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Summary. In contrast to typical orthotropic membranes or rope meshes, which consist of two
distinct sets of ropes or fibers, there is a type of rope mesh, where only one set of quasi-parallel
ropes is alternatingly interconnected and then stretched to form a mesh. A significant non-linearity
in-plane, a strong interaction between X- and Y-direction, and frequent local bending (a loading
type uncommon for ropes) is characteristic for this type of mesh. In this paper, it is shown how the
mesh behavior translates into unique membrane properties.

1 INTRODUCTION

Single-set rope meshes, called Webnet by producer and distributor Jakob Rope Systems, have
been used for more than 20 years now as a third-party-approved building product” used in various
applications for examples as safety meshes or for zoo enclosures.
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Figure 1: Geometry of a single mesh cell (left) and stretching process (right)

To perform engineering calculations, the corresponding material properties must be known.
For large-scale structures, especially for free-form applications, global analysis of e.g. wind load
scenarios and cutting pattern generation, the need arises to be able to formulate the Webnet as a
surface with equivalent membrane stiffness. The advantage of a surface based input is that the
mesh type can easily be changed by just changing the material properties and studying variants of
form-finding with drastic perimeter rope deflection is streamlined.
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For the Webnet various combinations of rope diameters (1 to 5 mm) and nominal mesh widths
(20 to 400 mm) exist. Fig. |1|shows a typical mesh cell with the nominal opening angle of 60°.

The nominal pretension ratio following this opening angle is typically assumed to be p, / p, =
3/1.

The stiffness of conventional textile membranes is commonly obtained or verified by BIAX
testing?** Applying the same procedures to single-set meshes has been proven complex and tricky
to evaluate”. Testing every combination of rope size, mesh type, mesh-cell-size, pretension and
stretching-ratio is nearly impossible.

That means, that stiffness considerations must be based on general principles, which can be
applied to all the various cell-sizes and mesh rope diameters. Further, it must be a quick usable
approach for all-day engineering purposes, using existing software or spreadsheets. Compromises
in accuracy are accepted, provided that the concept is robust and the critical points are known.

This paper is limited to the analysis of meshes with sleeves. Even though behavior and use-
cases of “woven” sleeveless meshes can usually be considered equivalent to meshes with sleeves,
there are some fine differences which aren’t covered here. Even for the sleeves, different sleeve
sizes exist: this is considered with the internal lengths of the model. The rope-sleeve connection is
assumed fixed, internal sliding or failure analysis is not considered: all loads applied in this paper
are to assess deformations only. Furthermore, this paper is dealing with normal stiffness. Shear
stiffness is not covered in the scope of this paper.

2 BASICS
2.1 General formulation of membrane stiffness

The following equations are taken from literature®, especially chapter 6.
The planar, linear-elastic, orthotropic material behavior, which is commonly used to describe
membranes, is as follows:

ni Einn B 0 €11
noa | = | Faair Eaogo 0 © | €22 (1)
N19 0 0  Eior2 V12

This shows the relation between the stresses n, the strains € and v and the stiffness matrix K,
with its entries E1111, EQQQQ, E1122 and E2211.
Introduction of material constants allows us to reformulate as:

n11 1 Ey vig - B 0 €11
Na2 | = 1= 0o oor < va - By Ey 0 © | €22 (2)
N2 2o 0 0 (1= vz va1) - Eroro M2

By equating the matrix entries, the relation Fy11; = Pfﬁ (and corresponding) can be for-

mulated. By not taking sheer stiffness into consideration and transforming, Eq. 1| simplifies to:

nip = By - €+ Erigg - €22 3)

Nog = FEaoi1 - €11 + Eagag - €22
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Symmetry is given by Fq100 = FE9911. However, due to some effects in certain modeling /
evaluation principles, both variables will be used in this paper.

The product vy5 - 151 shall be called “Interaction value”: it is apparent by the relation shown
above, that this value must be < 1. Further, it is clear that |K| = E111 Fasos — E1122F2911 must be
> ( for K to be a valid, non-singular stiffness matrix.

2.2 The two basic hypotheses

In order to assess the membrane stiffness, two fundamentally different approaches have been
developed.

* The Beam-FEM-Approach using beam elements with a realistic rope bending stiffness and
a geometric non-linear calculation.

* The Truss-Approach using a very basic truss geometry to analytically asses the “as-installed”
state.

If two fundamentally different approaches yield comparable results, then the behavior is well un-
derstood. Further there is the presupposition, that conclusions can be drawn about the entire mesh
area based on the behavior of the individual mesh cell.

Different mesh configurations are considered: most common example in this paper is type “2-
807, with the meaning of “cable diameter”’-“nominal mesh width ¥ and both values in mm. For
that type “2-80” the corresponding mesh height is H = 141 mm. This type is chosen due to its mid
range for both mesh width and cable diameter. Corresponding heights for other widths (-40, -60,
-120, -160) are given by the fixed ratio of W/ H resp. the opening angle of 60°. Values for H can
also be found in Tab. [5| The local coordinate systems X and Y resp. 1 and 2 always follows Fig.

il

3 TESTING AND PREPARATORY BEAM-MODELING
3.1 Basic assumptions concerning FEM-Elements and modeling procedure

The rope is simplified as a common beam with the properties A, I (Iy = [z) and E. There
is no modeling of the single wires. The metallic section A or A,, can be obtained with the fill
factor f according to code®. Stainless steel 1.4401/AISI316 with a nominal wire tensile strength
of f, = 1570N/mm? or 1 770 N/mm? is used as material for ropes.

The code further specifies a Young modulus E of stainless steel ropes as 90’000 (+/- 10°000)
N/mm?2.© (Note: some literature refers to the rope Young modulus as “deformation modulus” or
“secant modulus”, because it is not a constant, natural material property.) For an in-house test of
@3 6x19+WC with cast heads, maximum £ did not exceed 70'000/N/ mm?. Other experiments”
show a similar behavior. There are thus four representative Young modulus, which are chosen to
be considered further: 70'000N/mm? as a rounded up upper limit of the test, 90'000N/mm? of
the code and 45'000N/mm? and 30’'000N/mm? as half resp. third of the code value.

The planar second moment of area I, resp. the bending stiffness of a rope £ is not trivial due
to its dependency on the load or stress, the internal friction, the rope construction and the curvature
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of the rope®. There are considerations and empirical tests which cannot be addressed within the
scope of this paper.

It is however possible, to easily calculate the theoretical minimum /,,,;, and maximum 7,,,,, for
the planar second moment of inertia for a rope®, using fill factor f and the diameter of the single
wires.

dy* - dt-m
< Im(m:: :
@ o

(&)

With the simplified assumption that each wire has the same diameter, the wire diameter d,,
can be calculated using A,, and the number of wires n,,. The Tab. [I]| gives an overview of used
rope types and their section properties. The specified minimum breaking loads are based on f,, =
1570N/mm?, but tensile strength is not relevant within the scope of this paper.

Table 1: Rope Types

| O[mm] Type  f[-] Aw[mm?]  ny  du[mm?]  ILnao[mm?]  Lpin[mm?] MBLEN] |
1.5 6x7+WC 0.56 099 49 0.160 0.139 0.00159 1.37
20 6x7+WC 0.56 1.76 49 0.214 0.440 0.00503 2.40
3.0 6x19+WC 0.56 396 133 0.195 2.227 0.00938 4.60

Due to the experiments shown in”, the I, f fective (resp. I) can be estimated to 1x/,,p, - 10X 15,1,
details will follow in the next section. For the second polar moment of area J = 2 - I, resp.
J = 2 - I, is assumed, as for sections with rotational symmetry. Now with the values for A resp.
the ranges for £ and I, the Webnet can be modeled with beam elements.

As simplification, the initial state is modeled as parallel lines with a spacing of the rope diam-
eter. The sleeve spacing along the ropes is mainly governed by the theoretical free rope length
between the sleeves during production. The sleeve itself is modeled with four linear 1D-beam
elements (simplified quadratic section with 1.5x1.5 mm), which form a rectangle.

Siemens NX Simcenter 3D is used (Version 1872) as software. The three tiered simulation pro-
cedure, starting with the parametrically controlled “part”-file defining the base grid of the sleeves
and ropes, then meshing of the geometry in the “fem”-file (CBEAM elements, subtype PBEAM,
element size 2mm) with finally solving in the “sim”-environment (nonlinear statics, large displace-
ments enabled), shall only be mentioned here in passing.

3.2 Testing and modeling to verify bending stiffness

In order to gain insight into the transverse force-deformation behavior, tests were carried out on
individual mesh cells, so that the actual values of £/ and / within the range of the min. and max.
values explained in the previous chapter, can be more accurately assessed.

The test setup designed for this purpose has a fixed point for clamping one side of the mesh, a
load application point for increasing the test load F' and two clamps for applying the pretension P
(each with weights and pulleys). The test specimen rests on a Teflon plate to reduce friction.

4
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Displacement - Knoten, Y

1-20-80_sim : P gleich 0 Ergebnis
Subcase - Nonlinear Static 1, Nicht-linearer Schritt 25, 1

Min. : -123.52, Max. : 0.00, Einheiten = mm
Verformung : Displacement - Knoten Betrag
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Figure 3: A testing load of F applied without pretension (left) and corresponding Beam-FEM-Modeling (right)

The tests were carried out by increasing the weights piece by piece (without unloading in be-
tween) and then measuring the distance with calipers. In the tests with pretension, the pretension

weights were attached and kept constant throughout the test.
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Figure 4: Modeling of 2-80 with varying bending stiffnesses
5

The unloading curve with its
hysteresis is not subject of this
paper. The test results, with
comparison to FE modeling, can
be found in Fig. [5 and [6] It
should be noted, that the test re-
sults are only suitable for qual-
itative consideration, as the re-
sult values contain measurement
inaccuracies, geometric toler-
ances of the samples and the in-
fluence of friction. Despite the
generally uniform appearance, a
certain degree of variation is vis-
ible for the tests.
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The first step in modeling is a parameter study to verify the bending stiffness £ /. Corresponding
support condition as in Fig. [3] were assumed in the model. With the estimations made in the
previous section, several force-displacement curves can be compared. [ is specified as a multiple
of I,,;, of Tab. [T whereas the Young modulus is the 5-digit number (Fig. ).

The curves for ‘5x/,,,;,- 90°000” and ‘10x1/,,;,- 45’000’ are virtually identical, which shows that
the bending stiffness is most relevant in that scenario and that the different tensile properties are
not decisive.

1.5-40 2-60
80 I I \ T 70 I I I T T T
—O— Test P=0 —O— Test P=0
70 H —— Test P=16 / = 60 - —— Test P=27 /x N
—%—  TestP=38 / % TestP=S8 /
60 [ xImin-45’ = — xImin-45” =
—_ Ssxllmin—:ﬁs’(‘):‘);:;) ;:106 —_ 50 - SSXIImin—4455’(§§;) 11207 |
é 50 + 5xImin-45"000 P=38 B E 5xImin-45"000 P=58
n | & 0f .
2 2 30
o - o
= =~
| 20
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0 = | | | | |
70 0 10 20 30 40 50 60 70 80 90
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Figure 5: Simulation and tests 1.5-40 (left) und 2-60 (right)

The 5x1,,;, and E = 45’000 is a good fit for the test results, see the combined figure of 2-80 and
other types. The strength of this approach is, that it does not only fit well for the initially regarded
2-80 without pretension, but also works well with pretension (P in [N]), the different mesh size
2-60 and even fits with 1.5-40 which is using a different rope diameter altogether.

For type 3-80, the 5x1,,;, 1s too stiff (gray line), however 4x1,,;, fits well, also with all tested
pretension levels. This difference in [ is likely due to the fact, that the ()1.5 and )2 (both with
6x7+WC) have a different rope construction than ¥3 (6x19+WC)

All tests and models show, that the greater the pretension, the steeper the curve at the beginning,
i.e. the greater the initial stiffness. For tests without pretension the curve is initially very flat and
becomes increasingly steeper.
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Figure 6: Simulation and tests 2-80 (left) und 3-80 (right)

3.3 Modeling of a single mesh cell loaded laterally

Now that the transverse load behavior of a single cell has been examined, the behavior while
loaded laterally is analyzed further. The nominal mesh width is defined with a displacement of
the support: the resulting shape is shown in Fig. [7|left. Then, a lateral force P, is applied, and
the displacement relative to the initial state is recorded. Both analyzed types (1.5-80 and 2-80)
are modeled with the same effective sleeve length of 6 mm resp. same rope length to ensure
comparability.

1-20-80-laengs_sim : P gleich XY Ergeb
Subcas

gebnis
tic 00, Statischer Schritt 1
X

B 1091

-12.73

14.55

-4537

-18.19
20,01
2182

Px = var.

Figure 7: Lateral loading of 2-80 with initial state (left) and a tension P, of 100 N (right)

The overall non-linearity Fig. [§] (left) can be roughly divided into three zones: the very soft ini-
tial behavior up to approx. 3mm, a considerably stiffer behavior starting at 4.5 mm and a transition
zone in between. This stiffening behavior, the phenomena hereby called “S-bend-straightening”
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Figure 8: Simulation lateral: uniaxial behavior

is a fundamental characteristic of the mesh. Based on the load displacement curve, the linear
equivalent spring-stiffness is calculated. A stiffness/load-diagram shows, that the smaller diameter
behaves stiffer than the larger diameter up to approx 220 N. This issue is discussed and analyzed
further in section[6.2

3.4 Plausibility control by modeling out-of-plane loading

After transverse and lateral loading, also the out-of-plane-loading shall be calculated and com-
pared with a test. This test was part of an in-house testing session to check the robustness of mesh
configurations. The max. load of 10 kN was considerable, but did also not lead to tensile failure
of any part of the 2-80.

Pull test NX 2-80_sim : Pull test Ergebnis
Zustand ringsum fix_3, Statischer Schritt 1
., Z

mm

in 00, Ei
Verformung : Displacement - Knoten Betrag

Figure 9: Testing procedure (left) and Beam-FEM-Model (right) with an out-of-plane loading of approx 3000 N
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With the additional loading type and the high maximum load, the results can give an indication
about the quality or robustness of the previous assumptions of I=5x1,,,;, and E=45'000 N/mm?.
For this plausibility control, the load application in the model was simplified by distributing the
total load over an approximate area (no disc or contact modeled), further the plastic deformability
of the surrounding tubular perimeter frame was not included and the modeling support conditions
were simplified (ideally sliding parallel to edge, ideally fixed in- and out-of-plane).
The exact linear mesh pretension in the ex-
) 104 periment is not known, so 3 variants with
o Tosting ' Py, of 0.5, 0.75 and 1.0 kN/m where ana-
— Pin=05 . lyzed. The three pretension levels form en-
- 22201705 veloping curves around the test data, which in-
dicates that the mesh stiffness approach seems
to be, at least in combination with the pre-
tension approach, a suitable approximation.
. The softer behavior of the tests for high loads
can be explained by the deformation of the
200  tubular frame. Having the stiffness assump-
Displacement [mm] tions thus sufficiently verified, the model-
ing for the membrane stiffness can be per-
formed.

0.8 -

0.6 -

Force [N]

0.2 |-

Figure 10: Out-of-plane loading

4 BIAX-BEAM-FEM-MODELING

To obtain the membrane stiffness, the procedure illustrated in the European Design Guide?
is modeled in a modified version to better suit the mesh behavior and to allow for apt evaluation.
Furthermore, instead of time dependent curves with varying pretension rations, three distinct states
are analyzed (Fig. [T)

Two different diameters (1.5 and 2) and five different mesh sizes per diameter where calculated.
As materials parameters, the known A of 1.76 and 0.99 mm? where applied, beside the previously
estimated I of 5x1,,,;, and E = 45'000N/mm?.

For all mesh sizes and diameters a constant pretension per mesh cell is applied: P, sqtc0 = 80N,
P, stater = 160N. (Which means however, that due to varying cell mesh sizes, the linear pretension
varies.) State 0 and 1 both have the same path controlled displacement of the “upper” edge, which
is defined by the nominal mesh width.

The normal forces in X- and Y-direction are then evaluated at the rectangle sleeve for convenient
transformation to linear loads. By applying the resulting displacement u,, of state O to the right hand
edge as a path-controlled bearing displacement, the geometry for state 2 is defined. The internal
forces I, of state 0 is doubled and applied as external loading for state 2. Strains are calculated
with the resulting displacements and the known geometry of state 0.
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Path-controlled — ------ ->
Force-controlled ——

General

Angy = E1111 A&7 + E1127 Agp

Anyy = Ejp11 Aery + Eozzp Ay

B =

.\ Evaluation State 0-1
Initial State
Angy = E1111 Agqq

Angy = Epp11 Agqy

Evaluation State 0-2
Angy = E1122 Ay

Any, = Epz09 Agyy

State 1 — displacement in X-direction State 2 — displacement in Y-direction

Figure 11: BIAX-Modeling

Figure 12: State O for type 2-80 with normal forces and state O for 1.5-80 with y-displacement

4.1 BIAX-Beam-FEM-Modeling of ¥1.5 and (32 meshes

The stress and strain results shall be given for one example, the 2-80:

Results state 0-1: Any; = 1.00kN/m; Angy = 0.35kN/m; Aey; = 0.0039; Aegy = 0.0
Results state 0-2: A’I’LH = 107kN/m, An22 = 040kN/m, AEH = OO, AEQQ = 0.0119

With this, the stiffness matrix entries can be calculated. The complete set of results for both
modeling series are given below.

The in-depth interpretation of these results will be done in section [6] the most notable points
shall be mentioned here: F711; is multiple times larger than Eo999, Fi190 and Faoqq are almost
identical and also significantly larger than Es999. For both diameters, the stiffness is reduced with
increasing mesh size. Notable is, that the BIAX-stiffness for @1.5 is higher than for @2.

10
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Figure 13: Beam-FEM-BIAX stiffnesses for various mesh types

4.2 Modeling variants of 2-80: higher pretension and higher Young modulus

Further modeling variants are performed
T ‘ ‘ for type 2-80. As first variant, “higher P”, the
S s00f—p Do2sonigher P || load P, is doubled: state O is calculated with
E 400l ED 2-80 higher £ | | 160 N per mesh cell, state 1 with 320 N. State
= [ 0 2-80 standard [] L.
Z w00 | 2 is based on the same principle as before.
E T | As second variant, the Young modulus
u: 200 = m | s doubled from 45000 to 90'000N/mm?:
g 100 H H | “higher £”. Both “higher P” and “higher £”
u.w; oF I_IF\T\ H H | . .
b= i 1 share same graph with the previously deter-

El‘lll E2‘m El‘m E2‘2H mined 2-80 standard (Fig. . It is notable,

that “higher P approx. doubles the stiffness

Figure 14: Modeling variants of 2-80 relative to 2-80, however a higher E' of the un-
derlining beams again reduces the orthotropic stiffness. This is further discussed in section [0

4.3 Transformation of the Beam-FEM-BIAX results to material properties

Now the Beam-FEM-BIAX results need to be transformed into orthotropic linear-elastic mate-
rial properties. A slight difference between £/1145 and E99;;1 can be seen in some types, most signif-
icant for 2-40 (E190 = 139kN/m, E2911 = 134kN/m) thus violating the required symmetry. The
following symmetrization procedure is proposed and applied, in order to maintain the identical in-

teractions value of the asymmetric matrix : EllZQ,sym = E2211,sym = \/<I/12 . VQl)asym . E1111 . E2222.

The results will again be discussed in section @, but the high interaction values 115 - v5; > 0.9
and the low E; and E, are uncommon compared to membranes"-.

11
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Table 2: Beam-FEM-Stiffness

[ - [ 1.5-40 1.5-60 1.5-80 1.5-120 1.5-160 2-40 2-60 2-80  2-120 2-160 Units ]

E1122, asym 142 118 103 85 71 139 103 90 78 71  N/mm
E2211,asym 142 119 104 85 72 134 101 89 78 71  N/mm
F1111 460 358 308 251 214 409 290 255 224 205 N/mm
FEo222 47 42 37 30 25 50 39 34 29 25  N/mm
E1122 sym 142 118 104 85 72 136 102 90 78 71 N/mm
E2211,sym 142 118 104 85 72 136 102 90 78 71  N/mm
E1l 35.7 22.5 16.2 10.3 7.8 36.8 219 16.4 10.6 80 N/mm
E2 3.7 2.6 1.9 1.2 0.9 45 2.9 22 1.3 1.0 N/mm

vi2 2.992 2.837 2.819 2.837 2873 2731 2632 2668 2735 2778 -

V21 0.308 0.330 0.336 0.338 0.335 0333 0351 0351 0348 0346 -

V12 - V21 0.922 0.937 0.947 0.959 0964 0910 0924 0936 0953 0961 -

S SIMPLIFIED BIAX-STIFFNESS OF A TRUSS MODEL

This section illustrates, how a simplified truss-stiffness of the as-installed state of the Webnet
can be obtained as alternative hypothesis. Rope bending stiffness is neglected and the rope seg-
ments are considered perfectly linear. In the version shown in this paper, also the sleeve geometry
is neglected in order to simplify the relations. Using very basic structural engineering concepts,
not all intermediate steps are shown.

5.1 X-Direction

The single mesh cell modeled as a truss is first loaded in Y-direction. The geometry and the
section stiffness F Ar,,ss is given. The mesh cell and also the membrane element considered
equivalent have the same overall dimension and corresponding boundary conditions.

| Given: Fy, EAq,, HL W
v | Unknown: Ny, Fy, 8Fy

V V ¥

A 4

A

>
= | >
>

5=

F N
A 4

Figure 15: Principle X-direction
The internal angle can also be described as:
H

COS(O() = W (6)

With nodal equilibrium follows:

12
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F W
Niuss = ﬁ VIVEEHE (7)) Fy=2F ®)

For ¢, a virtual load of "1’ is applied, with position and direction of F),. The displacement is
then calculated by using the principle of work and energy:

Z Nvi'rt ’ NTruss o/ o F - (W2 + Hz)%

EATruss - 2-H2%. EATruss

©)

5Fx =

By distributing the point loads F,, and £, along W resp. H to obtain n;; and ny, and under

consideration of the general rule e = %, here modified to ¢;; = 5%, all the values are available

needed to apply equations [3] With ey = 0 as support condition, this
ni = Ein - en (10)

Nog = Faor1 - €11

simplifies to:

2H3EA uss 2-H-W-EA uss
Ei111 = Trus: (11) Ego11 = - (12)
W (W2 + H2)2 (W2 +H?)2
5.2 Y-Direction
Given: Fy, EApye H, W
f Fy, Unknown: Ny Fx, OFy Ny = Z_y
J A
g 3
W W
g 3
A A A
< H » H
Figure 16: Principle Y-direction
With the same principles as shown in[5.1} it can be determined:
Nppuos = 20 VWIS IE (13) F-2F (14)
Truss oW T W Y
F,- (W2 + H?)?
5y = o W7+ ) (15)

- 2 W2 : EATruss

and further:

13
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2-H - W EAq 2- W3 . EAquss
';‘I‘ (16) E2222 — Ir 3 (17)
(W2 + H2)> H (W2 + H2)2

E1122 =

5.3 Complete idealized stiffness matrix

Now the complete stiffness matrix can be built by inserting various exemplary values for F'A,
W and H:

Table 3: Stiffness based on Truss-Approach

[ - [ Standard ~ Higher E  Larger Mesh Size ~ Smaller Diameter =~ Overstreched vl Overstreched v2 ~ Units ]

Erruss 9’000 90’000 9’000 9’000 9’000 9°000 N/mm?
ATruss 1.76 1.76 1.76 0.99 1.76 1.76  mm?
H 141 141 282 141 135 128 mm
w 80 80 160 80 90 100 mm
FEi111 261 2605 130 147 203 154  N/mm
FE22922 27 270 14 15 40 58 N/mm
FE1122 84 839 42 47 90 95 N/mm
FE2211 84 839 42 47 90 95 N/mm
V12 3.106 3.106 3.106 3.106 2.247 1.628 -
V21 0.322 0.322 0.322 0.322 0.445 0.614 -
vi2 - V21 1.000 1.000 1.000 1.000 1.000 1.000 -

It can be seen how the stiffnesses are the proportional to £ and A and inverse-proportional to
W and H. A variation of the opening angle resp. the effective W/ H-ratio, changes the internal
ratios. It is apparent, that these values are not suitable as stiffness matrices due to the previously
defined requirements not being met: interaction value = 1.0 and a |K| = 0. More about the internal
stiffness ratios is specified the next chapter, but some internal ratios shall be given as analytical
results: E1111/E2222 = H4/W4 and E1111/E1122 = H2/W2 and Vig = H2/W2.

5.4 Modified matrix

In order to satisfy |K| = E111 Ea920 — F1122E9211 > 0, the following modification is proposed
by introducing the value x:

2'H3'EAT7‘uss 2'H'W'EATT"U,SS
3 3
ni] | wovsens)? (W24 H2)3 €11 (18)
n22 2'H'W'EAT'réuss . 2'W3'EAT7'u§s 622
(W2+H?)2 H(W?2+H?)2

With y > 1.0, the matrix becomes invertible and thus usable. The justification for the x will be
given in the following section, as it being based on the Beam-FEM-Modeling.

6 COMPARISION AND INTERPRETATION

Now the results of both fundamental hypotheses will be compared and interpreted. Ratios
of the stiffness matrix entries are E1111 peam/E2222 Beam = 7.5...9.7 and for standard Truss-type
(no X) Ellll,Truss/E2222,Truss = 9.65. Further: Ellll,Beam / E1122,Beam,sym = 2.85...3.25 and
E1111 Truss/ Ev192 7russ = 3.1. The similar ratios indicate that both hypotheses are matching.
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6.1 Applying the Truss-approach to Beam-FEM results

In order to compare both approaches, Fr,s 1s calibrated, so that £1111 7russ = £1111,Beams (S€€
Tab. [5| for details) and the other “Truss”-values are obtained.

Table 4: Truss and Beam-FEM comparison for 2-80

[ Type 2-80  [N/mm] [ Type 2-80  [N/mm)] [ Truss/Beam ]
E1111,Truss 255 E1111,Beam 255 100%
E2222 Truss 26 E2292, Beam 34 79%
El 122, Truss 82 E1122,Beam,sym 90 92%
E2211,Truss 82 | FE2211,Beam,sym 90 92%

The Truss-approach seems to underestimate the E'1122 Beam,sym moderately and Fo29o peam S18-
niﬁcantly. That means that to get ’KTruss| = E1111E2222 — E1122E2211 > 0, I'CdUCiIlg E11227T71u55
and F211 7russ DY a factor < 1 would increase the relative difference between Truss- and Beam-
FEM-approach; whereas adding the proposed x > 1 reduces the difference.

Limiting to £'111; and Es299 in the next table, it can be seen that Fa299 pean 1S consistently higher,
then what the equivalent truss stiffness would yield. This is an indication, that F2999 755 1S under-
estimated due to the rope bending not being considered. Thus, the explanation for the correction of
the truss-matrix with y > 1 is given, whereas Y in the table is calculated by 2992 Beam/E2222 Truss-

Table 5: Truss and Beam-FEM comparison

[ —[ 1.5-40 1.5-60 1.5-80  1.5-120  1.5-160 2-40 2-60 2-80 2-120 2-160  Units ]

ETruss | 13536 16290 18911 23242 26421 6777 7423 8821 11687 14273 N/mm?
Aruss 0.99 0.99 0.99 0.99 099 176 176 176 1.76 176 mm?
H 75 108 141 2100 280 75 108 141 210 278 mm
1% 40 60 80 120 160 40 60 80 120 160  mm
E1111 Truss 460 358 308 251 214 409 290 255 224 205 N/mm
F2999 Truss 37 35 32 27 23 33 28 26 24 22 N/mm
E1111. Beam 460 358 308 251 214 409 290 255 224 205 N/mm
F292. Beam 47 4 37 30 25 50 39 34 29 25  N/mm
x | 1269 1204 1152  L.I19  1.094 1503 1377 1270 1189  1.140 -

The table also shows, how Er,,.s increases with the mesh size. More about the effective stiff-
ness and the influence of the S-bend is found in the next section.

6.2 Geometric non-linearity

To get more info about the “S-bend-straightening” resp. the behavior under lateral load, the
results of section [3.3]are used for further analysis about the geometrical non-linearity. The forces
and deflections shown in that chai ter can be transformed to an equivalent membrane following the

relations illustrated in section [S5.1 That means that with 24X = FEyy; = % first F1111
ell W(W2+H2)§
and then with the given Ar,.ss, E7us5 can be calculated.

The displacement for an P, of 100 N and 600 N was taken from Fig. [§| and marked on the
FE4111 curve for both types on Fig. (left). For the displacement at 100 N, the F11; of 1.5-80
is larger than that of 2-80. For the displacement corresponding with F, = 600 N the ratios are
inverted: the 2-80 is stiffer as the 1.5-80, as one would expect of the type with the higher metallic
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Figure 17: Simulation lateral: orthotropic property (left) and equivalent Er;., 55 (right)

section. The stiffer Beam-FEM-BIAX results of @1.5 relative to the @2.0 are thus verified for the
assumed loads of 80 to 160 N per mesh. The explanation is visualized when looking at Fig.
due to the lower rope bending stiffness, the S-bend-straightening of the (1.5 is more prominent,
thus increasing geometrical stiffness.

On Fig. (right), the corresponding E7,.,.s can be seen: very low (< 5'000N/mm?) for the
first three millimeters, the value eventually converges toward the Fpeqm—rry = 45'000N/ mm?
of the underlining model. The nominal mesh height A of 141 mm is archived by a relative dis-
placement of approx. 4 mm. FEr,.,ss 1S sensitive around that position: a displacement just I mm
more (i.e. between 3.5. and 4.5 mm, orange lines) increases the corresponding Er,.,ss by approx.
factor 3. The softening effect of the S-bend seems to be stronger for smaller mesh types as the
results of Tab. [5|indicate: Er,,s; is increasing with mesh size.

Pretension and as-installed geometry is the significant influence of the stiffness. Mesh tension
status however can only be measured indirectly and also mesh geometry can not be measured
or adjusted to the milimeter exactly in construction practice. The only way to cope with that
uncertainty, is by covering a range of stiffnesses during calculations or assume extreme values
with a safety margin depending on the structural task.

6.3 Remarks about the interaction

Both Truss- and Beam-approach confirm the “high interaction”-behavior. Visualization of the
rational function Ey{;; = 171/?21_1/21 is given for various interaction values: for orthotropic textile
membranes, the range of 15 - 15; is between 0 and 0.45", shown as gray area in the graph.

These single-set meshes however, have an interaction value of 0.9 and more (not counting the
unsuitable truss interaction of 1.0 at the pole), which increases input sensitivity (orange area). That
means that the high interaction does not allow a direct comparison of the materials parameters £

and E,. For example in Tab. [2] the value for £ of 2-160 is approx. half of £; of 2-80, even though
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Figure 18: Visualization of the high interaction

E1111 is only 20% less. Due to this sensitivity, many digits of 1, must be specified in the material
properties and a check of the resulting stiffness matrix is advised.

7 LIMITATIONS AND OUTLOOK

In this paper, it was shown how to obtain the normal stiffness parameters for single-set rope
meshes. Using the Truss-Approach, the linear membrane forces can be converted back to cable
forces, thus building the basis for failure criteria and allowing design verifications. The S-bend-
straightening should be analyzed further, by formulating a curvature dependent tensile stiffness of
a bent beam with low bending stiffness.

Further, shear stiffness must be analyzed and incorporated, for example by a Beam-FEM- and
by a Truss-Approach as well. Additionally, more single-mesh-tests with higher pretension to bet-
ter calibrate / and F independently would be advisable and methods to measure in-situ preten-
sion statuses would allow for a refinement of the approaches. The current membrane approach is
deemed inaccurate to judge the behavior against point loads or other localized loads. Also energy
dissipation considerations may not be approximated with a truss simplification, here the Beam-
FEM-Approach could be further developed.

The current surface approaches are however used in many common engineering applications,
allowing for global calculations and design checks and by being the basis of the pattering pro-
cedure: efficiently creating material saving production plans for completely preassembled mesh
areas.

8 CONCLUSIONS

It is possible to formulate the single-set rope meshes as membranes. Both shown hypotheses
to obtain the membrane stiffness are valuable: the “Beam-FEM” for verifying the rope bending
effect and the effective tensile stiffness due to S-bend-straightening. Due to high variability of pos-
sible pretension-conditions resp. initial geometrical stiffness, the engineer must make assumptions
about whether to chose a “low” or a “high”-pretension approach. After choosing, the “Truss”-
formulas can be used as quick and easy tabular output of mesh configurations. The intrinsic high
interaction can be represented with conventional material properties, if input accuracy of the v is
considered and the small £/, and Fs are accepted as correct.
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