8.89 80.00 80.00 13.33 (1/6 Lmax) 13.33 (1/6 Lmax) 
p.9 w.r.1 - 1/6 Lmax 2 4.44 8.89 80.00 80.00 13.33 (1/6 Lmax) 13.33 (1/6 Lmax) 
p.10 - 1/6 Lmax 2 4.44 8.89 80.00 80.00 13.33 (1/6 Lmax) 26.66 (1/3 Lmax) 
p.10 w.r - 1/6 Lmax 2 4.44 8.89 80.00 80.00 13.33 (1/6 Lmax) 26.66 (1/3 Lmax) 
p.11 - 1/10 Lmax 2 2.67 5.33 80.00 80.00 8.00 (1/10 Lmax) 13.33 (1/6 Lmax) 
p.12  ‐  1/10 Lmax  2  2.67 5.33 80.00 80.00 8.00 (1/10 Lmax) 26.66 (1/3 Lmax)

3.2 Wind Tunnel tests 
The models tested are wooden models and have plan size between 40.00 and 80.00 centimetres, 

while their height is between 18.00 and 40.00 centimetres. All models have about 155-233 pressure 
take-offs with a pipe size equal to 1.3 mm, that are distributed on the roofs and on the four lateral 
surfaces. Models are presented in Figure 3 (a-n), below. 

Experimental tests were performed in the CRIACIV’s boundary layer wind tunnel in Prato (Italy). 
The boundary layer is developed with a “city” configuration in the wind tunnel. The maximum speed 
value is equal to 16.00 m/s at ground elevation corresponding to 80.00 centimetres. The sampling 
frequency is equal to 252 Hz and the acquisition time is equal to 30 s. The anemometric measures 
were required with four different inputs of data (four different ground elevation values, 10, 20, 30 and 

                                                 
1 w.r. suffix means without roughness increase. 



40 centimetres). The pressure coefficients Cp(t)) are non-dimensionalized respect to ground elevation 
of 20.00 centimetres and data for sixteen different wind angles were obtained. The pressure 
coefficient values (Cp) are equal to ratio between the orthogonal pressure to surface (p(t)) and static 
pressure of undisturbed flow (p0), divided by mean value of undisturbed flow kinetic pressure (qm) 
where ρ is air density (assumed as 1.25 kg/m3) and Vm is mean value of undisturbed flow speed. 
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Figure 3: p.1 (a); p.2 (b); p.7 (c); p.8 (d); p.3 (e); p.4 (f); p.5 (g); p.6 (h); p.9 (i); p.10 (l); p.11 (m); p.12 (n) 

3.3 Wind Tunnel test data 
Pressure coefficients’ variation of one of twelve models is reported in Fig.6 (a-l). Maps of pressure 

coefficients of three of sixteen wind angles (0, 90 & 45 degrees) are presented below.  
It’s important to specify that errors of data captured have been replaced by symmetric 

configuration data and by mean values of surrounding pressure take-offs data2. For each wind angle, 
mean (Cp,m), maximum (Cp,max), and minimum (Cp,min) pressure coefficients values are registered. 
These values concern two directions which are cross sections in the middle of the roof: the first 
(direction 1) is parallel to C1 cables direction, the second (direction 2) is perpendicular to C2 cable 
direction. Negative values of pressure coefficients represent wind suction values. Map comments 
about Cp behaviour refer to the absolute value.  

It’s worth noting that:  
• direction 1 connects the two lowest nodes of the roof, while direction 2 connects the two 

highest nodes of the roof 
• when wind direction is equal to 0°, wind is parallel to direction 1 and perpendicular to 

direction 2. On the contrary, when wind direction is equal to 90°, wind is perpendicular to 
direction 1 and is parallel to direction 2. 

A more meaningful result is obtained by comparing Cp variation of different structures shapes. 
The data analysis of structures with the same roof curvature but different plan shape shows that the 
square plan structures have a minor value of Cp,m in the detached regions in direction 1 and with wind 
angle of 0°; in direction 2, structures behaviour is similar for each shape and Cp,m variation is 
constant. However, it shows that square or rectangular plan models have a similar behaviour, which is 
quite different from the one of circular plan structures. The differences among the three shapes are 
more in evidence with wind angle of 90°: square plan structures have the greatest Cp,m values, in 

                                                 
2 In the pressure coefficients maps reported, dark gray is suction, light grey is pressure 



reverse to the behaviour with wind angle of 0°. The circular plan structures have a greater variety than 
the other shapes and the rectangular plan structures have a more or less regular variation. Analyzing 
Cp variation in direction 2 with wind angle of 90°, it can be noted that the Cp,m values in the detached 
regions of rectangular plan structures are lower than in the other geometries. In conclusion, in the 
separation zone, with wind angle of 0° and 90°, rectangular plan structures have Cp,m values lower 
than the other geometries, while, in the orthogonal regions, this behaviour is opposite. 

Figure 4 and 5 show some characteristics of flow directions. With wind direction 0°, flow is 
separated in the impact zone (Fig. 4.a), then it follows surface curvature; instead, with angle equal to 
90°, flow is always separated (Fig. 4.b). Interesting aspects are obtained by comparing Cp variation of 
different roof curvatures. In fact, with a minor curvature radius, flow separation is less than with a 
major curvature radius, but in the last case, after the first separation, a new separation follows too. 

 
 
 
 
 
 
 
 

 

 
 
 
 
 
 

 
 
 

(a) (b) 
Figure 4: Flow direction – wind direction 0° (a); wind direction 90° (b).

 
 
 
 
 
 

 

(a) (b) 
Figure 5: Flow direction, wind direction 0° models with H equal to 1/10 L (a) and 1/6 L (b). 
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Figure 6: Test p7 (ρ = 1/6 L, Hb = 1/6 L) (a) Pressure coefficients variation: direction1 (0°), (b) Pressure 
coefficients variation: direction2 (0°), (c) Pressure coefficients variation: direction1 (90°), (d) Pressure 
coefficients variation: direction 2 (90°), (e) Pressure coefficients variation: direction1 (45°), (f) Pressure 
coefficients variation: direction 2 (45°). 

In addition to aerodynamic tests, PIV (Particle image velocimetry) tests were also carried out in 
order to obtain pressure vectors and pictures of vortex shedding. Figure 7 (a-b) shows six data 
registered with PIV method, three for wind direction 0° and three for wind direction 90°. PIV data are 
compared with the CFD data, in order to check CFD simulation and understand the three dimensional 
behaviour of vortex shedding. 
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Figure 7: Wind tunnel tests: P.I.V. analysis. 0° (a) and 90° (b) Streamlines – three pictures for each wind 
direction angle 
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4  NON LINEAR STATIC AND DYNAMIC ANALYSES 

Three dimensional non linear static and dynamic analyses are performed for each wind tunnel tests 
geometry, in order to check the preliminary design procedure and give a guide of design tension roofs 
as well.   

The precision error of numerical procedure (with a two-dimensional static model) is included 
between 1% and 15 % for different geometries and load cases and with three dimensional non linear 
FEM models. Therefore approximation is very good. In Table 2 analysis 1 and 5 are compared. Dead 
load and snow load is equal in both preliminary design and final analysis, but wind action is different. 
With numerical procedure, wind action is a uniform suction load, instead in FEM analyses wind 
action is considered in four different configurations: 

1. Analysis 1: as a uniform suction load (mean value) with static nodal forces; 
2. Analysis 2: as different static nodal force evaluated with wind tunnel tests pressure coefficients 

(pressure coefficients variation used is reported in Figure 6) 
3. Analysis 3: as different static nodal force evaluated with a simplified distribution of pressure 

coefficients; 
4. Analysis 4: as different nodal force with a time-history variation (non linear dynamic analysis) 
A more meaningful result is obtained by comparing the data of the four previous different 

analyses. In Table 2 maximum values of vertical displacements assessed with the four previous 
configuration loads are reported. For each geometry Modal analysis is carried out also in order to 
compare structural modes with pressure modes determined with POD method shown in F.RIZZO et 
al. “Aerodynamic behaviour of hyperbolic paraboloid shaped roofs: POD and CFD analysis”. Other 
interesting data will be described in a future paper. 

 
Table 2: maximum values of vertical displacements with wind action (p.1 data). 

Analysis 1: Δf, Wind_Cp,mean [m] 0.476

Analysis 2: 
Δf, Wind_0°_Cp,max. [m] 0.146
Δf, Wind_0°_Cp,min. [m] 0.288
Δf, Wind_0°_Cp,mean [m] 0.192

Analysis 3: Δf, Wind_0°,semplified [m] 0.245
Analysis 4: Δf, Wind_0°_time history [m] (after 800 s) 0.300
Analysis 5: Preliminary design 
procedure Δf, Wind_Cp,constant [m] 0.450 
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