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Dependance of Membrane Stress on the
supports Geometry of the Barrel-Vault Shaped
Tensile Memhrane Structures
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This research aims to find
out how geometry of the
supports affects the
membrane stress in
barrel-vault shaped
membranes. A numerical
experiment is conducted
and the parameters of the
support geometry are
varied in order to
understand their influence
on the maximal
membrane stress under
load.
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ensile membrane structures are
Tamong the most attractive light-

weight structures. The combination
of structural and esthetic qualities makes
them the top choice for designers, and
favorite among users. In the past decade, an
opportunity to connect green energy solu-
tions with the tensile membrane structures
arose. As the most prominent, the integra-
tion of photovoltaics onto membranes, has
been researched [1, 2]. This paper is a part
of a larger research [3] examining the pos-
sibilities of this integration. The aim of this
paper is to deepen the understanding of
membrane stress under loads. This is done
in order to assess the feasibility of the inte-
gration of contemporary PV solutions on
the membranes.

The membrane used as the main structural
material has very distinct properties. Both
architectural [4] and engineering aspects [5,
6] of designing membranes need to be ana-
lyzed. Mechanical properties of membranes
have been researched in the past. Physical
testing of the membranes has been con-
ducted and analyzed in several researches,
for example [7, 8]. Membranes have been
tested under monotonous and cyclic loading
[9]. More recently, saturation of stress-strain
behavior has been researched [10]. Biaxial
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tensile behavior [11] and load-dependent
mechanical behavior [12] have been ana-
lyzed. PTFE coated membranes are subject
to several researches, such as [13, 14]. Shear
behavior of architectural fabrics is also exam-
ined [15]. The dependence of membrane
stress has already been researched with
respect to a few influencing parameters [16].

In the research presented in this paper,
numerical models of barrel-vault shaped ten-
sile membrane structures are analyzed. The
goal of the paper is to determine how differ-
ent support geometries influence the mem-
brane stress under external loads. For this
purpose, several different geometries were
defined. As the two basic parameters of the
geometry of the barrel-vault shape, the size
of the base and the height of the arch, are var-
ied. To reach general conclusions, the situa-
tions where the height of one archiis different
from the height of the other arch are not ana-
lyzed, therefore the heights of the arches are
changed simultaneously. The base is square
shaped, although it is not uncommon to use
rectangular bases for this type of membrane
structures. The results of the research will
be used in the next phases of evaluating the
PV-membrane integration and selecting the
most suitable tensile membrane structures
for this hybrid system.



Fig. 1. Analyzed base sizes: a=2 m, a=4 m, a=6 m, a=8 m and a=10 m

Methodology

In the part of the research presented in
this paper, membrane stresses are analyzed
under different loads. This is a preparatory
step towards selecting the appropriate ten-
sile membrane structure for the PV integra-
tion. Therefore, the PV integration is still not
analyzed in this part. The research focuses
on the dependence of the membrane stress
on the geometry of the supports in barrel-
vault membrane shapes. It is conducted as
a numerical experiment in software Sofis-
tik. This type of research produces different
results compared to physical testing due to
simplifications, such as material linearity for
the membrane material [17]. However, the
results are intended to help in understanding
the trends and influence that support geom-
etry has on the maximal membrane stress.

The structure of the numerical model is
defined according to the following parame-
ters. The supports are fixed and their geom-
etry is defined using variable parameters.
The membrane material is linear elastic with
elastic modulus of 600 kN/m in both direc-
tions, shear modulus of 30 kN/m and Pois-
son’s coefficient of 0.4, according to [18]. The
warp direction of the membrane is perpendic-
ular to the straight support edges, and weft
direction is parallel to them. The intensity
of membrane prestress is equal in warp and
weft directions and is set to 3 kN/m.

As the first variable parameter, the size of
the base of the supports is taken. The base
represents the horizontal plan of the sup-
ports. The shape of the base is defined as
square and the length of the side is varied.

Selected values for the side length are 2, 4,
6, 8 and 10 m. This represents typical spans
for barrel-vault shaped membranes. The size
of the mesh of the finite elements was scaled
according to the size of the base. The height
of the support arches is selected as the sec-
ond variable parameter. This parameter
determines the curvature of the structure.
Since the size of the base is varied, the height
of the arch had to be defined in relation to it.
Flat membranes are not considered, as they
exhibit problems with ponding. As the high-
est supporting arch, a semicircle is selected.
Five parameter values are therefore con-
sidered, 0.1a, 0.2a, 0.3a, 0.4a and 0.5a, “@”
being the length of the side of the base. The
height of the supporting arches, being simul-
taneously also the height of the structure, is
marked as “h”. Figure 1. shows different base
sizes of models, while fig. 2. shows different
heights of supporting arches for one size of
the base. A total of 25 models were analyzed
in the research.

Three different load types were applied
to the models. Each load was applied sepa-
rately. These loads are concentrated load,
snow load and wind load. The concentrated
load has a total intensity of 1 kN, vertical
downward direction [19], and a 0.1x0.1 m
application area. It acts in the middle of the
membrane. The snow load has a 0.6 kN/m2
intensity across the whole membrane, and
a vertical downward direction. The wind
load has a 1 kN/m? intensity and is applied
upwards, perpendicular to the membrane
surface, according to [20]. All loads are
applied as static.

Fig. 2. Analyzed model heights: h=0.1a, h=0.2a, h=0.3a, h=0.4a, h=0.5a
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Results

Each of the 25 models was loaded with
all 3 loads separately. The resulting data on
the maximal and minimal membrane stresses
in warp and weft directions were recorded.
Here, only the maximal stresses under each
load are presented, as this information is
more significant. Figure 3. presents the maxi-
mal stress data. On the left side of fig. 3. the
relation between the size of the base and the
maximal stress is presented. The right side of
fig. 3. shows the relation between the height
of the structure and the maximal stress. Each
of the 5 charts presented on the left side of
fig. 3. shows results for 5 models and for
each of these models 6 values for stresses
are provided. These are the maximal stress in
warp and in weft directions for concentrated,
snow and wind load. The right side of the fig-
ure presents the same data, but arranged in
a different way in order to better depict the
relation between the second parameter and
the membrane stresses. Maximal stresses in
warp direction are marked with continuous
lines, while maximal stresses in weft direc-
tion are marked with dashed lines. Results for
concentrated load are givenin blue, for snow
load in orange and for wind load in green
color.

The position of the maximal stresses
was not presented here graphically, due to
the space limitations. For the concentrated
load, the position of the maximal stresses is
always the same as the position of the load
action, both for the warp and weft directions.
Under snow load, the position of the maximal
stressesinwarp and weft fibersis close to the
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Fig. 3. Maximal stresses under loads
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archesinall analyzed cases. During wind load
action, the results show that the position of
the maximal stresses is related to the height
of the structure. For the lower structures, the
maximal warp stresses are in the middle of
the membrane. As the curvature increases,
the position of maximal warp stresses moves
to the area close to the straight edges. Max-
imal weft stresses under wind load are posi-
tioned close to the straight edge of the
structureinall models.

Discussion

Several observations can be made based
on the obtained results. First, it is obvious
that membrane behavior under concentrated
load is different from the two analyzed area
loads (fig. 3.). While with the increase of
the size of the base, the maximal stresses
increase under snow and wind load, they
also decrease in most cases under concen-
trated load. The only exception can be seen
inthe warp stresses of the concentrated load
when increasing the base from 2x2 to 4x4 m
for the largest height of the structure (fig. 3.,
h=0.5a). A few things need to be considered.
First, the loads differ both by their intensity
and their application area. For the concen-
trated load, the application area and the
intensity are fixed and independent from all
other factors. For the snow load the intensity
is fixed per unit of area of the base, however,
with the change of the size of the base, the
total load also changes. For the wind load it
is more complex, since the intensity is fixed
per unit of area of the membrane. Therefore,
the total load intensity depends on both the
size of the base and the height of the mem-
brane. This needs to be taken into account
when analyzing the results. It explains why
there is an increase of stresses in wind and
snow load with each increase of the struc-
ture base. As for the concentrated load, the
decrease of the maximal stresses that seems
to bein collision with the increasing span, can
be explained by longer membrane fibers that
need to strain less in order to counteract the
constant load intensity.

The second observation concerns the rela-
tion between the maximal stresses in warp
and weft direction. For the concentrated load
and the snow load maximal weft stresses are
always larger than the warp stresses, while
for the wind load the opposite is the case
(fig. 3.). The reason for this lies in the direc-
tion of the load action, relative to the defined
layout of the structure and the direction of
the curvature of the arches. The position
of the warp is from one straight membrane
edge to the other and the position of the weft
from one arch to the other. Therefore, when
the load is acting downwards, weft fibers are
activated more. The oppositeis true when the
load is acting upwards, and in this case the
warp fibershave larger stresses than the weft



fibers. Had the direction of the curvature of
the arches been set as downward, the results
would consequentially show larger weft
stresses under upward load and vice versa.
Some other observations can also be
made. The wind load produces higher maxi-
mal stresses than the snow load, in all cases
(fig. 3.). As the size of the base increases, this
difference in favor of wind load increases. It
can also be seen that with the increase of the
base size, the difference between the maxi-
mal warp and weft load reduces for the con-
centrated load, whileitincreases for the snow
load and the wind load. At the same time, as
the height of the structure increases, the dif-
ference between the maximal warp and weft
stresses increases for the concentrated load
and decreases for the other two analyzed
loads (fig. 3., left). The increase of height of
the structure generally results in lowering
the maximal stress, except for the weft stress
under concentrated load that gets increased
(fig. 3., right). Exceptions to this are seen in
warp stress under wind load which is in line
with the explained increase of the total load
due to the increase of the membrane area.

Conclusion

In this research membrane stresses of bar-
rel-vault shaped membranes are analyzed.
The dependance of these stresses on the sup-
port geometry is examined with the use of
numerical models. To define the geometry
of the supports, two variable parameters are
defined, the size of the base and the height of
the supporting arches. For each of these two
variables 5 values are selected. These param-
eters are combined and 25 different models
are created. Each of these models is loaded
with the concentrated load, snow load and
wind load and the maximal stresses are
recorded and presented.

The obtained results were analyzed and
discussed. The conclusion is that there is
no single way in fighting large stresses that
can be applied to all analyzed loads. The
methods that are effective in reducing the
stresses under snow and wind load do not
have positive results with the concentrated
load. Reducing the size of the base results
in lowering the stresses under the snow and
wind loads. However, concentrated loads are
found to produce larger stresses on smaller
structures, compared to the area loads,
therefore, they should receive more atten-
tion when designing smaller membranes.
Increasing the height of the structure will
reduce the stresses caused by analyzed area
loads, but this reduction tends to get smaller
as the height of the arches increases, and can
even lead to stress increase after a certain
point. Increasing the height of the structure
will increase the weft stress under concen-
trated load and decrease the warp stress,
weft stress being the dominant one under

this load. These conclusions make it more
difficult to reduce the stresses under loads,
in case this needs to be done to provide opti-
mal conditions for the integration of the
photovoltaics.
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ABSTRACT:

Membrane stress under load depends on sev-
eral factors in tensile membrane structures.
This research aims to find out how geometry
of the supports affects the membrane stress
in barrel-vault shaped membranes. A numeri-
cal experiment is conducted and the param-
eters of the support geometry are varied in
order to understand their influence on the
maximal membrane stress under load. Three
load types are applied to numerical mod-
els and maximal stresses are monitored. The
results show how change of the size of the
base of the structure and the change of the
height of the supporting arches influence
the stress. The results can be used in design
of tensile membrane structures, but also in
assessing the possibilities for integration with
other systems, such as photovoltaics.
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STRESZCZENIE:

ZALEZNOSC NAPREZENIA MEMBRANO-
WEGO OD GEOMETRII PODPOR W KOLEB-
KOWYCH ROZCIAGLIWYCH STRUKTURACH
MEMBRANOWYCH. Naprezenia membra-
nowe w rozciggliwych konstrukcjach membra-
nowych powstajace pod wptywem obcigzenia
zalezg od kilku czynnikéw. Celem badan jest
sprawdzenie, jak geometria podpor wptywa
na naprezenia membranowe w membranach
kolebkowych. Aby pozna¢ wptyw obcigzen na
maksymalne naprezenie membrany, przepro-
wadzono eksperyment numeryczny, zmienia-
jac parametry geometrii podpory. Do modeli
numerycznych stosowane sg trzy typy obcia-
zeh i monitorowane s3 maksymalne napre-
zenia. Wyniki pokazuja, jak zmiana wielko-
$ci podstawy konstrukcji i zmiana wysoko-
Sci tukow nosnych wptywaja na naprezenia.
Wyniki mozna wykorzystac przy projektowa-
niu rozciagliwych konstrukcji membranowych,
ale takze przy ocenie mozliwosci integracji
zinnymi systemami, takimi jak fotowoltaika.

StOWA KLUCZOWE:

rozciaggliwe struktury membranowe, napreze-
nia membranowe, ksztatt sklepienia kolebko-
wego, geometria podpor
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