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SUMMARY: 23 
Here, we simulate accelerated thermal ageing of technical fabric and see how this ageing process 24 
influences the mechanical properties of the fabric. 25 
 26 
ABSTRACT:  27 
Architectural fabric AF9032 has been subjected to artificial thermal ageing to determine changes 28 
of the material parameters of the fabric. The proposed method is based on the accelerated 29 
ageing approach proposed by Arrhenius. 300 mm x 50 mm samples were cut in the warp and fill 30 
directions and placed in a thermal chamber at 80 °C for up to 12 weeks or at 90 °C for up to 6 31 
weeks. Then after one week of conditioning at ambient temperature, the samples were uniaxially 32 
tensioned at a constant strain rate. Experimentally, the parameters were determined for the non-33 
linear elastic (linear piecewise) and viscoplastic (Bodner–Partom) models. Changes in these 34 
parameters were studied with respect to the ageing temperature and ageing period. In both 35 
cases, the linear approximation function was successfully applied using the simplified 36 
methodology of Arrhenius. A correlation was obtained for the fill direction between experimental 37 
results and the results from the Arrhenius approach. For the warp direction, the extrapolation 38 
results exhibited some differences. Increasing and decreasing tendencies have been observed at 39 
both temperatures. The Arrhenius law was confirmed by the experimental results only for the fill 40 
direction. The proposed method makes it possible to predict real fabric behavior during long term 41 
exploitation, which is a critical issue in the design process. 42 
 43 
INTRODUCTION:  44 
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Polyester based architectural fabrics are commonly used for construction of hanging roofs1. Being 45 
relatively cheap with good mechanical properties, they can be employed in long-term 46 
exploitation (e.g., the hanging roof of the Forest Opera in Sopot - Poland). Unfortunately, weather 47 
conditions, ultraviolet radiation, biological reasons, and operational purposes (season pre-48 
stressing and loosening2) can affect their mechanical properties. Hanging roofs made of AF9032 49 
are typically seasonal structures subjected to high temperature (especially during sunny days in 50 
the summer), regular pre-tensioning and loosening. In order to properly design a hanging roof, 51 
fabric parameters must be determined not only at the beginning of exploitation, but also after 52 
several years of use.  53 
 54 
Ageing analysis measures the ageing indicator and compares the initial and final values of the 55 
parameters to assess the impact of ageing. Cash et al.3 proposed one of the simplest methods by 56 
comparative analysis of 12 different types of roofing membranes. These membranes were 57 
exposed to outdoor weathering for 2 or 4 years. The authors used a rating system of several 58 
properties to assess fabric durability. In order to provide an analysis of polymer thermal ageing, 59 
the time-temperature superposition principle (TTSP) can be applied4. This principle states that 60 
the behavior of a material at low temperature and under low strain level resembles its behavior 61 
at high temperature and high strain level. The simple multiplicative factor can be used to relate 62 
the current temperature properties with the properties at the reference temperature. 63 
Graphically, it corresponds to the curve shift on the log time scale. Regarding the temperature, 64 
two methods are proposed to combine the shift factor and the ageing temperature: the Williams-65 
Landel-Ferry (WLF) equations, and the Arrhenius law. Both methods are included in the Swedish 66 
standard ISO 113465 to estimate the lifetime and maximum operational temperature for rubber, 67 
or vulcanized and thermoplastic, materials. Recently, thermal ageing and Arrhenius methodology 68 
have been used in the cable lifetime prediction6,7, heating pipes8, and polymer glue PMMA4. An 69 
extension of the Arrhenius law is the Eyring law that takes into account other ageing factors (e.g., 70 
voltage, pressure, etc.)9. Alternatively, other studies propose and verify simple linear models for 71 
a description of ageing (e.g., biosensor ageing10). Although the Arrhenius method is commonly 72 
used, there is discussion on its relevance in the lifetime prediction of every material. Hence, the 73 
method must be used with care, especially in terms of initial assumptions and experimental 74 
conditions6. 75 
 76 
Similar to most polymers, the polyester fabrics used in the current research exhibit two distinct 77 
transition phases defined by the melting temperature (Tm) and the glass transition temperature 78 
(Tg). The melting temperature (Tm) is the temperature when a material changes from its solid 79 
state to the liquid one, and the glass transition temperature (Tg) is the boundary between the 80 
glass and rubber states11. According to manufacturer’s data, the AF9032 fabric is made from 81 
polyester threads (Tg = 100−180 °C12, Tm = 250−290 °C13) and PVC coating (Tg = 80−87 °C14,15, Tm = 82 
160−260 °C16). The ageing temperature T  should be selected below Tg. During sunny days, the 83 
temperature on the top surface of a hanging roof may even reach 90 °C; thus, two ageing 84 
temperatures (80 °C and 90 °C) are tested here. These temperatures are below the thread Tg and 85 
close to the coating Tg.  86 
 87 
The performance of the accelerated ageing protocol on technical fabrics is presented in the 88 



   

current work. Artificial thermal ageing is used to predict changes of the material properties. The 89 
article illustrates appropriate laboratory testing routines and a way to extrapolate relatively 90 
short-term experimental results. 91 
 92 
PROTOCOL:  93 
 94 
1. Accelerated thermal ageing experiments on technical fabric 95 
 96 
1.1. Overall preparation 97 
 98 
1.1.1. Prepare a testing machine with proper software (in order to provide constant strain rate 99 
tests) and a video extensometer. 100 
 101 
1.1.2. Prepare a thermal chamber providing constant temperature of 80 °C (± 1 °C) and 90 °C (±1 102 
°C) for at least 12 weeks. 103 
 104 
1.2. Specimen preparation 105 
 106 
1.2.1. Unroll the technical fabric AF9032 bale. Draw the desired shapes (300 mm x 50 mm) with 107 
a soft pencil or marker on the fabric surface parallel to the warp or fill direction.  108 
 109 
NOTE: The distribution of specimens on the fabric surface is given elsewhere17.  110 
 111 
1.2.2. Indicate the warp direction on each specimen with a permanent marker. Cut the specimens 112 
with a sharp knife or scissors. Use the ruler if a knife is used for cutting. 113 
 114 
NOTE: The specimens should be rectangular17. The major load-caring elements of the fabric are 115 
threads. In the operational phase, the coating material usually exceeds its yield limit, thus not 116 
taking part in the stress distribution. The only elements to carry the load are threads spreading 117 
from one grip to another. Therefore, it is not reasonable to use sophisticated shapes of specimens 118 
(e.g., a dumbbell shape usually used for metals). On the other hand, such sample shapes result 119 
in the need for special grips when the ultimate load is investigated, or the use of an extensometer 120 
in order to assess material parameters.  121 
 122 
1.2.3. Measure the specimen’s thickness with a slide caliper and count the number of threads at 123 
the short edge of the specimen. 124 
 125 
NOTE: For each specimen, take three thickness measurements, and compute the average value. 126 
Use the magnifying glass to assess the number of threads if necessary. 127 
 128 
1.3. Turn on the thermal chamber, leaving the door open. Using the buttons and the control 129 
display, select the temperature (80 °C). Close the thermal chamber door and observe the increase 130 
of temperature on the control panel. 131 
 132 



   

1.4. Specimen warming 133 
 134 
1.4.1. When the temperature is close to 80 °C, open the thermal chamber door. Insert at least 7 135 
sets of specimens with each set consisting of 6 specimens cut in the warp direction and 6 in the 136 
fill direction. Close the door as soon as possible in order to avoid a temperature drop. 137 
 138 
NOTE: The experiments should be conducted for three strain rates. For each strain rate, 139 
experiments are performed on two specimens in the warp direction and two in the fill direction. 140 
Place excess specimens in the chamber in case the experiments are not successful or the results 141 
from both tests are highly divergent. 142 
 143 
1.4.2. After 1 h, don thermal gloves and remove the first set of specimens (the reference set; 6 144 
specimens in the warp direction and 6 in the fill direction). After every 2 weeks, remove a 145 
succeeding set of specimens from the thermal chamber. 146 
 147 
NOTE: The entire warming process will take 12 weeks. 148 
 149 
1.5. Specimen conditioning 150 
 151 
1.5.1. Leave the specimens at room temperature for one week. Cool the specimens to room 152 
temperature (i.e., their properties should be stabilized). 153 
 154 
1.5.2. Before the test, draw two black marks (dots) using a permanent marker with a lengthwise 155 
separation of about 50 mm (L0) in the middle of each specimen. 156 
 157 
NOTE: The dots will be used by the video extensometer. 158 
 159 
1.6. Testing machine setup 160 
 161 
1.6.1. Install four 60 mm flat inserts into the testing machine, two inserts per one grip. The inserts 162 
show a fish scale surface type and are used to avoid slipping the specimens out of the grips. 163 
 164 
1.6.2. Switch on the machine. Start the software (e.g., TestXpert) that controls the machine. 165 
Choose the program dedicated to the tensile tests.  166 
 167 
1.6.3. Select the starting position with a 200 mm grip to grip separation in the software. Click the 168 
Starting Position button to execute the 200 mm grip to grip separation. This grip position is 169 
usually called the starting position for a test.  170 
 171 
NOTE: The 200 mm distance is required by the ISO standard17. 172 
 173 
1.7. Video extensometer setup 174 
 175 
1.7.1. Move the camera of the video extensometer along the supporting bar to situate the lens 176 



   

of the camera at the level of the middle part of the specimen. Check whether the lens of the 177 
camera provides a clear view of the specimen markers during the whole experiment. 178 
 179 
NOTE: Perform a similar test before the main test to establish the probable sample elongation 180 
range to ensure that the camera will follow the black markers during an entire test. 181 
 182 
1.7.2. Select the proper brightness and focus for the lens using the computer screen and the 183 
associated software. 184 
 185 
1.8. Video extensometer calibration 186 
 187 
NOTE: The calibration device is the standard equipment of the video extensometer. 188 
 189 
1.8.1. Put the calibration device in the front of the camera and clamp it with the grips. 190 
 191 
1.8.2. Using the video extensometer software (e.g., VideoXtens), select the proper type of 192 
markers in the Targets window (usually black and white). 193 
 194 
1.8.3. Select the calibration procedure in the video extensometer software using the Scale option 195 
and choose the calibration distance in the Scale window. 196 
 197 
NOTE: The distance should be similar to the separation of markers on the specimens. The 198 
calibration device offers three measuring distances: 10, 15 and 40 mm. Due to the 50 mm marker 199 
separation, the 40 mm distance is appropriate. 200 
 201 
1.8.4. After calibration, change the marker type to Pattern in the Targets window.  202 
 203 
NOTE: This enables the video extensometer to follow the markers indicated on the specimen. 204 
 205 
1.9. Test performance 206 
 207 
1.9.1. Prepare the test parameters in the TextXpert software. 208 
 209 
NOTE: The prepared program must enable a test with a selected strain rate in the uniaxial stress 210 
case. It must be correlated with the video extensometer. The recorded parameters are the initial 211 
distance of the extensometer markers (L0), and result functions of time, grip displacements, 212 
current extensometer’s markers distance, and force. The pre-load force of 50 N17 is programmed 213 
and the L0 distance is adjusted after preloading. 214 
 215 
1.9.2. Put the specimen along the machine main vertical axis and close the grips using the tubular 216 
spanner. 217 
 218 
NOTE: The specimen must be located symmetrically to the grips in the vertical and horizontal 219 
directions. 220 



   

 221 
1.9.3. Perform the tests with the selected constant strain rate until the specimens break (use 222 
0.005, 0.001, and 0.0001 s-1 strain rates). For each strain rate, test at least two specimens in the 223 
warp direction and fill direction. Save the test results. 224 
 225 
NOTE: The following data are necessary: the initial distance of the extensometer markers (L0), 226 
time functions of the extensometer’s marker distance, and the force.  227 
 228 
1.10. Repeat steps 1.5−1.9 every two weeks using the other sets of samples (six times, up to 12 229 
weeks). 230 
 231 
1.11. Repeat the entire procedure at 90 °C. The total number of specimens does not change. The 232 
ageing process lasts 6 weeks. Remove and test subsequent sets of specimens every week.  233 
 234 
2. Data preparation 235 
 236 
2.1. Knowing the cross section area of the samples, use graphing software (SigmaPlot18 or similar) 237 
to recalculate the registered force and elongation increments according to elementary strength 238 
of material equations to the stress-strain relations. Plot a graph of obtained data, separately, for 239 
the warp and fill samples and for each of the strain rates.  240 
 241 
2.2. Repeat for the 80 °C and 90 °C results.  242 
 243 
3. Parameter identification of material models 244 
 245 
3.1. Piecewise linear model for non-linear elastic modeling 246 
 247 
NOTE: The application of the piecewise linear material model is possible when the stress-strain 248 
curve can be split into sections of linear (or approximately linear) shapes. Particular crossing 249 
points of the lines at neighboring sections correspond to applicability ranges of the related lines19. 250 
 251 
3.1.1. In the case of every curve obtained in step 2.1, find the strain ranges, detecting the linear 252 
or close to linear stress-strain relation. 253 
 254 
3.1.2. Using the fit regression option in the graphing software and the least square method, 255 
identify the best-fit line in the chosen region. 256 
 257 
NOTE: The tangent to this curve corresponds to the stiffness of the material in a particular range. 258 
 259 
3.1.3. Denote the tangent as Eij where the index i corresponds to the current direction of the 260 
material (W for the warp direction and F for the fill direction) and the index j is a consecutive 261 
number of the identified line.  262 
 263 
3.1.4. Having parameters of all the lines, find the intersection points between the lines; denote 264 



   

them as εk/l, where k and l mark the crossing lines.  265 
 266 
NOTE: These points (εk/l) constitute the strain ranges to apply the particular longitudinal stiffness 267 
values (Eij) (Figure 1). 268 
 269 
3.2. Bodner–Partom viscoplastic model 270 
 271 
NOTE: The Bodner–Partom constitutive law is used to reflect the elasto-viscoplastic behavior of 272 
various materials20,21. The basics and mathematical formulation of the model is given in detail 273 
elsewhere20–25. The elementary equations are presented in Table 1 only to model the uniaxial 274 
stress state. The Bodner–Partom model parameters are identified by means of the uniaxial 275 
tensile tests conducted with at least three different strain rates. The value of the strain rate must 276 
be constant at least in the inelastic part of the experiment. The complete Bodner–Partom model 277 
identification procedure modified for technical woven fabrics is widely presented24,25.  278 
 279 
3.2.1. Using the graphing software, identify Bodner–Partom model parameters following 280 
Klosowski et al.24. 281 
 282 
4. Arrhenius extrapolation 283 
 284 
NOTE: The Arrhenius law is based on an empirical observation that ambient temperature increase 285 
results in acceleration of a number of chemical reactions that may speed up the ageing process 286 
as well. The complete mathematical representation of the Arrhenius chemical reaction concept 287 
can be found elsewhere11,26. The Arrhenius law in a simplified form is called “the 10 degree 288 
rule”27. According to this rule, a surrounding temperature increase of about 10 °C theoretically 289 
doubles the rate of the aging process. Hence, the reaction rate f is defined as follows17: 290 
 291 

ΔT/10f=2 ,    (1) 292 
 293 
where refΔT=T-T  is the difference between the ageing temperature T and the service temperature 294 

refT  of a material.  295 

 296 
4.1. Assume the temperature Tref according to the average value based on the results of the local 297 
meteorological station (here, Tref = 8 °C28). Assume the thermal chamber temperature T to be 298 
used in the ageing test (here, 80 °C and 90 °C). 299 
 300 
NOTE: The temperature level should be registered for a longer time period, at least one year, and 301 
then calculated as the mean value of that period, bringing a time average of this period taken as 302 
Tref. 303 
 304 
4.2. Calculate the reaction rate constant f from equation 1 and then extrapolate the ageing time 305 
(expressed in weeks) to years (Table 2). 306 
 307 



   

NOTE: The extrapolation effects of different ageing time periods conducted within the current 308 
research are presented in Table 3. For instance, thermal ageing of a specimen in 4 weeks at 90 309 
°C is equal to its ageing in 8 weeks at 80 °C and corresponds to a natural ageing of approximately 310 
23 years. 311 
 312 
5. Data representation  313 
 314 
5.1. Present the obtained parameter values in the normalized form of X/X0, where X denotes a 315 
current value of the certain parameter and X0 corresponds to the initial value of this parameter, 316 
with regard to a specimen aged 1 hour only. 317 
 318 
NOTE: The time of artificial thermal ageing is set up in hours.  319 
 320 
5.2. Plot X/X0 values on the Y axis versus the ageing time plotted on the X axis to show the 321 
evolution of the parameters. Prepare plots for the warp and fill directions of the tested material 322 
separately. 323 
 324 
5.3. Describe the parameter values plotted over time by linear functions (or different best-fit 325 
functions) using the least square method and report R2 values. 326 
 327 
5.4. To evaluate whether the Arrhenius simplified relation is correct for AF9032 fabric, redraw 328 
the results obtained for 90 °C with respect to the ageing time recalculated into “real” time 329 
according to the Arrhenius law.  330 
 331 
REPRESENTATIVE RESULTS: 332 
Figure 2 juxtaposes the stress-strain curves for the warp and fill directions of AF9032 fabric 333 
obtained at different ageing times, in the 80 °C temperature level for a strain rate of 0.001 s-1. 334 
The difference between the 1 h ageing period (reference test) and the rest of the ageing periods 335 
is clear. The ageing time does not seem to substantially affect the material response in the warp 336 
direction, as the stress–strain curves are highly repetitive, showing no important differences in 337 
the ultimate tensile strength (UTS). It stays contrary to the behavior observed for the fill direction, 338 
where the UTS is much lower in the case of artificially aged samples than in the unaged case. 339 
Moreover, the achieved stress–strain curves detect divergent trajectories when the strains 340 
exceed 0.06. 341 
 342 
The results obtained at different temperature levels and the extrapolation of the results for a 343 
higher temperature level presented in one graph compress all the data concerning a particular 344 
parameter. If the curves representing evolution of the parameters in both temperatures over the 345 
ageing time fall into the same trajectory, it confirms that the obtained parameter values actually 346 
follow the Arrhenius equation. If the lines are parallel, it suggests that additional experiments are 347 
necessary to explain the observed phenomenon or that some correction coefficients should be 348 
introduced to the results at one temperature level to make results in both temperatures fall into 349 
one path. 350 
 351 



   

Variation images of the PVC coating stiffness and fill ultimate strains over the ageing time are in 352 
Figure 3 and Figure 4, respectively. The experimental results at two temperature levels of 80 °C 353 
and 90 °C are presented in Figure 3a and Figure 4a. It was proven before24 that the second linear 354 
part of the experimental stress-strain curve of a simple tensile test (denoted here as EF0) 355 
corresponds to the stiffness of technical fabric covering made of PVC. The results obtained at the 356 
temperature level of 90 °C extrapolated in hours to 12 weeks (2000 hours) and recalculated to 357 
“real” years according to the Arrhenius simplified relation are drawn in the same graph in order 358 
to compare the results (Figure 3b and Figure 4b).  359 
 360 
The evolution of stiffness of the PVC coating over ageing time is almost linear at temperature 361 
levels of 80 °C and 90 °C with a constant increment in time, much greater in 90 °C than in 80 °C. 362 
This phenomenon suggests that PVC subjected to relatively high temperature undergoes changes 363 
resulting in the growth of its stiffness, as an effect of accelerated ageing. This behavior is possibly 364 
caused by physical ageing, specific for polymer materials, like technical fabrics. The ultimate 365 
tensile strains values (εult) exhibit a decreasing trend over ageing time in the fill direction and 366 
temperature levels of 80 °C and 90 °C. For the warp direction, the UTS values show no significant 367 
variation over ageing time. On the other hand, the ultimate tensile strains (εult) decrease in 80 °C 368 
and grow in 90 °C.  369 
 370 
The same procedure has been used to address the Bodner–Partom model parameters. Here, the 371 
hardening parameter m1 in the warp direction and the viscosity parameter n in the fill direction 372 
are presented in Figure 5 and Figure 6, respectively. 373 
 374 
The final research results are sets of linear functions, which represent certain material 375 
parameters or fabric properties over ageing time. Following this, all the basic mechanical 376 
properties (stiffness, yield limit, ultimate tensile stress and strain) and Bodner–Partom model 377 
parameters (n, D0, D1, R0, R1, m1, m2) were identified, put together at temperature levels of 80 °C 378 
and 90 °C and analyzed by means of the Arrhenius extrapolation methodology29.  379 
 380 
The approximation lines corresponding to the parameter trends throughout ageing time collapse 381 
to one line for UTS, εult , m1 in the case of fill direction. Other parameter approximation lines in 382 
ageing time exhibit parallel tendencies without collapse to one line. 383 
 384 
In the case of warp direction, only the approximation lines of UTS, EW2 and m1 collapse into one 385 
line, while other parameters show neither clear tendency nor parallel character of the curves. All 386 
the parameter values in ageing time for the fill direction express parallel trends or collapse to 387 
one line. Thus, the approach of the Arrhenius simplified equation, shown in the present article, 388 
has been proven for that direction only. 389 
 390 
FIGURE AND TABLE LEGENDS:  391 
Figure 1: Schematic representation of the piecewise linear model for AF9032 fabric. 392 
 393 
Figure 2: The impact in thermal ageing case at 80 °C on the stress–strain response in the warp 394 
and fill directions of AF9032 fabric, for the strain rate of 0.01 s-1. 395 



   

 396 
Figure 3: Stiffness of the PVC coating at different ageing times in hours (red and blue lines) (a); 397 
stiffness values obtained at 90 °C recalculated to time in years according to the Arrhenius 398 
simplified equation (blue lines) for the fill direction of AF9032 fabric (b). 399 
 400 
Figure 4: Ultimate strains of the PVC coating at different ageing times in (red and blue lines), 401 
experiments (a); ultimate strains values obtained at 90 °C recalculated to time in years 402 
according to the Arrhenius simplified equation (blue lines) in the fill direction of AF9032 (b). 403 
 404 
Figure 5: Bodner–Partom coefficient of isotropic hardening m1 at different ageing times in 405 
hours (red and blue lines), experiments (a); coefficient of isotropic hardening m1 values 406 
obtained at 90 °C recalculated to time in years according to the Arrhenius simplified equation 407 
(blue lines) in the warp direction of AF9032 (b). 408 
 409 
Figure 6: Bodner–Partom strain rate sensitivity parameter n at different ageing times in hours 410 
(red and blue lines) experiments (a); and strain rate sensitivity parameter n values obtained for 411 
90 °C recalculated to time in years according to the Arrhenius simplified equation (blue lines) 412 
for the fill direction of the AF9032 (b). 413 
 414 
Table 1: Basis Bodner–Partom equations in uniaxial state. 415 
 416 
Table 2: Example calculations of the Arrhenius simplified equation. 417 
 418 
Table 3: Extrapolation of ageing time recalculated with the Arrhenius equation at temperature 419 
levels of 80 °C and 90 °C. 420 
 421 
DISCUSSION:  422 
This article incudes a detailed experimental protocol to simulate the laboratory accelerated 423 
experiments on polyester reinforced and PVC coated fabrics for civil engineering applications. 424 
The protocol describes the case of artificial thermal ageing only by the means of raising the 425 
ambient temperature. This is an obvious simplification of real weather conditions, as UV radiation 426 
and water influence play an additional role in material service ageing. 427 
 428 
Generally, the conditions of accelerated ageing performed in the laboratory should be as close 429 
as possible to the true weather and service conditions of a tested material. For instance, materials 430 
used in aerospace or marine structures undergo hydrothermal ageing, when humidity and 431 
temperature primarily act upon the material durability30,31. Regarding the battery degradation 432 
level, two ageing factors are usually monitored: temperature and state of charge9. In electrical 433 
cable insulations, apart from temperature, different voltage and stress levels must be included, 434 
while performing accelerated laboratory ageing14. However, the thermal type of accelerated 435 
ageing is the most common one, thus it is easy to reflect it in the laboratory. The calibration of 436 
the obtained results with outdoor data of the service aged material creates a reliable tool to 437 
predict the future behavior of textile fabrics or other materials. 438 
 439 



   

A drawback of the presented method is the number of samples tested. Because uniaxial tensile 440 
experiments with three different constant rates are conducted, two samples were tested in each 441 
material direction for each strain rate case. As the analysis has to cover both warp and fill 442 
directions of the fabric, tested at two temperature levels, with at least 5 ageing time intervals, a 443 
large number of samples is required. Fortunately, the results are very repetitive, displaying very 444 
similar tendencies; therefore, the obtained results are considered reliable even if two samples 445 
are tested in the same conditions only. 446 
 447 
The procedure for conducting the uniaxial tensile tests with constant strain rates and with the 448 
video extensometer data registration is presented thoroughly. The European national standard1 449 
does not require the use of an extensometer for testing technical fabrics. Therefore, the 450 
proposed protocol is more precise than the standard requirements; thus, the obtained data are 451 
more accurate.  452 
 453 
The proposed protocol makes it possible to determine material parameters for fabrics in the 454 
future; therefore, it is a suitable tool in design. The method has been successfully validated during 455 
the research of the hanging roof of the Forest Opera in Sopot. The samples of the polyester 456 
reinforced, and PVC coated fabrics were collected from the roof after 20 years of operation. 457 
Samples of unaged material were also obtained from the same manufacturer. Both types of 458 
samples proceeded through the same laboratory experiments and parameter identification 459 
routines. Results were represented by the parameters of the piecewise linear and Bodner–460 
Partom models. The trends observed in mechanical behavior of material from the Forest Opera 461 
resemble trends found in the case of thermal ageing. Thus, the results presented here have been 462 
confirmed by the tests of a fabric after 20 years of service28. Nevertheless, for other kinds of 463 
technical fabrics, some modifications of the proposed method may be required, thus the 464 
experimental protocol should be properly adjusted. 465 
 466 
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Variable Tref T ΔT f Calculation example for 4 weeks of therml ageing

Formulation - - T-Tref 2(ΔT/10) f*4/52

Unit °C °C °C [-] [years]

80 72 147 11.3

90 82 294 22.6
Results 8
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Laboratory ageing time [weeks] 1 2 3 4 5 6 7 8 9 10 11 12

80 °C 2.8 (5.7) 8.5 (11.3) 14.1 (17.0) 19.8 (22.6) 25.4 (28.3) 31.1 (33.9)

90 °C (5.7) (11.3) (17.0) (22.6) (28.3) (33.9) 39.6 45.2 50.9 56.6 62.2 67.9

( ) marks the ageing tests performed in the present study and used to identify parameters.

Time according to Arrhenius [years]

Table3 Click here to access/download;Table;60737_Table-3.xlsx

https://www.editorialmanager.com/jove/download.aspx?id=1123623&guid=86915b79-1813-47b1-8ca9-ae723f204a67&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1123623&guid=86915b79-1813-47b1-8ca9-ae723f204a67&scheme=1


Name of Material/Equipment Company Catalog Number Comments/Description

AF 9032 technical fabric

Shelter-Rite Seaman 

Corporation

knife of scisors

marker pernament

ruler

Sigma Plot Systat Software Inc. v. 12.5

Testing machine Z020 Zwick Roell BT1-FR020TN.A50

TestXpert II program Zwick Roell v. 3.50

Thermal chamber Eurotherm Controls 2408

tubular spanner 13 mm

Video extensometer Zwick Roell BTC-EXVIDEO.PAC.3.2.EN Instead of video extensometer, a mechanical one can be used

VideoXtens Zwick Roell 5.28.0.0 SP2
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