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1 INTRODUCTION 

Tensile surface structures are structures made of flex-
ible materials such as membrane or cables which are 
tensioned between the given boundaries. These struc-
tures are very light and are used for many functions 
such as festival tents and stadium roofs. These struc-
tures can be built at different scales, for outdoor and 
indoor use, as temporary or permanent structures, etc. 
Despite these structures are widely used, the design is 
still based on expert judgment because no harmonized 
design approaches similar as for traditional materials 
are available (the Eurocodes).  
In these codes, the partial factor method is applied for 
the structural analysis of buildings. The partial factors 
are used for the strength of the materials, the consid-
ered loads, etc.  

Tensioned membrane structures are flexible and 
behave differently under the occurring forces in com-
parison with traditional, rigid structures. To get more 
insight whether this framework for traditional build-
ings can be used as well for tensile surface structures, 
herein a first investigation is performed for a steel ca-
ble-net structure. The overall aim is to eventually pro-
pose a partial factor framework for membrane struc-
tures, similar to that for traditional structures. 

This paper investigates the effect of the material 
safety factors of a double curved cable-net structure 
(hyperbolic paraboloid, ‘hypar’, Fig. 1) with two high 
and two low points. The structure is dimensioned us-
ing three different safety factors for the material (𝛾𝑚 
= 1.2 / 1.5 / 2.0). Throughout the paper this will also 
be considered as, respectively, case 1 / 2 / 3.  
The three structures are subjected to a reliability anal-
ysis where uncertainties are considered for the preten-
sion, the material properties and the load cases.  
For each of the cases the reliability analysis is per-
formed for two load cases: snow load and wind uplift.  

2 TENSILE SURFACE STRUCTURES: FORM 
FINDING AND STRUCTURAL ANALYSIS 

Tensile surface structures are double curved flexible 
structures that change their shape to transfer loads ef-
ficiently to the supports. These structures can be sub-
divided in cable-net or membrane structures. In this 
paper cable-net structures are investigated. A cable-
net consists out of two cable groups: catenary cables 
(concave shape, go from high point to high point, Fig. 
2) and arching cables (convex shape, go from low 
point to low point, Fig. 2).  
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Tensile surface structures are designed in two 
steps: the form finding analysis and the structural 
analysis.  

2.1 Form finding 

The equilibrium shape of the cable-net structure is de-
fined by the boundaries and the pretension. It is 
mostly the minimal surface within the boundaries. In 
this case the equilibrium shape is simulated by means 
of the force density method (H.J. Scheck 1974). The 
force density is calculated as follows: 
 

q = 
𝐹

𝑙𝑠𝑡𝑟𝑒𝑠𝑠𝑒𝑑
                 (1) 

 
where q = force density; F = force in the considered 
cable segment; 𝑙𝑠𝑡𝑟𝑒𝑠𝑠𝑒𝑑 = length link equilibrium 
shape. 

The material properties are applied after the form 
finding and used for the structural analysis. 

2.2 Structural analysis 

After the equilibrium shape is found the cable-net is 
submitted to the two load cases, pretension with a rep-
resentative snow load and pretension with a repre-
sentative wind uplift. Compared with traditional 
buildings made of steel or concrete the deflections un-
der external loads are considerably larger. Tensile 
surface structures change shape to transfer load in the 
most efficient way to the support. The axial forces in 
the cables do not increase linearly with the applied 
load. On Figure 1 it can be noticed that the catenary 
cables mainly take the downward directed loads with 
an increase in force (snow load, black line elements, 
left side of the figure) while the arching cables mainly 
take the upward directed loads with an increase in 
force (wind uplift, black line elements, right side of 
the figure).  

Both the form finding and structural analysis are 
performed using the software Easy (Technet GmbH). 

3 DESCRIPTION OF THE CABLE-NET 

3.1 Geometry 

The length from the high point to the low point is 6 m 
in plan and the height of the high points is 2 m. The 
distance between the cables for both directions is 1.5 
m. The length of the four links in the corner points of 
the hypar is 0.5 m.  

The links in each corner of the structure represent 
the so-called turnbuckles (Figs. 2-3). These elements 
tension the cables during and after construction. 

 

Figure 2. Perspective view of the cable-net. Designation of the 

cable-groups and turnbuckles (links 1 up to 4). 

Figure 1: Visualization of the snow (left) and wind (right) load 

and the effect on the two cable groups. 

Figure 3. Top view of the cable-net. Designation of the differ-

ent cable-groups and the dimensions. 



3.2 Dimensioning of the cable 

3.2.1 Cross-section and axial stiffness 
The cables of the cable-net are made of steel. The 
cross-section is calculated as follows:  
 

𝐴𝑐𝑐/𝑎𝑐 = 
𝑁𝑚𝑎𝑥,𝑐𝑐/𝑎𝑐

𝑓𝑑
              (2) 

 

𝑓𝑑 = 
𝑓𝑢

𝛾𝑚
                  (3) 

 
where 𝐴𝑐𝑐/𝑎𝑐 = area of respectively the catenary and 
the arching cables; 𝑓𝑑 = design strength of the mate-
rial; 𝑓𝑢 = ultimate tensile strength; 𝛾𝑚 = material 
safety factor. The design strength for the three differ-
ent cases can be found in Table 1.  
 

Table 1. Design strength of the steel cables for dif-

ferent material safety factors. 

 𝑓𝑢 𝛾𝑚 𝑓𝑑 

 MPa (-) MPa 

Case 1 1770 1.2 1475 

Case 2 1770 1.5 1180 

Case 3 1770 2.0 875 

 

In Easy (Technet GmbH) the modulus of elasticity 

and the cross-section cannot be entered separately but 

are considered as one value, as an axial stiffness: 

 

𝑆𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 = 𝐸𝐴𝑐𝑐/𝑎𝑐            (4) 

 

where E = modulus of elasticity = 165 x 103 MPa 

(Krishna P. 1978).  

The factor 1.2 is the 𝛾𝑚 factor considered for rein-

forcement bars (EN 1992-1-1), 1.5 is the factor used 

to design steel cables (EN 1993–1-11) and the 2.0 is 

the factor recommended by a steel cable manufacturer 

(Ronstan).  

3.2.2 Pretension and load cases: Case 1 / 2 / 3 
Both cable groups have an initial input pretension of 
7.5 kN. This pretension is chosen in such a way that 
under loading the pretension remains above ± 0.75 kN 
in both directions. Before the load cases are applied 
the maximum axial force (state of pretension) in the 
catenary and arching cables is 7.99 kN. This value can 
be verified with formula (1).  The formula can be 
written as:  
 
𝐹 = 𝑞𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑙𝑠𝑡𝑟𝑒𝑠𝑠𝑒𝑑              (5) 
 
where 𝑞𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = initial force density with the initial 
input pretension of 7.5 kN and initial link length of 
1.5 m (defined distance between the cables); 𝑙𝑠𝑡𝑟𝑒𝑠𝑠𝑒𝑑 
= link length equilibrium shape of 1.597 m.  
 

𝑓 =
𝑓𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝑙𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑙𝑠𝑡𝑟𝑒𝑠𝑠𝑒𝑑 = 7.99 kN         (6) 

 
For the dimensioning of the cross-sections of the 

cables the cable-net structures are submitted to two 
load cases: load case 1, pretension + snow load and 
load case 2, pretension + wind uplift. 

The snow and wind load are considered to apply 
uniformly over the surface. The design value of the 
snow and wind load is calculated as follows:  

 

𝐹𝑑 = 𝛾
𝐹
𝐹𝑘                 (7) 

 

where 𝐹𝑑 = design value of the load; 𝛾𝐹 = load safety 

factor (EN 1991-1); 𝐹𝑘 = characteristic value of the 

load.  
Self-weight is neglectable in the considered case 

study. The characteristic and design value of the snow 
and wind load can be found in Table 2.  
 

Table 2. Characteristic and design load of the snow 

and wind load. 

 𝐹𝑘 𝛾𝐹 𝐹𝑑 

 kN/m² (-) kN/m² 

Snow 0.6 1.5 0.9 

Wind 1.0 1.5 1.5 

 

3.2.3 Structural analysis: Results and cross-sec-
tions 

A summary of the maximum axial forces in the cate-
nary and the arching cables for each structure and 
load case are summarized in Table 3.  

As mentioned before the catenary cables take most 
of the snow load while the arching cables take most 
of the wind uplift. In Table 3 it can be noticed that 
under snow load the tension in the catenary cables in-
creases and decreases in the arching cables (i.e. due 
to relaxation of the cables) and the opposite happens 
under wind uplift. Hence, the catenary cables should 
be dimensioned under snow load and the arching ca-
bles under wind load respectively. After the loading 
is applied on the surface the cross-section is calcu-
lated for both cable groups considering their maxi-
mum axial force in the corresponding cables. (for-
mula (2)-(4)).  

  



Table 3. Maximum axial force and cross-section of 

the catenary and the arching cables for case 1 / 2 / 3. 

 Case 𝑁𝑚𝑎𝑥,𝑐𝑐 𝑁𝑚𝑎𝑥,𝑎𝑐 𝐴𝑐𝑐 𝐴𝑎𝑐 𝐸𝐴𝑐𝑐/𝑎𝑐 

 (-) (kN) (kN) (mm²) (mm²) (kN) 

Snow 1 12.27 6.85 8.33  1374 

 2 12.40 6.86 10.51  1734 

 3 12.56 6.89 14.20  2343 

Wind 1 6.53 15.41  10.44 1723 

 2 6.60 15.50  13.14 2168 

 3 6.71 15.61  17.64 2911 

 
The maximum axial force in the cables for the dif-

ferent cases is around 12.40 kN for the catenary ca-
bles subjected to snow load and 15.50 kN for the arch-
ing cables subjected to wind uplift. The maximum 
axial force stays nearly the same. The cross-section 
increases linear with increase of 𝛾𝑚 (formula (2)-(3)). 

4 RELIABILITY ANALYSIS 

The reliability analysis is performed in several steps: 

1. Simulation of different sets of input values: In 

order to obtain the reliability index, different 

simulation sets are generated. These simula-

tion sets consist of random samples of varia-

bles, taking into account their uncertainty 

(type of distribution, mean value, standard de-

viation, etc.). For the generation of the sets 

Latin Hypercube Sampling is used (Mckay 

M.D. et al. 2000). 

2. Calculation of the reliability index: After the 

simulations are completed, the results of each 

set (the maximum occurring tension forces in 

the catenary and arching cables) are compared 

to the strength of the material. This is done us-

ing the following limit state formula (EN 

1990):  

 

𝑍 =  𝑁𝑢,𝑐𝑐/𝑎𝑐 −  𝑁𝑚𝑎𝑥,𝑐𝑐/𝑎𝑐       (8) 

 
𝑁𝑢,𝑐𝑐/𝑎𝑐 = 𝑓𝑢𝐴𝑐𝑐/𝑎𝑐           (9) 
 
where 𝑁𝑢,𝑐𝑐/𝑎𝑐 = ultimate force of the cate-
nary or the arching cables. 
 
The reliability index can approximately be 
calculated from the mean value (μ) and stand-
ard deviation (σ) of the Z realization calcu-
lated on the basis of the different random sets. 
 

4.1 Considered variables and their stochastic 
models 

In total eight variables are considered: the four 
lengths 𝑙𝑖 of the additional links in the corner points, 
the ultimate tension strength 𝑓𝑢, the axial stiffness 
𝐸𝐴𝑐𝑐  and 𝐸𝐴𝑎𝑐  of the catenary respectively the arch-
ing cables and the load 𝑄𝑠𝑛𝑜𝑤 (snow) or 𝑄𝑤𝑖𝑛𝑑 
(wind). The stochastic models of the different varia-
bles are shown in Table 4.  The variation on the pre-
tension is represented by a variation on the lengths of 
the additional links in the corner points (Fig. 2). The 
change of pretension occurs uniformly over the sur-
face by the shortening or lengthening of these links. 
Herewith, the boundary cables, which are connected 
to the catenary and the arching cables, are, respec-
tively, more tensioned or more relaxed.  

 

Table 4. Stochastic model of the variables (JCSS). 
 

Case Nominal 

values 

μ σ unit 

𝑙1−4 all 0,5 0,5 0,002 m 

𝑓𝑢 all 1770 1830 30 MPa 

𝐸𝐴𝑐𝑐* 

 

 

1  1375 1375 27,5 kN 

2  1734 1734 34,68 

3 2345 2345 46,9 

𝐸𝐴𝑎𝑐* 1  1723 1723 34,46 kN 

2  2168 2168 43,36 

3  2911 2911 58,22 

𝑄𝑠𝑛𝑜𝑤  all 0,6 0,66 0,20 kN/m² 

𝑄𝑤𝑖𝑛𝑑  all -1 -0,7 -0,25 kN/m² 

* The cross-section is considered deterministic.  

 

The models of the lengths, ultimate strength and 
axial stiffness are normal distributions; the models of 
the snow and wind loads are Gumbel distributions.  
 

4.2 Latin Hypercube Sampling 

The stochastic models are used to generate, per struc-
ture and per load case, 100 different simulation sets 
to run in Easy (Technet GmbH). The sets are estab-
lished by means of Latin Hypercube Sampling, which 
allows to divide each domain in equal probability re-
gions from which random simulations are drawn. 
With a limited amount of simulation an accurate 
probabilistic evaluation can be performed. 

In total, per structure and per load case, 100 reali-
zations of the ultimate strength, length of the addi-
tional links, snow load or wind uplift and axial stiff-
ness of the cables are generated and simulated in 
Easy. 

100 simulations have proven to be needed to per-
form an accurate reliability analysis. When less sim-
ulations are used the mean values and standard devi-
ations of the effect are not yet converged.  



4.3 Results 

4.3.1 General 
For each structure (𝛾𝑚 = 1.2 / 1.5 / 2.0) each simula-
tion set is calculated in Easy. A summary for both ca-
ble groups of the mean of the maximum force for 
snow and wind is given for both cable groups in Fig-
ure 4. 

The outcome is represented with a Box and Whisk-
ers graph. The box illustrates an upper quartile and a 
lower quartile (top and bottom of the box, indicates 
the 25th and 75th percentile respectively). The end of 
the vertical bar above and below the box represents, 
respectively, the maximum and minimum values. The 
single points represent the outliers, values which are 
lower or higher than 1.5 times the interquartile range 
from the top and bottom from the box. The interquar-
tile range is the difference between the upper and 
lower quartile. The horizontal line in the box repre-
sents the median and the cross represents the mean 
value.  

 

 
The structural behavior of the catenary and the 

arching cables under snow and wind can also be no-
ticed in Figure 4. Under snow load, the tension in the 
catenary cables increases while in the arching cables 
the tension decreases and the opposite is observed un-
der wind load.  

In Table 5, the maximum axial forces are given for 
which the cross-sections are determined (first two 
columns) and the mean values of the maximal axial 
force for the catenary and arching cables for each case 
are given.  
 
 
 
 
 
 
 
 

Table 5. Maximum tension forces in the catenary 

and arching cables used for the design (first two col-

umns) and mean of the maximum tension forces of 

the different sets for each case (last two columns).  

 Case 𝑁𝑚𝑎𝑥,𝑐𝑐 𝑁𝑚𝑎𝑥,𝑎𝑐 Mean 

𝑁𝑚𝑎𝑥,𝑐𝑐 

Mean 

𝑁𝑚𝑎𝑥,𝑎𝑐 

 (-) (kN) (kN) (kN) (kN) 

Snow 1 12.27 6.85 11,11 7,00 

 2 12.40 6.86 11,22 7,01 

 3 12.56 6.89 11,33 7,03 

Wind 1 6.53 15.41 7,00 11,49 

 2 6.60 15.50 7,01 11,56 

 3 6.71 15.61 7,02 11,62 

 
It can be noticed that the mean values of the maxi-

mum tension forces of the catenary and arching ca-
bles are for each case under snow load ± 1 kN lower 
and under wind uplift ±4 kN lower than the design 
values (Table 3). The difference is due to the fact that 
the load for the dimensioning of the cables considers 
the partial factor 1.5, whereas the full-probabilistic 
considers the mean values and the standard deviation 
of the variables (Table 2). In addition, the input value 
of the wind uplift is 0.7 x 1 kN/m² (Table 4). 

To get more insight in the effect of the uncertainty 
on the different variables set 77 is discussed for case 
2, load case: pretension and snow. Set 77 has the high-
est snow load: 
 
𝑄𝑠𝑛𝑜𝑤 = 1.29 kN 

Design value: 𝑄𝑑,𝑠𝑛𝑜𝑤 = 1.5 x 0.6 = 0.9 kN/m2. 

 

4.3.2 Example results for set 77 
The input values of the length of the turnbuckles 𝑙1−4 
of set 77 are respectively 49.97 cm, 50.17 cm, 50.03 
cm, 49.77 cm. The input values of the material 
strength, the axial stiffness of the catenary and arch-
ing cables and snow load are respectively 1833.85 
MPa, 1708 kN, 2172 kN and 1.29 kN/m². 

First, the effect of the uncertainty on the lengths on 
the pretension is studied (before the load is applied). 
𝑙1 and 𝑙3 are links at the top and the bottom of the 
cable-net (in line with the arching cables, Fig. 2), 𝑙2 
and 𝑙4 are the links at the left and the right of the ca-
ble-net (in line with the catenary cables, Fig. 2).  

It was noticed that a similar shortening and length-
ening of the turnbuckles in both directions almost 
complement each other. Consequently, the pretension 
is nearly the same as for the initial input.  
The effect of the uncertainty on the snow load is 
larger than the effect of the variation of the lengths of 
the turnbuckles. The maximum tension force for 
which the catenary cables are dimensioned is 12.40 
kN (Table 3). In Figure 5 it is noticed that the maxi-
mum tension force in the catenary cables in set 77 is 
14.39 kN, which is ± 2 kN higher than the design 
force. In Figure 6 it is noticed that the maximum force 

Figure 4. Box and whiskers graph of the maximum occurring 

axial forces in the catenary and arching cables for both load 

cases. 



in the arching cables in set 77 is 6.74 kN which is 
nearly the same as the tension in the arching cables 
under the design snow load which is 6.86 kN (Table 
3).  

 
 

 

 
 
 
 

 

4.4 Reliability calculations 

4.4.1 Resistance versus effect 
Figure 8-11 visualize the distribution of the resistance 
and the maximum tension forces in the catenary and 
arching cables for each structure for each load case.  
 
Load case pretension and snow: 

 

The relation between the distributions of the effect 

(the maximum occuring tension forces in the cables) 

and the resistance can be expressed by the central 

safety factor  
𝜇𝑅

𝜇𝐸
  where μ𝑅 = mean value of the 

resistance and μ𝐸 = mean value of the effect. 

  

Figure 6. Tension in the arching cables under snow load, set 

77. The values in the legend are in kN.  

Figure 5. Tension in the catenary cables under snow load, set 

77. The values in the legend are in kN. 

Figure 7. Normal distribution of the maximum tension forces in 

the catenary cables and the resistance of the cables for each 

structure under snow. Values in parentheses indicate the mean 

value and the standard deviation of the corresponding distribu-

tions. 

Figure 8. Normal distribution of the maximum tension forces in 

the arching cables and the resistance of the cables for each 

structure under snow. Values in parentheses indicate the mean 

value and the standard deviation of the corresponding distribu-

tions. 



Under snow load, the central safety factor is lower 
for the catenary cables than for the arching cables, i.e. 
1.36 and 2.73 respectively. This can be explained by 
the structural behaviour of the cable-net. The catenary 
cables take most of the effect caused by a downward 
directed load such as snow, causing the tension in 
these cables to increase while the tension in the 
arching cables decreases.   
 
Load case pretension and wind: 

 

Under wind uplift, the central safety factor is higher 
for the catenary cables than for the arching cables, e.g. 
2.17 and 1.65 respectively. This is because the 
arching cables take most of the effect caused by a 
upward directed loads such as wind and therefore the 
tension in these cables increases while the tension in 
the catenary cables decreases.   

The effect of the catenary cables and the arching 
cables stays the same for each structure, while the 
distribution of the resistance moves to the higher 
values with an increase of the cross-section (Fig. 7-
10).  

4.4.2 Reliability index 
The reliability indices for the different cases are given 
in Table 6 and are calculated as follows: 
 

𝛽𝑐𝑐/𝑎𝑐 = 
μ𝑧

σ𝑧
                 (9) 

 
where μ𝑧 = mean value of all z values per case and σ𝑧 
= standard deviation of all z values per case. 

For each increase of cross-section there is an 
increase of reliability index (Table 6). As expected 
under pretension and snow load, the reliability index 
of the catenary cables have the smallest values and 
under pretension and wind uplift, the arching cables 
have the smallest values. 
 

Table 6. Cross-sections and reliability indices of the 

different cases. 

    Snow Wind 

Case 𝛾𝑚 𝐴𝑐𝑐 𝐴𝑎𝑐 𝛽𝑐𝑐 𝛽𝑎𝑐 𝛽𝑐𝑐 𝛽𝑎𝑐 

  mm² mm² (-) (-) (-) (-) 

1 1.2 8.33 10.44 4.00 33.47 16.98 5.51 

2 1.5 10.51 13.14 7.36 40.39 23.18 8.67 

3 2.0 14.20 17.64 12.15 41.89 31.32 13.48 

 
Each of the cases has a reliability index that is 

higher than 3,8 which is the value considered in the 
Eurocode for conventional buildings taken into 
account a consequence class and reliability class 2 
and a reference period of 50 years (Table 7). 
 

Table 7. Reliability index for reliability class 1, 2 

and 3 for a 1 year and 50 years design period accord-

ing to the Eurocode (EN 1990). 

Reliability class Minimum values for β 

 1 year  

reference period  

50 years 

reference period 

RC3 5.2 4.3 

RC2 4.7 3.8 

RC1 4.2 3.3 

 
Note: The reliability calculation under snow and 

wind is executed using the same LHS samples to 
generate the different sets.  

  

Figure 10. Normal distribution of the maximum tension forces 

in the arching cables and the resistance of the cables for each 

structure under wind. Values in parentheses indicate the mean 

value and the standard deviation of the corresponding distribu-

tions. 

Figure 9. Normal distribution of the maximum tension forces in 

the catenary cables and the resistance of the cables for each 

structure under wind. Values in parentheses indicate the mean 

value and the standard deviation of the corresponding distribu-

tions.  



5 CONCLUSION 

In this paper the reliability analysis of a steel cable-
net structure designed with partial safety factors was 
studied, investigating the material safety factor. The 
structure was designed according to three material 
safety factors: 1.2 / 1.5 / 2.0. The cross-section of the 
catenary cables increases from 8.33 mm2 for a 𝛾𝑚 =
1.2 up to 14.20 mm2 for a 𝛾𝑚 = 2.0  and respectively 
from 10.44 mm2 to 17.64 mm2 for the arching cables.  

The increase of the cross-section (resistance) is no-
ticed during the calculation of the reliability index of 
the catenary and the arching cables. The higher the 
cable cross-section, the higher the reliability index, 
and the larger the distance between the distributions 
of the effect and the resistance for each case. Each 
case has a reliability index which is higher than the 
reliability index specified in Eurocode 0 for structures 
designed for a period of 50 years (CQC 2).  

The cable-net is designed according to the Euro-
code 1993-1-11 (𝛾𝑚 = 1.5) which resulted in a relia-
bility index of 7.36. However, according to the Euro-
code a reliability index of 3.8 is targeted. In this case 
no safety factor is taken into account for the preten-
sion, if this factor would have been included in the 
calculations the section would increase and the relia-
bility index would be even higher than 7.36. This im-
plies that the design approach of the Eurocode for 
flexible structures should be further investigated. The 
material partial factor likely needs to be recalibrated 
for tensioned steel cable-nets.  

The structural behavior of the cable-net under snow 
load, i.e. the increase of tension in the catenary cables 
and decrease of tension in the arching cables and the 
opposite under wind uplift, is also noticed in the dis-
tributions. Under snow load, the central safety factor 
of the arching cables is significantly higher than for 
the catenary cables and the opposite happens under 
wind uplift.  

The influence for the partial factor for pretension 
also needs further investigation.  
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