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Summary

The following report discusses basic properties of cable-membrane structures and the
general process for analyzing them. Following that, the procedure for form-finding these
geometrically nonlinear structures based on defined prestresses is discussed at a basic level using
common numerical approaches. The theory is then applied to a hypar cable-membrane structure
using Dlubal RFEM on a structure that is intended on being built by +VG architects. Once the
geometric shape of the structure is determined, the objective of this report is to determine the
appropriate warp direction for the membrane based on where tensile forces are expected to be the

greatest.
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1.0 Introduction

The following section contains the purpose, scope, and background information about the

stages performed for the design and analysis of the cable membranes.

1.1 Background

The ability to span a structure in small or large, complex configurations has made tension
structures a growing trend. Multitudes of various membrane textiles have been developed to
permit greater structural capabilities and achieve desired aesthetics. However, the behaviour of
tensile membranes is still complex and can be unpredictable. Even if the materials used behave
linear elastically such as steel cables, the structure will still be geometrically non-linear for most
cases except when prestress values are set exceptionally high. Therefore, unlike conventional
structures that rely on ‘linear’ analysis, tensile membranes require a close collaboration between
the engineer and architect because both disciplines must understand that changes in the tension
field will affect the geometrical shape of the membrane. They must cooperate to obtain
appropriate seaming between fabrics, achieve the right amount of shade or transparency, and

ensure adequate structural support.

The first step for designing a tensile membrane is determining the surface shape of the
membrane that is defined by the boundaries. Most membranes have a complex geometry that
cannot be easily identified with a simple mathematical function. As a result, an iterative form-
finding process was undertaken to determine the initial topography of the hypar structures. The
resulting form-finding geometry was used to perform basic structural analysis with Dlubal

RFEM software.



1.2 Objective

The objective of this report is to determine where tensile forces are greatest in cable-
membrane ‘A’ in figure 1 and to use this information to select an optimal warp orientation for
the membrane to carry these forces. The orientation of the warp can have a significant impact on
the stresses the membrane experiences and can help avoid wrinkling in the fabric.

It is important to note that the scope of work performed for +VG Architects was limited
to the form-finding of four hypar membranes around the exterior of a residential property for
graphical rendering purposes only. All structural analysis with Dlubal RFEM software was done
independently and used solely for this report as drawings and specifications from the engineers
are still under development. Therefore, patterns, fabric cuts, connections to supports, and the
treatment of seams are not discussed in this report and for simplicity the membrane is assumed

one continuous piece. All analysis presented is focused on the cable membrane.
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Figure 1: Ground floor plan of overhead hypar shades to be built for the client
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2.0 Theory

The form-finding of tensile membranes is a critical step done prior to any further structural
analysis. It is the process for achieving the cable bounded membrane in static equilibrium with
only its assigned prestresses and no dead or external loads applied [1]. The process is a good
sanity check to ensure prestresses are close to what was defined and that certain elements are not
at risk of being overstressed before proceeding to structural analysis. The following sections will
address some properties for cable membranes, common numerical approaches to form-finding,

and an applied result from Dlubal RFEM software.

2.1 Classification of Tension Membranes

There are many different types of tension membranes that use cables; the main
classifications are cable nets, pneumatic structures, and boundary tensioned membranes [1]. The
term ‘cable membrane’ is used throughout this report to refer to boundary tensioned membranes,
which as the name suggests, are membranes bounded by cables along the perimeter. These cables
are usually fit into sleeves for smaller structures as in the case of this residential project and later

mechanically tensioned onsite (fig. 2).

Figure 2: Hem sleeve with rope inside (modified from Seidel [2])
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Cable membranes can further be classified according to curvature: single or double
curvature. Unlike single curvatures, double curvatures cannot be converted to a flat surface
making them considered non-developable [3]. Double curvatures can be classified further based
on the signs of their principle curvatures which measure how the surface bends. When the signs
of principle radii are equal a synclastic dome takes shape, however when the signs are opposite

the shape is anticlastic. Clearly, a hypar structure is anticlastic (fig. 3).

Curvature
Single Double
(developable) (non-developable)
Equal signs Unequal signs + more
rl r2 rl
synclastic anticlastic

Figure 3: Diagram of curvature classifications
The unequal signs in radii curvatures allows hypar shapes to satisfy equilibrium more easily

without the need for external forces. Equation 1.0 demonstrates the relationship between tension
forces T1 and T2 in their principles directions of r1 and r2 for equilibrium normal to a surface

piece [3].

—+-2=P (1.0)
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For the case of hypar structures where the external force, P, is zero, equilibrium must be satisfied
with unequal signs in the radii of principal curvatures since internal tension forces T1 and T» are

greater than zero:

ok (1.0)

An external force greater than zero corresponds to pneumatic structures which are pressurized
with internal air pressure. This finding explains why hypar shades are ubiquitous and relatively

easier to reproduce.

2.2 Material Properties

Membranes are considered to have negligible bending, shear, and compressive stiffness
because of their load path sensitivity to applied loads [4]. Therefore, an important process when
designing and erecting membranes is prestressing to help increase the stiffness, avoid wrinkling,
ponding, and to provide the structure better stability with wind loads. However, prestress levels
must also be kept low enough to prevent loss of tension during the lifespan of the structure and
tearing under the influence of loads. Prestress values must be pre-defined prior to form-finding
and structural analysis [5]. Values vary depending on the geometry of the structure, the expected
loads it will experience, and the membrane material.

Membrane fabrics can be either isotropic or orthotropic, but currently orthotropic fabrics
are more common in markets. Isotropic fabrics exhibit uniform warp and weft elongation under
loads and as a result, the longevity of the fibres increases (fig. 4). Orthotropic fabrics are much
more susceptible to deterioration as aging of the two directions is less comparable and re-

tensioning is more frequently necessary. Additionally, orthotropic membranes require builders to
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have higher attention for proper installation of prestresses in the warp and weft to create a

balanced system of stresses.

Weft or fill direction »

Warp directon
v p

Figure 4: Weft and warp directions of a weave by Lewis [1]
The difference in stiffness between warp and weft fibres can cause greater sagging in the stiffer
orientation as more loads can be carried. Typically, the warp direction is classified as the
‘stronger’ orientation and thus, the membrane is oriented so that the warp can support where

principle tensile forces are expected to be greatest.

Due to large snow loads in Canada, the client for this project informed that he would be
removing the membranes during the wintertime and the tensile structures are intended more for
shading purposes. Therefore, a high density polyethylene membrane (HDPE) was selected by the
engineers. This type of fabric is lightweight, widely available, and its relatively low stiffness
with wide strain flexibility allows the membrane to stretch steep curvatures for hypar forms [6].

HPDE provides a slight translucency while reflecting light and a good UV stability depending on
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the manufacturing method for concentrated pigments. For example, the use of titan dioxide
increases UV stability by impeding the penetration of shortwave lengths to fibres [7]. The
material does have limitations though such as water permeability because of its open, knit

texture; however, this can be advantageous for avoiding ponding and unwanted deflection.

The membrane shown in figure 5 was the fabric selected as per the clients’ request. The
membrane product is subject to change for a stronger, heavier duty material as form-finding and
structural analysis were not done at the time and colours were initially selected for visual

purposes.

Figure 5: Lock-stitch knitted HPDE Commercial 95 340 membrane by GALE Pacific in the
colour ‘Gun Metal’ (modified brightness for visibility)

Based on default software properties and common values referenced, Table 1 shows
generic material properties for a PVC membrane which will be used instead for form-finding and

later structural analysis [1, 4, 7, 8].
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Table 1.0: Generic PVC membrane material properties used for analysis

Membrane Property

Specific Weight y 5.03
Modulus of Elasticity (warp) Ex 49.64
*Modulus of Elasticity (weft or fill) Ey 30.34
Shear Modulus, out of plane G,, 001
G,, 001
Shear Modulus, in membrane plane Gy 9.00
Poisson’s Ratio Vyy 0.3
Vyx 0.3
Constant Thickness d 1.0

KN/m?
kN/cm?
kN/cm?
kN/cm?
kN/cm?

kN/cm?

mm

* The modulus of elasticity for the weft will be assumed the same as the warp for isotropic behaviour
during form-finding and preliminary structural analysis to determine where tensile stresses are greatest

and how the membrane would be best oriented.

Similarly, for the boundary steel cables, properties were selected based on software

material libraries provided by Pfeifer—a German based company with a known reputation in

cable membrane construction. Properties including the selected diameter were also compared

with similar sized hypar shades [9]. Table 2 shows the material properties for a solid cross-

section of an isotropic linear elastic cable.
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Table 2: Isotropic linear-elastic steel cable material properties by Pfeifer

Steel Cable Property
Diameter

Modulus of Elasticity
Shear Modulus
Poisson’s Ratio

Specific Weight

Coefficient of Thermal Expansion

2.3 Numerical Methods: Force Density

12.7

13000.00

5000.00

0.30

78.45

1.6000E-05

mm
kN/cm?

kN/cm?

kN/m?

1/C’

There are many numerical approaches for form-finding membranes; a popular one is the

force density method (FDM) which was initially proposed by Linkwitz and Schek to analyze

cable net structures for the Munich Olympic games in 1972 [10]. This method can be adapted for

the purposes of cable membrane analysis by replacing the surface with a cable net: a process

known as surface discretization. A basic explanation of the method is provided by analyzing four

cables intersecting at node five (fig. 6).

Node 1

Node 3

Node 2

Figure 6: Isolated node from a surface cable net
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A system of linear equations for equilibrium in the x,y,z components of node five is developed

by multiplying the cable prestressed forces, Tm , with direction cosines:

4

Xj — Xk _

Z(”%“)(Tm) = b, (12)
4
Zi — Zy _
Z( ) () = P,
m=1

where in this example with four intersecting cables, m = 1,2,3,4 denotes the cable element; i and
k represent the nodal end points of the cable; Ln is the length of the cable element and P is the
external load applied at node five. As mentioned earlier, for the purposes of form-finding,
external loads including the membrane’s own dead weight are not of interest and therefore P can

be set to zero. Hence, the expanded equations are:

=M +

(1) +

Z)(Te) + (5—2)(Ty) = 0

A1) + (& y5)<T2>+<y B+ (—Lyay=0 @3

(ZlL_l y(my) + (2 ;ZS)(TZ) + (2 _325)<T3) + (2 _425)<T4) =0

The length of the cable element, L, poses a challenge because it is a nonlinear function of the

nodal coordinates:

Lin =/ G — x)2 + (i — y)? + (21 — 2;)? (1.4)
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However, Linkwitz and Schek resolve this problem into linearized equations using the idea of
Hooke’s law by introducing constant force densities where the ratio of prestress tension to cable

length is constant [11]:

Tm

L (1.5)

qm =
Applying this concept to equations 1.3 from earlier simplifies them to the following:
(X1 —x%5)(q1) + (X2 =X5)(q2) + (X3 —X5)(q3) + (X4 —=X5)(qa) = 0
(1 =¥s)(@1) + (y2=ys5)(@2) + (¥3—=ys)(@3) + (¥a—¥s)(da) = 0 (1.6)

(z1 —25)(Q1) + (22 —25)(Q2) + (23 —25)(Q3) + (24 —25)(qa) = O

If coordinates for node one to four are known and values for the force densities are
assumed, then equations in 1.3 can be solved using gaussian elimination to determine the final
position of node five. According to Lewis, typically a value of one is assigned for non-boundary
cable elements and for boundary elements a value inversely proportional to the cable length is set
[1, 12]. Thus, the system of equations can indeed be setup to account for the nodal boundary
coordinates and remaining cable elements that make up the surface. It is also important to
mention that an integral assumption of FDM is that cable elements are straight and both
connections between elements and reaction supports are all hinged.

The original FEM presented here does however have a few limitations. In order to
maintain a constant ratio of g,,,, longer cable lengths must have higher prestresses and smaller
cable lengths must have smaller prestresses. Clearly, this not ideal as one of the goals and
purposes of form-finding is to ensure that the resulting membrane has prestresses that are close
to what was predefined without elements that needlessly have higher stresses at risk of failure
during structural analysis. This should not be a problem if elements are the same length, however

18



with very little constraints imposed on them a vast range of configurations can be obtained that
leave the elements susceptible to irregular lengths. As a result, the method has been extended to
nonlinear iterations that include additional constraints that only allow uniform rectangular

meshing.

2.4 Numerical Methods: Transient Stiffness

This section gives a basic theoretical overview of the transient stiffness method—another
numerical method for cable-membrane analysis. This method gained popularity because it draws
some parallels to the procedure behind the renown Newton Raphson Method except it is
‘vectorized’ [1].

In mechanics the displacement & for a bar of constant load P and cross-sectional area A

can be described by the following relationship [13]:

PL
=— 1.7
§ == (1.7)
The equation can be rearranged, and the axial stiffness AE/L can be substituted with K:
K§ =P (1.8)

Obviously as the complexity of a system increases with more elements, it is easier to make the
parameters above related to global x,y,z axes instead of local element axes if not done so already.
As a result, the displacement and external load can be resolved into their x,y,z components as a

nodal column vector:

Ookoo

{6} = 0y (1.9)

Ng

Il
U SO

{P}= 1y (2.0)

)



Likewise, K becomes a global stiffness matrix, [K], that relates the elements. For compatibility,
the size of the global stiffness matrix depends on the number of unknowns in the displacement
vector. Therefore, the new vectorized equation for the nodes becomes:

[K]{6} = {P} (2.1)
The equation above cannot be used directly for the analysis of cable-membranes; an inherent
assumption of it is that member displacements are small and linearly proportional to the force.
As mentioned previously, in the case of cable-membranes the structure is geometrically
nonlinear and therefore, iterations are required. The process in figure 7 outlines a method for
solving equation 2.1 with the same assumption of linear behaviour by using iterations until

equilibrium is reached.

Assume an initial shape.

Determine the stiffness matrix

Re-calculate the new based on the guessed shape that
stiffness matrix since did not produce equilibrium.
geometry is updated.

_ Calculate the residual force vector,
Update the shape using the {R,.,}, based on the difference between
calculated correction AG. Repeat external and internal load vectors.

Calculate correction
vector Ad for updating
the shape.

Figure 7: Transient stiffness iteration procedure with the assumption of linear behaviour
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The first step for form-finding or static analysis is to assume a shape for the cable-
membrane. This shape is denoted as [x], , where K is the iteration number and the shape is based
on its calculated stiffness matrix [k], . When the shape is first assumed, it will very likely be
wrong and not achieve static equilibrium because the internal forces will not cancel out to zero.
This excess internal force or difference between external and internal forces is also referred to as
the residual {R}. As a result, a new displacement vector must be calculated to get the assumed
shape closer to static equilibrium:

{83k+1 = [kl H{ARY (2.2)
At this step it is imperative that only a small portion {AR}; of the residual is used to maintain
the governing linear relationship between force and displacement. The displacement calculated
in equation 2.2 can be added to the current geometry [x]; to determine the new shape:
{31 = {cde + {0}k (2.3)

When a new shaped is obtained, the stiffness matrix will also change and must be
recalculated as [k],..;. Before the iteration starts to repeat again, the internal force vector {P} is
recalculated to determine if static equilibrium is reached or if there is a residual:

[kli+1{6} k41 = {ﬁ}k+1 (2.4)
Typically, many iterations will be necessary before static equilibrium is achieved since only tiny
amounts of the full residual vector are used to ensure linearity in the governing relationships
mention earlier. It is also important to not select a {AR} too tiny because that may significantly
increase the time required to reach convergence or in other words, static equilibrium.

Previously, it was mentioned that the residual {R} can either be the excess internal forces

in the cable-membrane or an excess difference between external and internal forces. The former
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is applicable for form-finding, where the external applied loads including dead weight are not
being considered. Meanwhile, the later definition of the residual would be applicable for
structural analysis, where applied loads are being considered. In the case of structural analysis, if
convergence is not achieved in equation 2.4 then the following residual should be determined for
the correction displacement:

{R}Yis1 = (P} = {P}rss (2.5)
For form-finding, one may proceed back to the procedure outlined in equation 2.2, but for the
next iteration. Subsequently, the same procedure that was outlined in figure 7 can be followed
until static equilibrium is achieved where the residual force approximates close to zero.

The method described above is a start for being able to analyze cable-membranes. The
limitations of it are clear: external loads must be trivial with high structural prestresses for
iterative, linear behaviour to be acceptable. Geometric stiffness must be accounted to be able to
analyze cable-membranes with prestresses at reasonable values. Therefore, the actual stiffness
matrix used would consist of two parts:

[k] = [kp] + [kq] (2.6)

where [k, ] is the elastic stiffness and [k,] is the geometric stiffness. Unlike the elastic stiffness,
geometric stiffness does not depend on material properties. Instead, it relies on the length or
geometry to change so that tension forces at nodes can update .

Overall, the transient stiffness method is an effective approach to analyzing cable
membranes and it is commonly used in form-finding software. The limitations of the method are
mostly with ensuring properly conditioned matrices if scripted by one-self. A slight round-off

error can lead to major in accuracies in results since the method is iterative [1].
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3.0 Application of Form-finding and Structural Analysis

This section applies form-finding and introductory structural analysis to the hypar cable-
membrane in figure 8 to determine the objective of this report: locating where tensile forces are
greatest in the membrane and selecting an optimal direction for the warp to carry these forces.

All analysis presented is done using Dlubal RFEM software.
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Figure 8: In progress (a) plan and (b) elevation of hypar cable-membranes that are analyzed in
this report. Developable drawings are under development by engineers.
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Dlubal RFEM is a German-based, comprehensive structural analysis software. The
software is comparatively user-friendly with many videos and detailed descriptions on how to
properly use its dedicated RF-FORM-FINDING module. The finite element method behind RF-
FORM-FINDING is the updated reference strategy (URS) developed by Professor Bletzinger
and Professor Ramm [14, 15]. Irrespective of the finite element method used, the general
approach for form-finding is consistent: an initial shape is assumed with given prestresses and
nonlinear iterations are performed till static equilibrium is approximately reached for the new
shape [16]. The word ‘approximately’ is used because as demonstrated with the Transient
Stiffness Method in section 2.4, the tolerances set will usually have an infinitesimally small
residual force remaining that is greater than zero, but small enough to approximate the system to

equilibrium.

3.1 Application of form-finding

The importance of form-finding prior to structural analysis is to determine the geometry
of the hypar membrane and ensure defined prestresses match close to the outputted prestresses. If
elements greatly deviate, they may appear overstressed and skew results when trying to locate
where tensile forces are greatest in the membrane.

Previously in section 2.2 it was mentioned that the material used for analysis of this hypar
membrane is a generic, PVC/polyester fabric. An isotropic prestress of 1.0 kN/m is set for the ny
and ny of this membrane based off common values reported in literature for PVVC fabrics [1,7,8
17,18,19]. For the boundary cables, the appropriate pretension force is set to be determined by
the software using a target cable relative sag of 10%. The advantage of using a target sag
expressed as a percentage is that it helps ensure that an adequate inward curvature is established

at the boundaries of the membrane (fig. 9). Maintaining this curvature is particularly important
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for long cable-membranes such as this one because it helps alleviate the fibres from larger
stresses [20]. As result, the structure is able retain its geometry more easily. According to Garth

Graham, a target catenary curve should usually be between a minimum of 6% to a maximum of

12% [21].

sl = 1000
-
" - — e IR (0T ]
A el = 10,00 e [

el = 1000
a)
Pel= 000 L
il m 0O
P rel= 1000 iﬂ b
el = 10.00
10% TARGET CABLE
SAG FOR CURAVTURE
b)

Figure 9: Dlubal (a) initial assumed shape and (b) form-finding result with 10% target cable
relative sag and 1 kN/m warp and weft membrane prestress.
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The structure shown in figure 9 has pin connections (Fx, Fy, Fz) at each of the four corners of
the membrane. One of the pins is an anchor tying back to the existing structure and the rest are
vertical poles. The bottom of the poles are fixed supports (Fx, Fy, Fz, Mz), however for the
purposes of this report the analysis will be focused on the upper portion of the structure on the
behaviour of the membrane.

For the membrane surface, triangular meshing was selected to prevent warping effects
that one would see with rectangular elements. Additionally, even though the PVC fabric being
used is orthotropic, the weft was temporarily assigned the same modulus of elasticity as the warp
because with such an irregular shape it is not necessarily foreseeable which direction the tensile
force are going to be exactly greatest. Hence, by using isotropic properties in the beginning, the
principle internal forces can be analyzed to determine the general direction where the forces are
highest when subjected to loads.

The results show that the deformations in the cable-membrane are largest along the edges
and deformations occurred the least towards the centre of the membrane which (fig. 10). This is

expected since the cables were prestressed to ensure a 10% inward sag curvature.

RF-FORM-FINDING
Global Deformations u [mm]

e
s-rel =2#0.00 \"--»,

Global Deformations
lul [mm]

837.7

7616

6854

609.2

533.1

4569

3808

3046

2285

1523

762

00

Max: 837.7
Min 00

S,

Max u: 837.7, Min u: 0.0 [mm]
Factor of deformations: 0.55

Figure 10: Global deformations in membrane at form-finding stage
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The nx and ny show the local internal forces in the membrane based on the prestresses
defined (fig. 11). The results verify that the prestress forces in the membrane are relatively close
to the 1.00 KN/m prestress that was selected earlier since the majority of the model is in the blue
range. The max deviation is 1.01 kN/m for both nyx and ny for only a small region and this occurs

near the corner of the membrane.

RF-FORM-FINDING RF-FORM-FINDING
Surfaces Basic Internal Forces n-x [kN/m] ) Surfaces Basic Internal Forces n-y [kN/m] A_

srel =

Base values
1y [kN/m]

Base alues
ny [kN/m]

Max 101
in

Surfaces Max n-x: 1.01, Min n-x: 1.00 [kN/m] i Surfaces Max n-y: 1.01, Min n-y: 1.00 [KN/m]

Figure 11: Basic principle internal forces in the membrane ny (left) and ny (right)

The cable prestress forces determined by the software based on a 10% target cable sag

requirement are shown in figure 12.

RF-FORM-FINDING
Members Internal Forces N

Members Max N: 10.72, Min N: 5.43 [kN]
Figure 12: Axial tension forces within the cable
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The results show that axial tension force within the cables are around 10-11 kN for the longer
edges of the membrane and around 5.5 — 6.5 kN for the shorter width of the membrane. A
sample diagram of the internal forces for a short and long cable in figure 13 shows that the axial
force is fairly consistent throughout the length of the cable which is inuitive since the cable is

expected to carry stress directly and transfer forces tangent to longitudinal axis [22].
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Figure 13: Sample axial tension force for a small (a) and long (b) length boundary cable

Another potentially useful feature that can be extracted during the form-finding phase is
the membrane’s slope. This information can be used to predict where ponding may occur in the
structure and where the membrane may be suceptibile to large deflections from snow and rain
loads. For example, the region in dark blue is the flattest area of the membrane and therefore, its
lack of double curvature may compromise its ability to withstand loads. Meanwhile, the red

regions with high inclination will be able the shed water and snow loads off more easily.
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Figure 14: Surface inclination of the cable-membrane

3.2 Application of structural analysis with applied loads

Previously during the form-finding stage the analysis was mostly concerned with
geometric results since elastic effects and materiality are not the focus of form-finding. In this
section the warp direction for the fabric membrane will be selected based on where the principal
internal forces are greatest when the membrane is subjected to applied loads. The loads that will
be discussed is the dead load or self-weight of the fabric and live load. The live load that will be
applied is based on the 2016, ASCE 7 standard where in table 4.3-1 for fabric canopies, a
minimum live load of 5 psf (0.240 kN/m?) is required to be tested [23]. Wind loads will not be
discussed due to the complexity and depth of analysis required, however aeroelastic modelling is
an important aspect of analyzing tension membranes to avoid fluttering, resonance, and other
unwanted effects. For small structures, extensive field and testing experience is particularly
needed to predict behaviour [1]. For big projects and speciality structures, physical modelling

and wind tunnel testing may be required.
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An exaggerated picture of the expected deflection for self-weight is shown in figure 15.
The largest expected deformation under self-weight is only 5.3 mm based on the generic PVC

fabric material that was applied with the properties discussed in section 2.2.

LC1: Self-Weight
Global Deformations u [mm]

Global Deformations

lul [mm]
53
48
44
39
34
29
24
19
15
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05

00

Max: 53
Min: 00

S,

Max u: 5.3, Min u: 0.0 [mm]
Factor of deformations: 180.00

Figure 15: Exaggerated graphic of deflection for self-weight

The next load case is the 0.240 kN/m? live load which has a maximum expected
deflection of 94 mm (fig. 16). This load was applied globally to the true area in the Z-direction.
The region with the largest deformation due to the live load is similar to the region where the
largest deformation was seen with self-weight. This indicates that near this particular cable edge
additional reinforcement may potentially be necessary if even higher loads are expected to be
carried.

In section 3.2 it was discussed that the membrane would be assumed isotropic for form-
finding and preliminary structural analysis to be able to better determine where principle internal
forces are highest in the membrane. Now that a live load is applied, figure 17 shows the

trajectory for the load distribution of principal internal forces ni and n.
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LC2: Live
Loads [KN/m”"2]
Global Deformations u [mm]

Global Deformations
L] fmm]

Max u: 94.0, Min u: 0.0 [mm)]
Factor of deformations: 10.00

Figure 16: Global deformation based on 0.240 kN/m? live load requirement by ASCE 7

LC2: Live
Loads [kN/m”2]

Surfaces Principal Internal Forces Al 'i"

Principal values
n-1, n-2 [kN/m]

Max: 3.40
Min: -0.16

Surfaces Max Alpha-m: -89.87, Min Alpha-m: 89.97 [°]

Figure 17: Trajectory of principle internal force n; and n, based on 0.240 kN/m? live load
requirement by ASCE 7

Upon close inspection, the trajectory shows that the tensile forces a greatest along the corner to
corner of the membrane indicated with a bold black arrow. Hence, the strong axis of the
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membrane, the warp, is reoriented to follow suit. An immediate reduction of the internal forces

can be seen in figure 18 with the local axes of the membrane reoriented.

LC2: Live
Loads [KN/m”"2]
Surfaces Principal Internal Forces Alpha-m [°] p

Principal values [
n-1, n-2 [kN/m]

Max 318
Min: 0.15 L

Surfaces Max Alpha-m: -87.29, Min Alpha-m: 88.07 [°]
Thus, the modulus of elasticity for the weft of the fabric may now be substituted with its

actual value and the remainder of the analysis can be resumed.

3.3 Conclusion and Recommendations

In conclusion, the findings discussed and presented are only an introductory for the
analysis of cable-membranes. The complex nonlinear geometric behaviour of these structures
requires rigorous evaluation of wind loads, combinations of loads, warping effects in patterning
and cutting membranes, seams between fabric rolls, connections, proper pole foundations, and
much more. When applicable, using isotropic fabrics is more reliable than orthotropic fabrics to

be forgiving of imperfect installation on site and uniform aging in the fabric.

For future studies, the cable-membrane could be analyzed under different loading

conditions with different materials to determine which fabrics would not be appropriate for the
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intended purposes of this structure. Additionally, the results can be compared with different
software and finite element methods to analyze discrepancies and compare the rate of

convergence.
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