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Abstract. Our research can be divided into two di�erent areas accordin g to our main
objectives. On the one hand, we made experiments to learn as much as possible about the
long-term behavior of the PVC-coated polyester textile; th e most commonly used material
type for the construction of tents in Hungary. On the other ha nd, we developed a procedure
for the numerical analysis of prestressed membrane structures on the basis of a visco-elastic
material model. In this paper we report about our �rst experi mental and computational
results.
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1. Introduction

Prestressed tents are statically in- and overdeterminate structures. They can carry
the external loads only with prestress. If the level of prestress decreases, then the
sti�ness of the structure decreases. It means not only larger deformations, but a
higher risk of �uttering as well. If the level of prestress is extremely low, then an
ordinary wind can destroy the structure. If the prestress decreases to zero in one
direction, it results in undesired wrinkles.

After the erection of membrane structures the relaxation ofthe material is a general
experience. Thus the structure has to be post-tensioned some days after construction
and sometimes after the �rst snowy winter again.

The relaxation of the PVC-coated polyester textile is well-known, but the literature
does not deal with the e�ect of relaxation on the static behavior and usability of the
structure. In our research we bring into focus the long-termbehavior of the material
and its e�ect on the structure.

c 2005 Miskolc University Press
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2. Creep test of the PVC-coated polyester textile

2.1. Aim of the tests. The aim of the material tests is to determine the time-
dependent material law for the PVC coated polyester textile. In the case of pre-
stressed membrane structures, time dependent deformationcannot be divided into
creep (increasing elongation while the stress is constant)and relaxation (decreasing
stress while the elongation is constant). In practice the stresses and strains change
continuously. We started to make creep tests, because measurements on the relaxation
require a higher technical level, therefore they are more expensive.

For the experiments we use material pieces according to the Hungarian and German
standards. The width of the specimen is 50 mm; the distance between the attached
points is 200 mm (a 100 mm-long part in the middle is analyzed). Till now we have
made experiments in four con�gurations:

� in warp direction under a load of 300, 600 and 900 N,
� in a direction inclined by 45� to the warps under a load of 300 N.

Our experiences can be divided into two parts:

� results about material behavior,
� experiences about the technique of measurements.

2.2. Experiences about the measuring technique. Textiles used for engineering
purposes are more sensitive than the common building materials, so we have to plan

Figure 1. a. Setup of the experiment (on the left); b. Front view of
a specimen with the paperboard panel (in the middle); c. Perpen-
dicular view of the specimen (on the right)

the tests with special care. Our intention is to exclude any e�ects caused by the tools
of the measurement and external factors in the course of the experiments. We cannot
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�x anything on the material in the measured area without in�u encing the result,
and the measuring tool cannot touch the specimen during the test. Considering the
problems mentioned above, we developed a photographic procedure for the creep test
of engineering textiles.

The experiment is done in the following steps:

� We suspend the material specimens (Figure 1.a.).
� We �x a small paperboard panel behind every suspended material specimen.

The panel is slack and is �xed to the textile over the measuredpart. The panel
is parallel with the textile, and has a calibrated perpendicular network (Figure
1.b.).

� We take front-view pictures of this system.
� We turn the photos to perpendicular view by a photo editor, o n the basis of

the perpendicular network of the paperboard panel. The aim of this step is to
eliminate the angular distortion (from the perpendicular v iew) of the photos
(Figure 1.c.).

� By the calibrated network we can scale the photos, and then we can measure
the distance between any two points.

For an accurate measurement we need to care about the followings:

� The camera takes a perspective picture. Since the specimenis not perfectly
�at, the perspective distortion can be di�erent from di�ere nt viewpoints. Thus,
we have to take the photos from the same viewpoint.

� The size of the picture is set by the calibration of the paperboard panel. The
calibration contains errors. These errors are di�erent on the di�erent panels
and are also di�erent in each direction; therefore the same panel is used for
one specimen during the whole test. On the other hand, the axis of the panel
and the measured specimen need to be parallel.

� We cut a rectangular part of the picture and rotate this part to perpendicular
view. According to our experience, the result of the rotation is very sensitive
to the determination of the four corner points on the original picture. To
eliminate the error of the determination of the corners, we use the reference
lengths drawn horizontally and vertically on the paperboard panel. These
lengths have to be the same in every picture. Because of the relative errors,
it is recommended to use longer reference lengths than the measured length of
the specimen.

� The resolution of a picture is determined by the resolution of the CCD of the
camera. During the data processing we experienced that we can increase the
usability of a picture by increasing the resolution by the help of software.

The accuracy of the measurements could be increased by the following:

� We use a digital camera with 3 mega pixels. With higher resolution we would
obtain more information.

� The lenses of the camera cause distortion. With better quality lenses the
distortion could be decreased.
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� We use an alcoholic pen with a toe of 0.1 mm. The thickness of the line on
the material is 0.2-0.3 mm. With thinner lines we could increase the accuracy.

With the available tools, choosing a 10 cm base length on the specimen and a 14
cm x 7 cm perpendicular network on the panel we can measure length with 0.1 mm
accuracy. Because of the relative errors the method can be used for the measurement
of relative distances.

We take photos about the whole specimen, so we can measure thevertical and
horizontal elongations alike. In horizontal direction the length is smaller (5 cm), so
the relative error is bigger.

2.3. Experiences about the behavior of the material.

2.3.1. Time-strain curves. First we loaded the material with 600N. The time-strain
diagram shows the characteristics of the serially connected Maxwell and Kelvin-Voigt
material models. The duration of the test was 24 days. On the 17th day we decreased
the 600N load to 50N. We regard the time between the 17th and 24th days as the
unloading period. Figure 2. contains the time-strain data of the test.

Figure 2. Time-strain data of the test under 600 N

The second and third tests, under 300N and 900N, were disturbed by changing the
humidity and temperature.

Figure 3 represents the time-strain-temperature-humidity data of the test under
300N. The duration of the test was 98 days. On the 68th day we decreased the 300N
load to 50N.

Figure 4 shows the data of the test under 900N. The duration ofthe test was 114
days. After 82 days we decreased the load to 90N.
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Figure 3. Time-strain data of the test under 300 N

Figure 4. Time-strain data of the test under 900 N

On the basis of the �rst tests the creep (in the case of loadingas well as unloading)
can be divided into two periods. In the �rst period the creep is very fast, in the
�rst hours of the loading the viscous strain achieves the order of magnitude of elastic
strain. After the �rst hours, in the second period of the creep the strain increases
much more slowly. We will need very long term tests to determine whether the creep
stops or not.

According to [1], in case of large stresses (� 80% of the load bearing capacity) the
strain achieves the tear strain in time, but we did not �nd any information about
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similar behavior at lower stress levels. (The allowed stress in membrane structures is
never higher than 33% of the load bearing capacity.) If the creep does not stop, it
can lead to fracture at a low stress level in a very long time. (This time has to be
longer than the lifetime of the structure.)

Figure 5. Maxwell and Kelvin-Voigt material models connected in series

There are four parameters to be determined if we want to use serially connected
Maxwell and Kelvin-Voigt material models, the elasticity m odulus E1, E2 and the
creep constant� 1, � 2.

E1 can be determined on the basis of the length before loading (l0) and the �rst
measured length after loading (l1) :

E1 =
l0

l1 � l0
� � l ; (2.1)

or on the basis of the last measured length before unloading(lmax ) and the �rst
measured length after unloading(lmax +1 ):

E1 =
lmax +1 � lmax

l0
� � u ; (2.2)

where � � l and � � u are the alterations of the stress during loading and unloading.
(2.2) gives the following result at three di�erent applied l oad levels:

E1=9.37 kN/cm (300 N), E1=5.98 kN/cm (600 N), E1=4.52 kN/cm (900 N).

This method for the determination of E1 is fairly inaccurate, because it depends on
the time between the loading (or unloading) and the �rst measurement (the �rst
photo). The classical load bearing capacity test would givemore accurate result. The
tangent of the stress-strain diagram at the current stress level gives the value ofE1.

The other 3 material constants were determined by regression analysis. The strain
in the serially connected Maxwell and Kelvin-Voight models can be described by:

" ( t ) =
�

E1
+

�
� 1

t +
�

E2

�
1 � e� E 2

� 2
t
�

: (2.3)

For the determination of the material constants, the following function has to be
minimized:

' ( � 1 ;E 2 ;� 2 ) =
nX

i =0

�
" i �

�
�

E1
+

�
� 1

t i +
�

E2

�
1 � e� E 2

� 2
t i

� ��
: (2.4)

In the course of the evaluation of the test results we have obtained the following
values:
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Load � 1 E2 � 2

N kN*day/cm kN/cm kN*day/cm
300 1343:81 8:66 5:95
600 530:04 8:62 0:83
900 6313:96 9:39 3:68

The di�erences between the viscous constants determined from the 3 experiments are
signi�cant. Probably the strong disturbing e�ects (the cha nge in temperature and
humidity) and the unsettled measuring technique caused theunexpected discrepancy
in the constants.

On the basis of future test results we will make the material model more accurate
or we will use the creep function, which is very common for concrete structures.

2.3.2. The e�ect the temperature. The membrane material is a kind of plastic, which
is sensitive to temperature. According to [1], there is an analogy between the e�ect of
temperature and the progress of time. This means that a rise in temperature speeds
up the creep. We can take advantage of this behavior in the future to decrease the
length of the experiments, as a kind of extrapolation. It is important that the material
has to be in the visco-elastic temperature range, the temperature must not reach the
limit of plasticity.

During our tests the temperature was changed between 15.7�Cand 32.1�C. The
e�ect of the changing temperature is well traceable in the time-strain diagrams. The
order of magnitude of the strain corresponding to increasing temperature was equal
to the order of magnitude of the viscous strain.

This means that the alteration of the temperature has a signi�cant e�ect on the
behavior of membrane structures. Later it can be interesting to analyze this phenom-
enon, but in the near future our aim is to make tests on constant temperature and to
eliminate the e�ect mentioned above.

2.3.3. The e�ect of humidity. Humidity often in�uences the behavior of plastics. We
did not take the e�ect of humidity into account in the case of t he membrane material
because the polyester �bres are coated with PVC. In the literature we have not found
detailed information about this in�uence. Some papers consider the e�ect of humidity
to be insigni�cant [2], some papers mention it as an important factor [3].

During the test under 900 N, the 70 % relative humidity was changed to the extreme
level of 99.9 %. The change of humidity had a similar e�ect on the strain to that of
the rise in temperature.

Since membrane structures are often used for covering facilities with high humidity
(e.g. swimming pools), it will be interesting to deal with th is question in the future.
However, during the following tests we would like to eliminate this e�ect and keep
humidity at a constant level as much as possible.

By reason of the signi�cant e�ect of the changing temperature and humidity, for
the following tests we have built a quasi climate chamber, where the temperature and
humidity are practically constant. The present tests are going on in this chamber.
We expect more accurate results from these experiments.
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2.4. Other technical questions.

2.4.1. The rate of measurements.On the one hand, we need enough data to draw
the time-strain curves, on the other hand, if we have too manyphotos, they can not
be processed, because of the time consuming data processing(about 20 minutes per
photo).

During the test the speed of the strain changes signi�cantly. After loading it is
very fast and after some hours it becomes much slower. Thus inthe �rst hour of the
test we take photos every 10-15 minutes, and then every hour.From the second day
it is enough to take pictures in every second or third day. If there are other e�ects
like the change in humidity or temperature, it is better to ke ep the higher rate (one
photo per day).

2.4.2. Measurements in the direction of the bisector of the warp and �ll directions.
The PVC coating plays an important role in the behavior in the direction of the
bisector of the warp and weft directions. The sti�ness of the matrix is very small,
hence the angle deformation and the elongation are very highin this direction. Our
test in this direction was not successful. We tried to load the textile with 300 N.
The elongation and the perpendicular deformation were about 40 %. After this large
deformation, the elongation belonged to the �bre, and not to the matrix material.

The material became curved, so it was not possible to make orthogonal photos.
We have to �nd a way to measure the long time shear deformationbecause it may

have a signi�cant e�ect on the stress distribution of tent st ructures.

3. Numerical analysis of the visco-elastic behavior of membra ne
structures

The other direction of our research is the numerical analysis of the long-term be-
havior of prestressed membrane structures on the basis of a visco-elastic material
model.

A �nite element program has been developed in the previous years for the design
and static analysis of prestressed membrane structures [4], [5]. The procedure is based
on the Dynamic Relaxation Method (DRM) [6].

The procedure developed contains four main modules. With the aid of the �rst
module we can determine the theoretical shape, the equilibrium shape that corre-
sponds to the boundary conditions and to a hydrostatic stress-�eld or to constant
principal projected stresses. The second module prepares the cutting pattern by �at-
tening the theoretical shape. The third module determines the construction shape,
the equilibrium shape that corresponds to the boundary conditions, the material con-
stants and the cutting pattern, taking into account the real warp and �ll directions in
the material. Usually the di�erence between the theoretical and construction shapes
is insigni�cant, but the corresponding stress �elds are considerably di�erent. With
the help of the fourth module we can analyze the behavior of the structure under
static loads on the basis of the construction shape. The hyperbolic surface of the tent
is approximated by a �nite element network of planar, triang ular, and orthotropic
membrane elements.
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DRM is a step by step method and we use it for the determinationof the di�erent
equilibrium shapes of the membrane structures. The main idea of the DRM is that we
follow up the �ctitious motion of the structure from the init ial shape to the equilibrium
shape in � ttime steps. During the determination of the construction shape and the
statical analysis, every triangular element of the �nite element network is linked to
a corresponding triangular (stress-free) part of the cutting pattern. The stresses and
strains in warp and weft directions are calculated in every iteration step on the basis
of the current coordinates and the stress-free size of the elements. The stresses are
reduced to the nodes and these forces are summed for every node. These unbalanced
nodal forces accelerate the �ctitious masses, placed to every node of the �nite element
network, at the beginning of the procedure. If we use suitable damping, this �ctitious
motion converges to the equilibrium shape. We stop the iteration if the maximum of
the unbalanced nodal forces (Fmax ) is smaller than an allowed value (Fp).

For the analysis of the long-term behavior of prestressed tent structures, we improve
this program on the basis of a visco-elastic material model. The �rst task is the
analysis of the prestress level and the stress distributionin time, leaving the external
forces out of consideration. The diminution of the prestress in time is an important
question because it results in a smaller sti�ness of the structure and in a higher risk
of �uttering.

Our task is to determine the equilibrium shapes and stress �elds in tk moments on
the basis of the construction shape and the corresponding stress �eld (initial prestress
in t = t0 moment). (This time we do not deal with the determination of t he con-
struction shape.) To �nd the equilibrium shape we use the DRM, but there is a big
di�erence in the determination of the construction shape and the determination of
the equilibrium shape at the tk moment. In the �rst case we can calculate the stresses
directly from the strains of the triangular membrane elements; we suppose that the
strains are totally elastic. In the second case we need one more inner iteration cycle
for the calculation of the viscous and elastic parts of the strains. Since our method
for the determination of the construction shape has been published before [4], [5], this
time we demonstrate only the inner iteration cycle (the determination of the stresses)
in detail.

We use serially connected Maxwell and Kelvin-Voigt material models (Figure 5)
according to the �rst results of the material tests. The procedure developed uses the
following material constants:

E1;w , � 1;w , E2;w , � 2;w constants in warp direction,

E1;f , � 1;f , E2;f , � 2;f constants in �ll (weft) direction,

since we do not have measured data about the time dependence of G, � wf , � fw

parameters for the present time, we consider them constantsin time. In addition to
the material constants, we assume that the construction shape with the initial stress
�eld belongs also to the input.

We use the following marking for the stresses (� ) and strains (" ):

� the �rst upper index ( k) is the time index, it means the number of past time
steps from the beginning of the analysis,
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� the second upper index (i ) is the current number of the iteration step in the
inner iteration cycle, if there is no second index, the valueis accepted for the
tk time step,

� the �rst lower index is the sign of direction, warp ( w) or �ll ( f ),
� the second lower index is for the element of the material model (E1, � 1, E2, � 2).

The index 2 means the equal strains of the two elements in the Kelvin-Voigt
model, ("w; 2 = "w;E 2 = "w;� 2 , " f; 2 = " f;E 2 = " f;� 2 ).

In the course of the determination of the equilibrium shape in time tk , the elonga-
tions of the triangular elements are calculated on the basisof the current coordinates
and the stress-free sizes of the elements, in every iteration step of the DRM. Since
the angle between the sides of the elements and the warp direction in the material
is known, the strains in warp (" k

w ) and �ll ( " k
f ) directions and the shear strain ( k

wf )
can be calculated.

According to the material model, the " k
w ; " k

f strains can be divided into 3 parts:

" k
w = " k

w;� 1
+ " k

w;E 1
+ " k

w; 2 ; (3.1)

" k
f = " k

f;� 1
+ " k

f;E 1
+ " k

f; 2 : (3.2)

At the same time the stress is equal in the three elements of the material model:

� k
w = � k

w;� 1
= � k

w;E 1
= � k

w; 2 ; (3.3)

� k
w = _" k

w;� 1
� 1;w = " k

w;E 1
E1;w = _" k

w; 2� 2;w + " k
w; 2E2;w : (3.4)

We suppose that in time t0:

"0
w;� 1

= "0
w;� 2

= "0
f;� 1

= "0
f;� 2

= 0 : (3.5)

In the following we give the formulae only in warp direction. By changing index w to
f in the equations, we can get the formulae for �ll direction.

The viscous strains are calculated from the average value ofthe stresses in the
(tk � 1; tk ) time interval:

" k
w;� 1

� " k � 1
w;� 1

� tv
� 1;w =

� k � 1
w + � k

w

2
; (3.6)

" k
w; 2 � " k � 1

w; 2

� tv
� 2;w +

" k
w; 2 + " k � 1

w; 2

2
E2;w =

� k � 1
w + � k

w

2
; (3.7)

where � tv is the length of the time interval between the analysed moments.
On the basis of the above-mentioned formulae, the iterationcycle for the deter-

mination of the stresses in the triangular elements contains the following steps (in
moment tk , for one given shape of the DRM iteration):

� Initially ( i = 1 ) the normal stresses in every element are given equal to the
stresses in the same element in the equilibrium shape corresponding to moment
tk � 1

� k;i
w = � k � 1

w : (3.8)

� The shear stress is calculated on the basis of

� wf = G wf : (3.9)
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c

Figure 6. Main �owchart of the DRM, the thick arrow meaning th e
inner iteration
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Figure 7. Inner iteration, determination of the stresses, strains and
unbalanced nodal forces on the basis of the current coordinates
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� According to (3.6), the strain of the piston in the Maxwell e lement can be
calculated by

" k;i
w;� 1

= " k � 1
w;� 1

+ � tv (� k � 1
w + � k;i

w )=(2� 1;w ); (3.10)

and the strain of the Kelvin-Voight element, according to (3.7), can be de-
scribed by:

" k;i
w; 2 = (

� k � 1
w + � k;i

w

2
+

" k � 1
w; 2 � 2;w

� tv
�

" k � 1
w; 2 E2;w

2
)=(

� 2;w

� tv
+

E2;w

2
): (3.11)

With the known values of " k;i
w;� 1

; " k;i
w; 2, the elastic elongation is

" k;i
w;E 1

= " k
w � " k;i

w;� 1
� " k;i

w; 2: (3.12)

� The stresses are calculated from the strains in warp and weft directions:

�� k;i
w =

1
1 � � wf � fw

(E1;w " k;i
w;E 1

+ � wf E1;f " k;i
f;E 1

) : (3.13)

� Comparing the

� � k;i
w =

�� k;i
w � � k;i

w

� k;i
w

(3.14)

error of the iteration for every element with an allowed value (ep), we decide
on the continuation of the DRM iteration (if � � k;i

w < ep), or the continuation
of the inner iteration cycle (if � � k;i

w > ep) from step (3.10) after

� k;i +1
w = �� k;i

w (3.15)

and i=i+1.

The actual shape is accepted as an equilibrium shape, according to the DRM, if

Fmax < F p : (3.16)

Then

" k
w;� 1

= " k;i
w;� 1

; (3.17)

" k
w; 2 = " k;i

w; 2 (3.18)

are stored and increasingk by one the calculation is continued with the next time
step of the long term analysis.

The main steps of the long term analysis are shown in Figure 6.The inner iteration
loop, the calculation of the stresses and strains are demonstrated in Figure 7.

4. Results of the numerical analysis

4.1. Assumptions for the change in time. In the course of the numerical analysis
of di�erent structures, we experienced that the equilibrium shape of the tent, the
distribution of the stresses and the � max

w =� avg
w ; � max

f =� avg
f quotients do not change

signi�cantly in time, where
� max

w is the maximum stress in warp direction,
� avg

w is the average stress in warp direction,
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� max
f is the maximum stress in �ll direction,

� avg
f is the average stress in �ll direction.

The reason for this (at �rst sight surprising and perhaps misleading) result is the
following. Since so far we have measured data only in warp direction, we used a
linear visco-elastic material model with the same materialconstants in warp and weft
directions and did not take into account the time-dependency in the case of constants
G, � wf and � fw . Because the normal stresses are de�nitive from the aspect of the
equilibrium of the structure, the same linear viscous modelin warp and �ll direction
results that the surface substantially remains in equilibrium while the normal stresses
decrease in time.

4.2. Example structure. In Figre 8, the plan view, in Figure 9, the construction
shape of an example structure can be seen. The membrane is supported by a 10 m
high mast, the diameter of the inner ring is 2 m, and the diameter of the rigid outer
edge is 20 m. We used the following constants in the serially connected Maxwell and
Kelvin-Voigt material model: E1 = 6 :62 kN/cm, � 1 = 2730 kN*day/cm, E2 = 8 :89
kN/cm, � 2 = 3 :49 kN*day/cm (the arithmetical mean value of the results of the
experiments). As we mentioned before, in the case of the constants G = 0 :1 kN/cm,
� wf =0.15 and � fw = 0 :15 we did not take into account the time-dependence.

Figure 10 shows the alteration of three representative values of the stress distribu-
tion in the structure. During the �rst day the stresses decreased by almost 45 %; and
by an additional 5 % in the following 59 days. (In practice, a signi�cant part of the
viscous strain arises during construction.)

Figure 8. Plan view of the example structure
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Figure 9. Construction shape of the example structure

Figure 10. Decreasing of stresses in warp and �ll directionsin the
�rst 60 days after construction

According to practice, we post-tensioned the structure by lifting the mast. After
three days we lifted the mast by 15 cm, after the sixth day we post-tensioned the
structure again by lifting the mast by an additional 5 cm. Fig ure 11 demonstrates
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Figure 11. The change of stresses in warp and �ll directions in the
�rst sixty days after construction, in the case of post-tension after
the 3rd and 6th day

the e�ect of the post-tension on the stress level. 60 days after construction the stresses
are 15% smaller than the initial prestress (without post-tension, the diminution is
50%).

5. Conclusions

We have developed a photographic procedure for the creep test of engineering mem-
brane materials. The �rst tests of the PVC-coated polyester material show that the
long-term deformation can be divided into two parts. In the � rst hours after loading
the strain increases very rapidly but after some hours the creep of the material is
much slower. It is important from two aspects: on the one handour method cannot
be used for measuring elastic elongation (the photos cannotbe taken quickly enough);
on the other hand, the construction shape is the result of both the elastic and plastic
deformations.

During the experiments, the temperature and the humidity changed considerably
and this had a signi�cant e�ect on the strains. In future test s we will try to eliminate
these e�ects and we use a quasi-climate chamber. Later it maybe interesting to
analyze these e�ects.

The most important experience of the tests is that the creep of the PVC-coated
polyester is signi�cant, we cannot neglect the relaxation of the membrane and we have
to use a visco-elastic material model for the long-term static analysis of membrane
structures.

With this aim, simultaneously with the tests, we have developed a computer pro-
gram for the numerical analysis of the long-term behavior ofprestressed membrane
structures. With the aid of the �rst version of this program, the decreasing stress level
(according to the relaxation of the material) and the e�ect of post-tension can be an-
alyzed. The result of the long-term analysis of a simple structure is demonstrated.
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