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ABSTRACT

Research into structural reliability for tensile structures is needed. The semi-probabilistic format for
verification of so-called form-passive structures is well-established in the Eurocodes. Partial factors are
the main features of this semi-probabilistic or design value method. Whereas for conventional struc-
tures these partial factors are calibrated to previous experience [1], appropriate partial factors have to
be proposed and evaluated for tensile structures. A cable net structure built in 1958 was used as a case
study to gain insight into the effect of partial factors according to Eurocode 3 (steel structures). Pre-
stress contributes to the stiffness in the non-linear structural behaviour of membrane structures and thus
increasing the prestress with factor 1.35 according to the Eurocodes might be non-conservative. The
article investigates the effect of the partial factor for prestress (1.0 or 1.35) on a membrane structure. A
similar geometry as the steel cable net structure is designed and analysed for comparison with the cable
net structure. For the primary steel structure the partial factor for prestress 1.35 has to be applied. An
in-depth study of the effect of the partial factor for prestress on the stress distribution in the membrane
in warp and weft direction is performed. The stress distribution clearly depends on the boundary condi-
tions. A sound conclusion though requires a thorough in-depth study for different shapes and membrane
types. In a first step towards a reliability approach, the structural reliability of a three segments cable
net structure is currently being analysed, taking into account the uncertainties associated with the pre-
tensioned system.
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1 PROBLEM STATEMENT

Membrane structures, as lightweight structures, gained growing interest since the 1950s, in
particular as they enable the designer to cover large spans. However, only a limited number
of engineering offices is competent to design and analyse this type of structures. Contrary to
the well-established Eurocodes for conventional buildings, there is still no harmonized Euro-
pean standard specific for membrane structures, even though tensile surface structures were
introduced more than 60 years ago. The geometrically non-linear behaviour of membrane struc-
tures gives rise to an action effect which is not proportional to the increase of the action. As
the superposition principle is no longer valid, this article investigates the effect of the partial
factor for prestress (1.0 or 1.35) on a membrane structure. This is a first step in dealing with
structural reliability of geometrical non-linear structures within the framework of the structural
Eurocodes.

A temporary, steel cable net canopy on the World Exposition of 1958 at the Heysel in
Brussels (analysis by André Paduart, then professor at Brussels Free University, Brussels,
Belgium) [2] inspired the authors for the present case study. Likewise, a membrane structure
was designed and analysed, keeping the original geometry but replacing the (discontinuous)
cable net and non-load bearing textile cover by a (continuous) structural membrane cover.
Research is done on the effect of the partial factor for prestress of 1.0 and 1.35 for different
wind load cases. In particular the effect of the partial factor for prestress 1.0 versus 1.35
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on the stress distribution in the membrane in warp and weft direction is studied. First, the
original steel cable net is introduced. Secondly, the effect of a partial factor for prestress of
1.0 or 1.35 for the considered structure is analysed. More specifically, it examines whether
the partial factor will generate the ‘worst case’ loading, knowing that prestress contributes
to stiffness. In Ultimate Limit State (ULS) the maximum stress in the membrane surface is
checked and the minimum is verified to avoid that tensions become compressions. The stress
distribution in warp and weft direction is analysed. In Serviceability Limit State (SLS) the
deflection is verified to avoid ponding as well as inversion of curvature.

2 EFFECT OF THE PARTIAL FACTOR FOR PRESTRESS ON SAFETY AND
SERVICEABILITY

The persistent design situation, referring to the condition of normal use is selected. In order
to encompass all conditions that can occur during or after construction (e.g. creep), particu-
lar attention needs to be paid to the partial factor for prestress y,. Setting the prestress level
during or adjusting after construction is not always very precise. That is why in practice, the
applied prestress level could be different from the design value. The most unfavorable com-
bination of actions for the design stress levels in ULS can, according to EN 1990 A.2.2.1(12)
[3] and to the Prospect for European Guidance for the Structural Design of Tensile Membrane
Structures [4], be obtained assuming prestress as an additional action besides the considered
external actions. Prestress being a permanent action, the partial factor for prestress y, = 1.0
and y, = 1.35 are used. As wind loading on doubly curved structures remains insufficiently
defined in Eurocode 1 [5], approximations have to be made.

In SLS, the deflection is verified to avoid ponding as well as inversion of curvature.
Decreasing the prestress reduces the stiffness and thus will lead to unfavorable larger deflec-
tions. A partial factor for prestress Y, < 1.0 could reflect this. In the present study, the partial
factor for prestress y, = 1.0 is considered in SLS.

3 CASE STUDY DESCRIPTION
The geometry, loads and material information in this article are based upon one of the co-
authors’ MSc-thesis [6] and later publications [2, 7].

Before the structural Eurocodes were established, A. Paduart (1914-1985) analysed the
structure designed by architect O. Schlomblood named “the Band Stand”. It was an anticlas-
tic cable net structure that sheltered the musicians against weather conditions. The length
(denoted as x-direction, Fig. 1, left drawing) equals 13.91 m, the width (denoted as y-direc-
tion, Fig. 1, right drawing) equals 20.4 m [10]. The cable net goes from the top of the high
mast at a height of 7.5 m to a lower curved concrete wall with a height varying between
2.82 m and 3.22 m (denoted as z-direction, Fig. 1, left drawing). The cable net consists out of
sixteen catenary cables (CC) in the longitudinal or x-direction and five tension cables (TC)
in the transverse direction or y-direction. The top of the highest mast was connected to the
ground by a vertical cable (VC). The top of the lateral poles were connected to the ground
by two lateral cables (LC). The top of the highest mast is connected with the curved concrete
wall with an edge cable (EC).

3.1 Materials and sections considered in the original calculation note

Table 1 gives the data of the steel components calculated by Paduart.
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Figure 1: Designation of the different elements and axes: VC vertical cable, LC lateral cable,
CC catenary cable, TC tension cable, EC edge cable, M Mast and P Pole (left:
elevation, right: plan view) [[10], file 2326].

Table 1: Properties of the components calculated by Paduart.

Mast Pole
Buckling length [m] 6.08 1.9
Outer diameter [mm] 159 51
Wall thickness [mm)] 6 3
Radius of gyration [mm)] 54.1 17
Catenary cables Tension cables
Rupture load [kN] 16.9 104.0

3.2 Load models considered in the original calculation and according to the Eurocode

In the calculation note of Paduart (the units are converted to the SI-units), the following load
cases are considered:

o Self-weight of the construction: 0.06 kN/m?,

e Wind: 0.50 kN/m? (upward - in Paduart’s calculations wind acts vertically) for the tension
cables.

o Accidental loading: 0.10 kN/m? (downward).

The self-weight has been combined with the distributed loads 0.25 kN/m? representing the
prestress:

Load on the catenary cables: 0.25 kN/m? + 0.03 kN/m? = 0.28 kN/m?.
Load on the tension cables: 0.25 kN/m? — 0.03 kN/m? = 0.22 kN/m?.

The maximum loading per cable direction:

Load on the catenary cables: 0.28 kN/m? + 0.05 kN/m? (accidental) = 0.33 kN/m?.
Load on the tension cables: 0.22 kN/m? + 0.25 kN/m? (wind) = 0.47 kN/m?.
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Figure 2: Un-factored wind pressure, to be applied perpendicular to the surface.

The latter four values can be understood as follows: the wind load will partly be taken by
the TC (increasing the stress), partly by the CC (reducing the stress). To remain tensioned
under load, the prestress is set to a distributed load of 0.25 kN/m2. From this, the prestress
per cable segment can be calculated. The cable forces under the maximum loading of
0.33 kN/m? (CC) and 0.47 kN/m? (TC) are obtained by applying a factor of 33/25 and 47/25
respectively.

In the analysis according to the Eurocode (performed with the software Easy [8]), the
following load cases are considered:

e The prestress, being a design parameter, is chosen according to the prestress foreseen by
Paduart.

e For wind loading, six cases are specified according to EN 1991-1-4 [5] Table 7.1, Table
7.3 and Table 7.7 and summarised in Fig. 2: cases 1, 3, 4 and 6 can be decisive. A basic
velocity pressure v, = 7.45 m/s is assumed. The basic wind pressure is g, = 0.34 kN/m2.

e As the canopy was designed to be dismantled after summer, behaviour under snow load
was not checked.

4 MEMBRANE STRUCTURE ANALYSES
4.1 Material characteristics of the membrane
The membrane prestress is set to 6.0 kN/m in the longitudinal direction (x-direction or warp

direction) and 6.5 kN/m in the transverse direction (y-direction or weft direction). This value
is set high enough to avoid inversion of curvature under loading. The properties of the mem-
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brane are summarized in Table 2. The chosen grid for the membrane is regular orthogonal as
shown in Fig. 3.

The process of finding the appropriate equilibrium shape for the membrane structure was
one of trial and error. The basic principle was that the coordinates of the points connecting
the membrane to the primary structure stay at the same position and that the shape fits well.
In Fig. 3, it can be seen that the anti-clastic curvature of the membrane is not exactly the same
as the curvature of the cable net, but that the overall geometry corresponds.

The stress values of the membrane are compared with five points as indicated in Fig. 4.
Next, the four dominant variable wind load cases (Cases 1, 3, 4 and 6, see Fig. 2) are retained
in the combinations of actions in the ULS check with a partial factor for variable actions
Yo = 1.5. To evaluate the influence of the partial factor for prestress Y, on the structural
design, this factor is set first to 1.0, next to 1.35.

The stress variation in the five points in the membrane without external loading with pre-
stress factor 1.0 and 1.35 is summarized in Table 3 and indicated in Fig. 4. The membrane
stress is expressed as the forces in the warp or weft direction per unit width of the membrane
in [kN/m]. These membrane stresses should be compared with the type II PVC-coated pol-
yester fabric strength of 80 kN/m. In practice, a safety coefficient of 4 to 5 is used for the
membrane. It will become clear from the results (highlighted in bold in Table 3) that locally,
the stresses in the membrane exceed 20 kN/m. More performant fabrics, edge reinforcement
or double layers of fabric are thus required in a real application.

The membrane stress distribution in Table 3 without external loading shows a small varia-
tion in warp and weft direction. The differences in the central point are negligible and limited
in the edge wall and corner points. Only in the mid-wall point a difference of 3 kN/m can
be observed. With the partial factor for prestress y, = 1.35, the stresses increase in the range
[2.1; 3.1] kN/m. The rows in Table 3 highlighted in grey are with a partial factor for prestress
¥p = 1.0, the non-highlighted ones are with a partial factor for prestress v, = 1.35.

Table 2: Properties of the PVC-coated polyester membrane.

Stiffness warp direction [KN/m] 753.0
Stiffness weft direction [KN/m] 612.0
Crimp [kN/m] 219.5
Shear [kN/m] 30.0
Weight per m? [kN/m?] 0.0105
N
e ——

Figure 3: Membrane structure (rectangular mesh) fitting the shape of the cable net structure
as good as possible (left: elevation, right: plan view).
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Figure 4: (a) Cable forces, (b) mast and poles forces with indication points that are checked
(1 central point; 2 point mid-wall; 3 point edge wall; 4 low corner point; 5 high
corner point), (¢) membrane stress in warp and (d) weft after form finding (without
external loading) — prestress factor 1.35.

Although the membrane canopy and steel cable net have a similar anticlastic shape and the
same wind loading cases are applied, the stress pattern in the membrane is much more com-
plex than the distribution of forces in the cable net [7]. For the canopy under upward acting
wind pressure (wind case 1), the membrane stress in the x-direction or longitudinal hanging
direction decreases, while in the y-direction or transversal arching direction the membrane
stress increases, which is logical since the curvature in the hanging line should decrease and
in the arching line should increase under upward acting wind pressure. This is confirmed in
membrane stress distribution in the central point in the warp and weft direction. On the other
hand, for local zones, an increase in the membrane stress in both directions can be observed.
Local stress concentrations occur. There are several possible explanations for this complex
stress transfer in the region of the poles, mast and wall: the presence of the fixed boundaries,
each of them with their own peculiarities (connected in a point for mast and poles and along
a line for the wall), interaction between the fabric in longitudinal and transversal direction
and a quite short span of fabric locally. The membrane stresses in wind case 1 and a partial
factor for prestress 1.35 dominate the design of the membrane (underlined values in Table 3).
As can be seen from the results in Table 3, a partial factor for prestress 1.35 generally gives
an increase in membrane stress but the increment is not equally important in both directions.
This non-linear behaviour is typical of membrane structures.

When the canopy is affected by downward acting wind pressure (wind case 3), the
membrane stress in the x-direction or longitudinal hanging direction increases, while in the
y-direction or transversal arching direction the membrane stress decreases, which is logical
since the curvature in hanging line should increase and in arching line should decrease under
downward acting wind pressure. On the other hand, for local zones, the effect of forces
applied on the membrane will be much more complicated than in the central points, and the
interaction between the fabric in longitudinal and transversal direction influences the stress.
In general, a more equal stress distribution and lower values can be observed in wind case 3.
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Table 3: Membrane stress distribution in [kN/m] (the forces per unit width of the mem-
brane) without external loading (FF) and for the four design (YQ =1.5) wind load
cases W1, W3, W4 and W6 (the un-factored values are given in Fig. 2).

Warp(x)- 4 low 5 high

weft (y)  1central 2 point 3 point corner corner
Load combinations direction  point mid-wall  edge wall point point
FF-P x 1.0 X 6.2 6.0 6.0 7.8 7.1

y 6.3 9.1 6.6 6.6 7.6
FF-P x 1.35 X 8.4 8.1 8.2 10.5 9.6

y 8.6 12.2 9.0 8.9 10.2
WIx15-Px1.0 x 0.6 0.2 4.0 21.6 2.1

y 20.8 8.7 26.4 11.4 96
WIxL5-Px135 x 2.3 1.3 6.3 22.6 43

y 21.8 11.6 26.6 13.1 12.8
W3x15-Px10 x 12.5 12.6 6.4 3.8 13.4

y 2.8 10.8 4.5 5.5 4.7
W3x15-Px135 x 14.2 14.3 8.5 7.0 154

y 53 13.8 6.6 7.9 7.2
W4 x15-Px1.0 x 10.8 10.5 6.0 6.0 11.9

y 5.1 9.9 7.6 6.0 6.1
W4 x15-Px135 x 12.4 12.0 6.1 8.8 13.7

y 7.2 13.0 9.2 8.3 8.7
W6x15-Px1.0 x 2.0 0.6 5.2 15.6 3.5

y 13.9 8.3 16.1 9.1 95
W6 x15-Px135 x 4.2 3.0 7.4 17.2 59

y 15.2 11.5 17.0 11.1 12.2

In wind case 4 and 6, only half of the anticlastic canopy is loaded under downward and
upward acting wind pressure, respectively. Case 4 should thus be compared with case 3 and
case 6 with case 1. In case 4 the same distributed load is applied but only over half of the can-
opy compared to case 3 which results in a small reduction of 1.8 kN/m in the warp direction
and an increase of 1.9 kN/m in weft direction in the membrane stress in the central point. It
should be noticed that because of an overall small decrease in the distributed load and only
half the surface that is loaded in case 6 versus case 1, the difference in the central point is
larger with an increase of 1.9 kN/m in the warp direction and a reduction of 6.6 kN/m in weft
direction of the membrane stress in the central point. Cases 3, 4 and 6 are thus not dominating
the design. However, because of the downward acting wind pressure, the highest stresses in
x-direction in point 2 occur in the mid-wall point. High stresses in x-direction correspond
with large deflections of the hanging cables which might indicate ponding. At no time, this
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potential phenomenon may occur as it would cause rupture of the membrane in case of snow
or water accumulation. Therefore, the authors decided to verify ponding in ULS, even though
deflections are associated with SLS. Figure 5 shows the membrane stress distribution and
Fig. 6 shows the deflections in ULS for wind load case 3 and the partial factor for prestress
Yp = 1.35. In spite of the limited margin, no ponding is observed. Also under non-symmetric
loading conditions ponding does not occur. An additional check against stress inversion and
thus loss of prestress showed no problems.

The membrane stress distribution shows the need for random fields in the reliability
assessment of membrane structures instead of using scalar random variables. The variation
of the stresses along the length and the directional dependency in the warp and weft direction
clearly demonstrate that a single scalar to represent the variability of the parameters such as
stiffness can’t capture the real structural behaviour.

fa

e
-pnuu
uuur‘uﬁ:b-a*s 8
ounu muuquhr ihlt‘

thy I”l il )pm-ps»
-'m}uhuup‘ spahar) -m»m-'w
nanMNmm:-emmmmmmmmlh
(!#ﬂ‘nwnwu’m‘nmmmn)yl‘ulnounu n

.m&..ﬁ‘ﬂrm‘nm'rm A sy

uamr.puwm.gumﬁrmma‘ud L]
Membrane Stress forceimah) | FEINT 1“‘"'"}’(’34”-'2&" iy i‘u}u!"’)“uluﬁi
P 15w L1 7 ,Tﬁam‘iﬁﬂwg;:mmﬁ‘b‘lb'muum':m‘h
N 129248 ILESEIPLD FXIE R P AT ;_-,01'36’-)6'04 uumua’
nw. e CRALNR! SLIMLY n-)hwnruvﬁ, ]
- il 7
B 0%-1» —
— 0% .
 c e CEArs I
I\
] Y
L1
b -
! ‘:'Ef Ar ST ETS
F ? 9 3
) 11
g ‘}':.' _?7\' . 3 w,
1) .
OX) &8 :i'»,' 5 ég
,‘:'.‘ ‘"] §i At ! b _)“;r?‘
BRI R SRS , ;;i 0,
):].obnl T IE DI TITHIA
Masmteane Stress (krcsmdth) REX DX DXX ;54' : IETETEIN
2 " . -
— 0 BERE R TR R DL
B O-ne <L ; A LA (EErETaTLiR
e 8%. 0N p u)'n' :'. -‘ c'u' 1| i[ TEXL “"{'
§80-85% AR A2 1035 35 3T 4B & ‘I" || & k . -J ! 0N._J
_— ASESNASNERRT L 3 L} r:n
m— co-en L EEEEL LSS ES SR ABETARAU LN

Figure 5: Membrane stress distribution in warp (top) and weft (bottom) direction for wind
load case 3, Yo = 1.5 - v, = 1.35 (only half of the membrane is shown because of
symmetry).
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Figure 6: Ponding verification.

Table 4: Cable forces (tension) and mast and pole forces (compression) in [kN] without
external loading (FF) and for the four design (YQ = 1.5) wind load cases W1, W3,
W4 and W6 (the un-factored values are given in Fig. 2).

Load combinations Edge cable  Lateral cable  Vertical cable  Mast Poles
PF-P x 1.0 94 68 155 283 72
FF-P x 1.35 127 91 208 380 96
WIxL5-Px10 123 129 148 242 102
WIxL5-Px135 149 146 199 330 120
W3 x15-Px1.0 127 67 201 361 68
W3 x15-Px1.35 156 66 246 485 93
W4 x15-Px10 116 65 180 336 72
W4 x1.5-Px135 145 92 229 424 96
W6 x15-Px10 105 100 147 256 92
W6 x1.5-Px1.35 134 114 199 349 113

Table 4 summarizes the forces in the cables and the mast and poles. The support elements are
first analysed without external (wind) loading (FF). It is clear that the partial factor for prestress
Yp = 1.35 is applicable to the steel elements according to the Eurocodes for steel structures
(values highlighted in bold). When introducing the wind load cases, the dominating forces
(underlined values highlighted in bold) occur in the LC and poles for the upward acting wind
pressure (wind load case 1) and are symmetric. The dominating forces in EC, VC and mast
occur for the downward acting wind pressure (wind load case 3). This is clearly in line with
the expected structural behaviour under these load case assumptions. Furthermore, although a
small difference in values for the LC and poles in the non-symmetrical load cases 4 and 6 could
be observed, the effect is small because of a distribution of stresses in the membrane.
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Deflections for the four load cases in SLS (with the partial factor for wind and for prestress
equal to 1.0) were calculated in EASY. Wind case 1 showed the highest maximum [7] deflection
for upward wind acting pressure though not causing inversion or ponding. In SLS the partial
factor for prestress is 1.0. Ponding has been checked in ULS, thus with higher loads, as well
and did not cause problems. Note however that there a partial factor for prestress equal to 1.35
was taken which increases the stiffness. Further guidelines are needed on this in the Eurocodes.

5 CONCLUSIONS
In this study a pretensioned membrane structure was analysed according to the Eurocode,
using a partial factor for prestress of 1.0 and 1.35 for the membrane in ULS.

The partial factor for prestress 1.35 in ULS has to be used for the dimensioning of the
steel supporting structure. A partial factor for the membrane prestress higher than 1.0 takes
into account that: (1) in practice the initial pretension of the membrane could be higher than
the design value and (2) a decrease in tension in time due to the creep phenomenon could be
anticipated without an excessive increase in weight of the structure.

A study of the stress distribution for other membrane structures is needed (different shapes,
typologies, material properties ...) to be able to claim general conclusions. Further research
will focus on the structural reliability of membrane structures. This article helps with a better
understanding of the effect of the partial factors for prestress on the membrane stress distri-
bution. A clear dependence of membrane stresses on the direction because of the orthotropic
mechanical properties of the membrane, on the boundary conditions at the edges connecting
the structural membrane with the supporting structure and on the location in the membrane
(variability along the length/width) could be observed. This assessment shows the need for a
sensitivity analysis to determine the parameters that need to be varied in a future probabilistic
approach. Bearing in mind the goal of the research ‘developing a semi-probabilistic design
methodology for tensile structures according to the Eurocodes’, the authors made a first
step towards a reliability assessment for a simple example of a three cable segments cable
net (work will be presented on the 14th edition of the International Probabilistic Workshop
(IPW2016), which will take place from 5 to 7 December 2016 in Ghent, Belgium [9]). The
ongoing research opens new perspectives in the reliability analysis of tensioned structures.
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