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Tensile membrane structures are often used as protective structures in order to provide cover from snow, rain, and direct sunlight.
They are widely popular because of their advanced structural and architectural properties. Currently, their application is common
at sport stadia and public spaces. There are several types of loads acting on tensile membrane structures, most importantly
prestress, snow load, and wind load. However, concentrated loads also act on these structures, but they are frequently neglected
during the structural analysis. There is yet no European standard on designing tensile membrane structures that would give
guidance on structural analysis and incorporation of point load actions in the analysis. In addition, there is little scientific
knowledge on how point loads affect tensile membrane structures. This research aims at revealing whether point loads can
produce significant membrane deflections and in such way cause damage to the structure or to the objects underneath the
membrane. In order to evaluate their importance, point load deflections are compared to deflections induced by snow load. This
was done on a large number of numerical models differing in several parameters. Models represent typical geometries of hypar
membrane structures on a square base. Obtained results show that, in many cases, point loads can produce larger membrane
deflections compared to the snow load. This finding will have an impact on including the point load actions into standardization of

design and analysis procedures of tensile membrane structures in Europe.

1. Introduction

Tensile membrane structures are sophisticated successors of
tents, which have been used in different shapes and sizes for
many millennia. Application of tensile membranes started in
mid-twentieth century and is set to continue in the future.
Despite the fact that they are in use for more than half a
century, they still amaze with their beauty and elegance. In
addition to aesthetical qualities, they have advanced structural
properties. Thinness, very low self-weight, and large spans are
the result of their tensile nature. Their most common use is to
provide protection from snow, rain, and direct sunlight, as
open structures. Due to their extremely low thickness, they
provide little thermal resistance. Therefore, in most climates,
double membrane layers are used when tensile membrane
structures are used for enclosing spaces. Application of tensile
membranes is customary for large-scale sport arenas and

covered public spaces. In such cases, tensile membranes
provide protection for many people at the same time, thus
increasing the risk in case of potential failures. This implies
that the design and analysis of tensile membrane structures
should be standardized. While in the USA, there is an
American Standard, Tensile Membrane Structures, [1] and in
Japan, there is MSAJ Standard [2], there is yet no European
Standard on this topic. European Design Guide for Tensile
Surface Structures [3] was published in 2004 and Prospect for
European Guidance for the Structural Design of Tensile
Membrane Structures [4] was published in 2016. Drafting of a
Eurocode for Design of Tensioned Membrane Structures is
under way at the moment. In order for it to be completed,
comprehensive researches are conducted at institutions across
Europe. The research presented in this paper is part of efforts
to generate knowledge about all aspects concerning tensile
membrane structures.
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The topics of this research are deflections resulting from
the load actions on tensile membrane structures. These
structures rely on tension prestress coupled with large
changes of geometry to resist external loads. Their geometry
changes under load are much larger compared to concrete,
steel, or timber structures, even though the types and in-
tensity of loads are the same. Snow load and wind load are
regularly acting on tensile membrane structures and are
routinely applied and analysed in specialized software. One
of possible load types acting on tensile membrane structures
is concentrated load. This load simulates workers standing
on the roof while conducting maintenance, inspection, or
repair. However, during the exploration of design and
analysis of tensile membrane structures, it is noticed that this
type of loading is often neglected in researches and even
during structural analysis. For example, European Design
Guide for Tensile Surface Structures and Prospect for Eu-
ropean Guidance for the Structural Design of Tensile
Membrane Structures do not mention this load type with
regard to doubly curved tensile membrane structures. On
the other hand, American Standard Tensile Membrane
Structures direct designers to ASCE/SEI 7-10 [5] for design
loads for buildings. ASCE/SEI 7-10 does take into account
concentrated loads on roof structures. In addition, Hun-
tington [6] directly states that “concentrated loads need to be
taken into account during the structural analysis of tensile
membranes.” It is intended that the future Eurocode for
Design of Tensioned Membrane Structures will be connected
to other Eurocodes, including Eurocode 1 [7], which defines
the loads acting on structures. Eurocode 1 also considers the
point load actions on roof structures. Thus, it is obvious that
in future, the point load actions will be an integral part of the
structural analysis of tensile membrane structures, and yet,
there is now very little knowledge on how tensile membranes
respond to such loads.

There are only a few published researches related to
deflections or point loads acting on membrane structures.
Bridgens and Birchall [8] explored the significance of material
properties in the design of tensile fabric structures and
showed calculated maximal deflections under snow and wind
load. Gosling et al. [9] compared the results from different
analysis and design methodologies of membrane structures
and reported on displacement values under snow and wind
load. Wu and Ting [10] presented a research on large de-
flection analysis of 3D membrane structures by a 4-node
quadrilateral intrinsic element. Zheng et al. [11] did a study on
dynamic response of rectangular orthotropic membranes
under impact loading. Weinberg and Neft [12] performed an
investigation on large deformations and wrinkling on a
geometrically exact thin membrane model. Selvadurai [13]
researched deflections of a rubber membrane under rigid
spherical indentor. Pearce et al. [14] analysed axisymmetric
indentation of curved elastic membranes by a convex rigid
indenter. Valdés et al. [15] presented a new methodology for
the geometrically nonlinear analysis of orthotropic membrane
structures and the example of its application on a membrane
loaded with point load. Uhlemann et al. [16] showed in their
work how deflections under point load are dependent on the
value of the fictitious elastic constants of the material. Zhang
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et al. [17] studied the load-dependent mechanical behaviour
of membrane materials and showed its effect to load-de-
flection curves. Researchers Katsikadelis and Tsiatas used
analog equation method for large deflection analysis of
membranes [18, 19]. Szyszkowski and Glockner studied
spherical membranes subjected to concentrated loads
[20-22]. Milosevi¢ [23] investigated dependence of mem-
brane deflections on the position and intensity of point loads.
Milosevi¢ et al. [24] researched effects of point load on
changes of geometry and forces of a membrane structure.

This paper presents a research on the relation of point
loads and tensile membrane structures and investigates the
significance of point load actions compared to snow load
actions with respect to deflections of the structure. This
research builds on one of the published researches [24]
which showed that point load can cause deflections com-
parable to those under snow load. The results motivated a
new research presented herewith, aiming to discover
whether point loads can produce larger membrane deflec-
tions than the usual snow load. Unlike point load actions,
snow loads are regularly included in the structural analysis of
tensile membrane structures. Therefore, there is much more
information about the snow loads and hence they are
considered to be a good comparison for the yet insufficiently
explored point load actions. Exploring the membrane de-
flections under point load will help to mitigate the risk of
damage to the structure or to the objects placed underneath.
The objective of the research was to investigate a large
number of models in order to check if point loads are more
significant than snow loads under certain model parameters.
The results of this research should help to better understand
the importance of point load actions for tensile membrane
structures and provide an easier transition for designers and
engineers once the Eurocode for Design of Tensioned
Membrane Structures comes in force.

2. Methods

The analysis started with the formulation of a model of a
typical tensile membrane structure. The structure has a
square base of 6 x 6 meters and the height of 1.5 meters. The
membrane is prestressed with 3 kN/m in both warp and fill
directions. The warp direction is set parallel to the edges of
the base, as shown in Figure 1. Tensile modulus E of the
membrane is 600 kN/m in both warp and fill, shear modulus
G is 25 kN/m, and Poisson coefficient is 0.3. Thickness of the
membrane is 1 mm. It has flexible edges with 20 mm edge
cables prestressed with 30 kN. This initial model was ana-
lysed in order to test the membrane behaviour under point
load and snow load. Finite element software SOFiSTiK [25]
was used to create the models and conduct the analysis. The
membrane is divided into 144 finite elements. Analysis is
conducted according to third-order theory.

As a typical point load, load with intensity of 1kN and a
vertical downward direction were selected. According to
Eurocode 1, this value is recommended for point load caused
by workers on roofs. Snow load was modelled with 0.6 kN/m?
as in previous researches [8, 9, 26], across the whole membrane,
with a vertical downward direction.
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FIGURE 1: Geometry of the initial model.

In the first phase of the research, a point load was applied
as a separate load case at every node of the initial model,
except at the edge nodes. The snow load was also applied to
the same model as a separate load case. The resulting de-
flections from these load cases were compared in such a
manner that the maximal deflection from each load case
with point load was compared to the deflections from snow
load at the same point. This was done with the aim of
evaluating the importance of point load actions to deflec-
tions of the initial model.

In the next phase of the research, the parameters of the
initial model were varied in order to simulate many different
tensile membrane structures. The goal was to check the
conclusions obtained on the initial model by analysing other
models of membrane structures. At the same time, this part
of the research aimed to identify how different sets of model
parameters will influence the relation between deflections
caused by snow and point load and affect the importance of
point load deflections. The list of six varied parameters is
presented in Table 1. The methodology set up with varying E
modulus, G modulus, patterning direction, and model
height has already been used in [8] and later expanded by
varying the position of the point load and the prestress
intensity in [26]. However, unlike these two previous re-
searches, this study focuses specifically on the comparison of
point and snow load deflections in order to evaluate the
significance of point load actions on tensile membrane
structures.

Figure 2 shows all varied parameters of the model. There
are 6 analysed heights of the model, and as shown in Fig-
ure 2, they significantly affect the shape of the model. These
heights are 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0m. Each of the
models will be analysed for 7 positions of the point load,
marked with letters A, B, C, D, E, F, and G, as shown in
Figure 2. Due to the double symmetry of the model along
diagonals, these points actually give results for 17 positions
of the point load. Selected points are well distributed and
provide a good insight into the behaviour of the entire
membrane. There are 2 analysed patterning directions, the

TaBLE 1: Variable parameters used in the research.

Parameters Number of analysed values
E modulus 6
G modulus

Patterning direction
Model height
Prestress intensity
Point load position

NGO

first one is where the warp is parallel to the edges of the base,
and the second one is where the warp is along the diagonal
connecting the two high supports. The model is double
symmetric, the material is orthotropic, and the material
properties are set to be the same in both principal directions.
Thus, no change in results would occur if the material is
rotated by 90°. Therefore, patterning directions are referred
to as parallel and diagonal. In addition to these model
parameters, the material properties are also varied. The
selected values for tensile modulus E and shear modulus G of
the membrane material are taken to be the same as in the
previous research [8]. Despite the fact that not all combi-
nations of material parameters are realistic, all of them are
analysed. The prestress intensities of the membrane and the
cables are also varied. The relation of their intensities is kept
constant at 1:10, while the membrane prestress is set to be
the same in warp and fill directions. Five different combi-
nations of intensity values were used in the research.

By varying the values of first five parameters from Ta-
ble 1, a total of 1,440 different models were created. Since
there are 1,440 different models, there will also be 1,440
snow load cases. Each model is loaded with point load at 7
different positions; therefore, there will be 10,080 point load
cases. Values of snow load deflections are recorded at the
same 7 positions as for the point load. One point load
deflection and the corresponding snow load deflection at the
same position of the same model are compared. These two
values make one pair. There are a total of 10,080 pairs which
will be compared. All varied parameters are identical for one
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FIGURE 2: Values of the variable parameters.

pair and only the load type is different. Therefore, each pair
will be evaluated as larger deflections under point load, equal
deflections under point and snow loads, or larger deflections
under snow load.

3. Results and Discussion

3.1. Point Load Deflections of the Initial Model. The initial
model was at first loaded with a single point load of 1 kN at
the centre of the membrane. This position is the position A
used in the research. The central part of the membrane
usually has the highest deflections when loaded with area
loads. Deflections resulting from the point load acting on the
centre of the initial model are presented in Figure 3.
Previous research showed that large deflections are
highly concentrated around the position of the point load
[23]. The initial model tested in this research shows the same
behaviour. Maximal deflections of 138.3 mm are recorded
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F1GURE 3: Membrane deflections of the initial model in global Z
direction for 1kN point load acting in position A (mm).

exactly in the position of the point load. Values shown in
Figure 3 are negative because the z-axis is oriented upwards
and deflections occur downwards. For the most parts, the
membrane suffers very little deflections.

All 121 internal nodes of the membrane of the initial
model were separately loaded with the 1 kN point load in the
same manner as the central node. It was expected that
different positions of the point load would lead to similar
behaviour of the membrane. Results for point load positions
B to G are given in Figure 4.

The results presented in Figure 4 show the same pattern
of behaviour for all positions of the point load. Large de-
flections are present locally around the position of the point
load. Maximal deflection occurs at the position of point load.
The greatest part of the membrane deflects very little. This is
valid for all 121 analysed load cases. The most important
difference between analysed load cases is the value of the
maximal deflection. This value changes as the position of the
point load changes. In order to show the maximal dis-
placements under all load cases, Figure 5 is given. It presents
the value of the maximal displacement of the membrane for
different positions of the point load. Since the position of the
point load and the position of the maximal displacement are
always the same, the graphic in Figure 5 actually shows the
membrane sensitivity to point load with respect to maximal
deflections.

Figure 5 can also be regarded as a summary view of the
possible maximal deflections for all positions of the point
load. As expected, the results show that the membrane is the
most sensitive at its centre. This is explained by its longest
distance from the supports. The edge nodes were not ana-
lysed because the results would be highly dependent on the
properties of the edge cables, so Figure 5 does not show any
results for the peripheral finite elements. This graph will also
serve for the comparison of deflections under point and
snow load.



Advances in Civil Engineering

0.0 0.0
-6.2 g -6.5 g |
-123 S | -13.0 s
~18.5 -194
246 8 -25.9 S
-30.8 o -32.4 "
-36.9 o -38.9 =
431 F 7 ~45.3 <
492 -51.8
_55.4 S | -58.3 8
_67.7 o -71.3 «©
~73.9 g | -77.7 8 |
~80.0 & -84.2 ~
-86.2 -90.7 °
_92.3 S -97.2 <
_985 i -103.7
-104.6 o -110.1 S |
~110.8 S -116.6 S
_116.9 _123.1
~100 000 1.00 200 3.00 400 500 6.00 gL00 000 100 2.00 3.00 4.00 500 600 p
125 \ \ \ | | 1 L m R ‘ : ‘ ‘ ‘ ‘
(a) b)
0.0 0.0
-6.0 - -33
-12.0 2 6.6 g
-18.0 -9.9
-24.0 g | -133 =
-30.0 n -16.6 i
-36.0 - -19.9 -
-42.0 3 -232 2
-48.0 -26.5
-54.0 8 | -29.9 S |
-66.0 o« -36.5 I
~72.0 S -39.8 S
-78.0 & -43.1 NI
_84.0 -46.4
-90.0 S | -49.8 s
-96.0 - -53.1 -
-102.0 ° -56.4 -
~118.0 37 -59.7 =
-114.0 -63.0
“1.00 000 1.00 200 3.00 400 500 6.00 ~1.00 0.00 1.00 200 3.00 400 500 600 m
00 oy 0m Bl H R R A B S R
(©) (d
0.0 0.0
-5.0 -34 o
-10.1 S 6.7 3
-15.1 -10.1
-20.2 =l -134 8 |
~252 o -16.8 m
-30.2 - -20.1 o
353 2 235 3
-40.3 -26.8
-45.4 S -30.2 g |
_55.5 @ -36.9 -
-60.5 - -40.2 o
S S —
-65.5 N -43.6 &
-70.6 -46.9
756 =l -50.3 S |
-80.7 - -53.6 -
-85.7 s -57.0 g |
-90.7 S -60.3 S
-95.8 -63.7
©1.00 0.00 1.00 200 3.00 400 500 6.00 2100 000 1.00 200 3.00 400 500 6.00
1008, | J 1 | 1 | | m —67.1 | 1 1 1 1 | | m
(e) (f)

FIGURE 4: Membrane deflections of the initial model in global Z direction for 1 kN point load acting in positions B to G (mm). (a) Point load
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3.2. Snow Load Deflection of the Initial Model. Snow load is
applied to the initial model independently from the point
load. It is modelled with the value of 0.6 kN/m?* across the
entire surface of the membrane. Total weight of the snow
load is about 18 kN, while weight of the point load is only
1kN. Therefore, it is expected that the snow load will
produce larger deflections compared to the point load,
despite the fact that point load is concentrated while the
snow load is evenly distributed. Deflections of the mem-
brane in global Z direction are given in Figure 6.

The results presented in Figure 6 show that the maximal
deflections are recorded at the centre of the membrane and
that they decrease towards the supports. The value of the
maximal deflection is 245.9 mm, which is larger than de-
flections caused by the point load, as expected. There are no
parts of the membrane that undergo uplift.

3.3. Comparison of Deflections of the Initial Model. It is
obvious that maximal deflections from 0.6 kN/m? snow load
are higher compared to the largest maximal deflections
caused by 1 kN point load. As the next step, it was decided
that not only the point load position with the maximal
deflection, but all other positions of the point load should be
compared to the snow load as well. Thus, deflections from
snow load are compared to maximal deflections from all
positions of the point load. Results are presented in Figure 7.

Results presented in Figure 7 practically show the re-
sults shown in Figure 6 subtracted from results shown in
Figure 5. The centre of the membrane has a value of
107.5 mm which means that 0.6 kN/m? snow load produces
larger deflections compared to 1 kN pointload acting at this
point. However, contrary to expectations, there are points
on the membrane which have negative values. This means
that there are points on the membrane at which point loads
produce larger deflections than snow loads. In the central
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area of the membrane, snow load produces larger deflec-
tions. The areas where the values are negative are smaller
than the area where values are positive. This means that a
larger part of the membrane of the initial model is more
sensitive to snow load than to point loads. Deflections from
the snow load get lower towards supports; likewise, de-
flections get lower as the position of the point load ap-
proaches supports. However, deflections from snow load
decrease more rapidly, thus becoming smaller than de-
flections from the point load near the supports. For ex-
ample, the internal node closest to low supports shows a
value of —22.4 mm. Therefore, point load acting at this node
will produce 22.4 mm larger deflections compared to de-
flections from snow load at the same point.
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The obtained results are very significant, since point load
actions on membrane structures have been mostly neglected
in European literature and researches. In cases where en-
gineers wanted to include the point loads in the structural
analysis, they had to do so based on their own experience
and engineering logic, there being no guidelines on how to
apply point loads on membranes. The most logical option
would be to apply the point load in the centre of the
membrane in case of simple membrane shapes, while for
more complex membrane forms, several positions would
have to be checked. It was not expected to have significant
point load deflections in areas close to supports, since the
values of point load deflections are the lowest in these areas.
However, the results of the presented research show that
point loads can produce deflections larger than those from
snow load in the areas close to the supports. This finding is
very important as it shows that unaccounted point load can
cause damages during the life-time of a structure by
deflecting the membrane so it gets in contact with objects
placed underneath. Such cases can be prevented by incor-
porating point loads with appropriate positions in the
structural analysis. The next phase of the research was
dedicated to demonstrating that this finding is not an ex-
ception occurring only on the initial model, but rather a
previously unknown behaviour of tensile membranes
existing in different models.

3.4. Comparison of Deflections in All Models. In the next step
of the research, all models have been separately loaded with
point load at 7 chosen positions and with snow load. After
the analysis has been conducted on all models, the resulting
deflections from point load and from matching snow load at
the same point of the same model were paired and com-
pared. The results surprisingly showed that among the 1,440
models, there is not even one model in which the deflections
from snow load are higher in all 7 analysed points. On the
other hand, there are 491 models in which point load
produces higher deflections in all 7 points. This means there
are 34% of models where point loads produce larger de-
flections at 17 points on the membrane, including both
analysed and symmetric points. It is reasonable to expect
that, in most of these models, point load would produce
larger deflections in any point of the model. The number of
models according to the positions with higher point load
deflections is given in Table 2. Among the 10,080 analysed
pairs, there are 6,079 in which the membrane deflections are
larger under point load. The fact that point load deflections
were dominant in over 60% of the analysed pairs was not
initially anticipated.

One of the models where all 7 analysed points are more
sensitive to point load is further analysed and given in Fig-
ure 8. Further analysis was conducted in order to compare
deflections of all internal points of the model, in the same way
as on the initial model. This model has the following prop-
erties: height is 1.5 m, prestress combination 3, E = 600 kN/m,
G=25kN/m, and diagonal patterning. The only difference
from the initial model is in the direction of the patterning. In
Figure 8, the deflections for different point load positions and

TaBLE 2: Number of models with larger deflections under point
load.

Number of
models

0
2
587
147
97
59
57
491
Total 1,440

Number of positions with larger deflections
under point load

N U W~ O

from snow load, as well as their comparison, are given. The
results show that the behaviour of the model in question is not
the same as that of the initial model. In this case, point load
produces larger deflections not only in areas close to supports
but at all internal points of the membrane, including all
analysed and their symmetric points. At the centre of the
membrane, deflections are 2.1 mm larger under point load
and the biggest difference of 33.3 mm is at the node closest to
low supports. Therefore, results prove that point load posi-
tions close to supports are the most significant but also show
that, in some cases, even their position in the centre can
produce larger effects than the analysed snow load.

This example of a typical membrane structure shows that
there are models which are more sensitive to point loads
across the whole membrane. This once again speaks in fa-
vour of the importance of taking point loads into account
during the structural analysis of tensile membrane struc-
tures. However, it should be stated that patterning direction,
as the only difference from the initial model, is not a decisive
factor for the sensitivity to point loads in all other cases, as
will be shown in the analysis of parameters influencing the
importance of point load.

The last phase of this research was dedicated to inves-
tigating how different parameters of the model affect the
relation of deflections under point and snow loads. There-
fore, the results are sorted and presented in Figure 9 for the
varied parameters. This figure shows the number of pairs
with larger deflections under point load or under snow load.
The results are presented separately for larger deflections
under point load for diagonal and parallel patterning and in
total. Different patterning directions are presented sepa-
rately in order to show that this is not the only factor for
determining deflection sensitivity to loads.

In order to check how the height of the model affects the
significance of point loads for membrane deflections, results
were systematized according to different models’ heights.
These results are presented in Figure 9(a). The obtained
results show that deflection sensitivity to point load in-
creases with the curvature of the membrane and that models
with greater height are more likely to have larger deflections
under point load than under snow load. At the lowest
analysed height, the number of pairs in models with diagonal
and with parallel patterning is similar, but for all other
heights, there are more pairs with diagonal patterning which
have larger deflections under point loads.
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F1GURE 8: Comparison of deflections for one of the models (mm). (a) Sensitivity to 1 kN point load. (b) Deflections for 0.6 kN/ m? snow load.

(c) Their difference.

The results sorted according to different prestress
combinations are given in Figure 9(b). Based on the pre-
sented results, it can be concluded that membranes with
lower prestress values are more prone to larger deflections
under point load. As the prestress of the membrane and
cables increases, the number of pairs with larger point load
deflections decreases. For all prestress combinations, there
are more pairs with larger point load deflections among
models with diagonal patterning compared to parallel
patterning. Under all prestress combinations, there are more
pairs with larger point load than snow load deflections.

The results sorted according to E modulus values of the
membrane, given in Figure 9(c), show significant differences
between models with diagonal and parallel patterning.
Models with parallel patterning are affected very little by the
change of the E modulus value. There is a relatively constant
number of pairs with parallel patterning in which the point
load causes larger deflections at all analysed values of the E
modulus. The number of pairs with larger deflections under

point load among models with diagonal patterning increases
with the increase of E modulus. For the lowest E modulus
value, there are fewer pairs with diagonal patterning than
with parallel patterning, in which the point load has larger
deflections. The total number of pairs with larger deflections
under point load increases with the increase of E modulus,
except for the value of 5000 kN/m when it decreases slightly.
Only among models with E = 100 kN/m, there are more pairs
with larger deflections under snow load.

The results arranged by G modulus values, presented in
Figure 9(d), show different behaviour from the results ob-
tained by varying E modulus. The number of pairs with larger
deflections under point load in models with diagonal pat-
terning is almost constant for all G modulus values. The
number of pairs with larger point load deflections in models
with parallel patterning increases with the increase of the G
modulus value. The total number of pairs more sensitive to
point load also increases with the increase of G modulus. This
practically means that the G modulus value impacts
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FIGURE 9: Number of pairs with larger deflections under point or snow load depending on the following parameters. (a) Model height. (b)

Prestress combination. (c) E modulus. (d) G modulus.

significantly more the models with parallel patterning and
that these models are more sensitive to point load as the G
modulus value increases. Under all values of G modulus, there
are more pairs with larger deflections under point load than
under snow load.

Finally, the results obtained in this research are sorted
according to the seven analysed positions on the models. They
are presented in Figure 10. This figure shows the number of
models which have larger deflections under snow load, rep-
resented in yellow columns, and the number of models with
larger deflections under point load. The number of models
where the point load produces larger deflections is once again
divided to those with diagonal patterning, shown by blue
columns, and those with parallel patterning, shown by red
columns. The snow load causes larger deflections of a larger

number of models at points A, B, C, and D. Points E and G are
particularly interesting for proving the importance of point
load actions. There are 1438 out of 1440 models in which the
point load produces larger deflections in point E, which is close
to the high support. In all analysed models, point load produces
larger deflections than the analysed snow load in point G,
which is the closest to the low support. This leads to the
conclusion that deflections under point load should always be
checked close to supports in all models similar to the analysed
models. Even at the centre of the membrane, which is critical
for the snow load, there are 493 models, or 34% of models, in
which the point load will produce larger deflections. The results
of this research show that point load effects on deflections are in
many cases larger than the effects of the standard snow load
acting on the tensile membrane structure.
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FIGURe 10: Number of models sorted according to higher de-
flections at analysed points.

4. Conclusions

In this research, deflections from point load were compared
to deflections from snow load, acting on models of tensile
membrane structures. Six parameters were varied in order to
create 1,440 different models. A total of 10,080 pairs of
deflection values were extracted and analysed from these
models. Based on this large data sample, conclusions about
the importance of point load actions on deflections of tensile
membrane structures and eventually their design and
analysis were drawn.

The results obtained in this research show that all
analysed models have larger deflections under point load
than under snow load in at least one point. This point is the
internal membrane node closest to the low support of the
structure. In addition, almost all models show the same
behaviour for the internal node closest to the high support.
At other analysed positions, these two loads produce larger
deflections on a comparable number of models. Even at the
centre of the membrane, where snow load deflections are
most frequently checked, there are 34% of models with
higher deflections under point load. These findings un-
doubtedly prove the significance of including point load
actions in design and analysis of tensile membrane
structures.

The sets of data obtained during the research were
further used to explore how changes of parameters affect the
likeliness of the model having larger deflections under point
load than under snow load. It is concluded that models with
diagonal patterning have more chances of having larger
deflections under point load. Larger curvature of the models
also increases the likeliness of the model having larger de-
flections under point load. Models with higher prestress
intensity of the membrane and the edge cables are less likely
to have larger point load deflections. Finally, models with
diagonal patterning and higher E modulus and models with

Advances in Civil Engineering

parallel patterning and larger G modulus have higher
chances of having larger deflections under point load.

The fact that the analysis and design of tensile membrane
structures are still not standardized in Europe creates room
for uncertainties, mistakes, and application of different
routines. One of the areas with most unknown aspects is the
analysis of point load actions. It is not clear when to apply
them, with what intensity, at what positions, what to expect
with regard to the result of their actions, and finally how to
try and minimize their effects in case this is necessary. The
results of this research contribute towards better under-
standing of point load actions on tensile membranes and
help to facilitate their standardization in Europe. The
conclusions of the research will assist in increasing the safety
of tensile membrane structures and lead to the advancement
in the design and analysis of tensile membrane structures.
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