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Abstract
In this study, viscoelastic model parameters are obtained to predict the compression and 
recovery behaviour of needle-punched nonwoven textiles which are customarily used in 
industrial applications such as automotive floor-coverings. To this end, two different models 
are used to explain the compression and recovery behaviour of non-woven textiles under 
brief, moderate static loading (BMSL) and prolonged, heavy static loading (PHSL) accor-
ding to ISO 3415 and ISO 3416, respectively. The first model consists of a linear spring and 
damper set parallel to each other. This combination is placed in series with a linear damper. 
The second model, however, consists of a linear spring and damper set parallel to each other 
and placed in series with a nonlinear damper. The results obtained for the compression and 
recovery behaviour of the non-woven textiles under BMSL and PHSL are compared with 
experimental results. The results obtained indicated that the nonlinear model is more accurate 
in the prediction of the compression and recovery behaviour of needle-punched nonwoven 
textiles under static loading than the linear model. The best result for the prediction of the 
compression and the recovery behaviour of nonwoven textiles under BMSL and PHSL oc-
curs with the nonlinear model, in which the errors are 4.68% and 4.66%, respectively, when 
compared to the experimental results.

Key words: compression, recovery, nonwoven textile, non-linear Jeffrey’s II model, static 
loading.
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nonwoven fabrics. As they observed, re-
covery from a deformed state increases 
with an increase in the relaxation time 
after the compression–recovery cycle. 
However, the time-dependent effect is 
insignificant in the case of heat-sealed 
nonwovens as much of the recovery is 
instantaneous. In another study, Kho-
tari and Das [3] presented a theoretical 
analysis of the compressional behav-
iour of nonwoven fabrics based on their 
bending properties. They found that 
spun-bond heat-sealed fabrics are more 
compatible with the theoretical model as 
compared to spun-bond needle-punched 
fabrics. Debnath and Madhusoothanan 
[4] modelled the compression properties 
of needle-punched nonwoven fabrics 
produced from polyester and a blend of 
jute-polypropylene fibres of varying fab-
ric weight, needle density and blend ratio 
of jute and polypropylene fibres. The in-
itial thickness, compression percentage, 
percentage of thickness loss, and com-
pression resilience were predicted using 
an artificial neural network. Debnath and 
Madhusoothanan [5] investigated the 
effects of fabric weight, fibre cross-sec-
tional shapes, and reinforcing materials 
on the compression properties of polyes-
ter needle-punched industrial nonwoven 
fabrics. They showed that in fabrics with 
no reinforcing materials, the compres-
sion and thickness loss are higher than 

 Introduction
Nonwoven textiles have various appli-
cations in the industry, such as making 
household goods, automotive floor-cov-
erings [1], filters and geotextiles. These 
textiles are subjected to different kinds 
of force and deformation. One of the 
important deformations is compression 
and recovery after the load removal.  It 
has been shown that thickness loss in 
nonwoven textiles is highly affected by 
the compression behaviour of the tex-
tiles. In recent years, many researchers 
have taken an interest in the study of the 
compression and recovery of nonwoven 
textiles. Khotari and Das [2] studied the 
time-dependent compression of different 

those in fabrics with reinforcing mate-
rials, regardless of fibre cross-sections. 
They also showed that polyester fabrics 
made from hollow cross-sectioned fi-
bres have the least rate of compression at 
every level of fabric weight. In another 
research, Debnath, and Madhusoothanan 
[6] investigated the effects of fabric 
weight, fibre cross-sectional shapes, and 
reinforcing materials on compression 
properties under dry and wet conditions 
of polyester needle-punched industrial 
nonwoven fabrics. The results showed 
that compression resilience is higher in 
round cross-sectional fabrics without 
reinforcing materials under wet condi-
tions than in fabrics with reinforcing 
materials. It also emerged that when 
the fabric weight increases, the initial 
thickness increases, but the percentage 
of compression and thickness loss de-
creases. This is regardless of the fibre 
cross-sectional shape in either dry or wet 
conditions. In a subsequent study, Deb-
nath and Madhusoothanan [7] examined 
the effects of parallel-laid and cross-laid 
webs of polypropylene needle-punched 
nonwoven fabrics on their compression 
properties under wet conditions. Their 
results showed that an increase in the 
needle density would lead to a reduction 
in the initial thickness, compression per-
centage, and thickness percentage under 
wet conditions, compared to dry condi-
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tions in both parallel-laid and cross-laid 
fabrics. It was also found that the com-
pression resilience would rise with an 
increase in the needle density under dry 
and wet conditions of parallel-laid webs. 
A linear viscoelastic model was present-
ed by Jafari and Ghane [8] to evaluate 
the recovery behaviour of machine-made 
carpets after a brief and heavy static 
loading (BHSL). Different combinations 
of spring and damper systems were taken 
into consideration to model the mechan-
ical behaviour of the carpets. According 
to the results, there was reasonably good 
agreement between the Jeffrey’s model 
and experimental findings. It was also re-
vealed that the linear standard model has 
poor regression for the recovery proper-
ties of cut pile carpets after static loading. 
Khavari and Ghane [9] used three differ-
ent models to investigate the compres-
sion, decompression and recovery of cut 
pile carpets under BHSL and with a con-
stant rate of compression. The Maxwell 
mechanical model as well as linear and 
nonlinear three-element models were 
used to simulate the compression and re-
covery behaviour of the carpet samples. 
The results showed that a three-element 
model consisting of a Maxwell body par-
alleled with a non-linear spring can de-
scribe compression and decompression 
more accurately than Maxwell and linear 
models. Tower and Carrillo [10] predict-
ed the compression behaviour of non-
woven carpets by considering their fibre 
properties and doing discrete fibre finite 
element simulation through the Abaqus 
technique. Jafari and Ghane [11] studied 
the effect of UV radiation on the recov-
ery behaviour of pile carpets after BHSL 
through analytical and viscoelastic mod-
elling. The thickness loss and maximum 
compression both proved to be higher 
within longer UV exposure times. In their 
subsequent study in 2018 [12], Jafari and 
Ghane used the linear and nonlinear Jef-
frey’s models, as two different mechan-
ical models, to investigate the recovery 
property of machine-made carpets. It was 
indicated that, in comparison to the linear 
model, the nonlinear Jeffrey’s model has 
a lower speed of recovery at zero time.

Although various models are presented 
to simulate the compression and recov-
ery behaviour of nonwoven textiles, there 
is little research regarding compression 
and recovery properties under BMSL 
and PHSL simultaneously. Also, those 
researches used curve fitting methods to 
adapt the experimental data to the theo-
retical models. Therefore, the purpose of 

this study is to obtain viscoelastic mod-
el parameters analytically to predict the 
compression and recovery properties 
of needle-punched non-woven textiles 
under BMSL and PHSL according to 
ISO3415 and ISO3416 simultaneously. 

 Mechanical model
To investigate the compression and re-
covery behaviour of nonwoven fabrics 
under BMSL and PHSL, two different 
mechanical models based on mass-
spring- dashpot are presented: a) a lin-
ear model consisting of a Voigt-Kelvin 
body that is placed in series with a linear 
damper and b) a nonlinear model consist-
ing of a Voigt-Kelvin body that is placed 
in series with a nonlinear damper. It is 
known as Jeffrey’s II model. 

Schematic diagrams of the two models 
are presented in Figure 1.

The compressive force F is applied to 
every model. As shown in Figure 1, k is 
the linear spring constant (N/m), and c1 
and c2 are the damper constants (N·s/m). 
In the first model, c1 is a linear damper, 
while in the second method, c1 (N·s/m2) 
is a nonlinear damper. The governing 
differential equations for the linear and 
nonlinear models are presented in the 
following section.

Linear Jeffrey’s II model 
Compression 
In the Linear Jeffrey’s II model, the forc-
es in the dashpot c1 and in the Voigt-kel-
vin element are the same. Thus, the com-
pressive force is obtained using Equa-
tions (1) and (2) [13];
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Where, B is a constant coefficient. 

Determining the response of the system 
from Equation (7) needs two initial con-
ditions. Introducing the initial conditions 
t = 0, x = 0 and  u = 0 into Equations (6) 
and (7), constants A and B can be ob-
tained as follows:
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Figure 1. Mechanical model: a) Linear Jeffrey’s model and b) Non-linear Jeffrey’s model.
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Recovery
Since the start point in the recovery is 
equivalent to the end point of the com-
pression, the initial conditions for this 
case are:
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After the constant load applied is re-
moved, the recovery (or stress relaxation) 
equations can be calculated. Consider-
ing F = 0 and substituting it into Equa-
tion (7), Equation (12) can be achieved, 
in which the constant parameters and 
time are changed in Equation (7).
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Where, Rr is the slope of the recovery di-
agram at the first point.

As shown in Figure 2, xp is the maximum 
compression, and x∞ is the last displace-
ment in the recovery section. Now, xp and 
x∞ are substituted into Equation (12):
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Equation (14) can be rewritten as fol-
lows:
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The recovery behaviour under BMSL 
and PHSL is taken into consideration an 

hour and 24 hours after load removal on 
the samples, respectively. Also, the dis-
placement at the start point of unload-
ing is equal to the end point of loading 
(xp = x*). Therefore, the initial point of 
recovery can be calculated as:
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In T = 7200, x = xp and the slope of the in-
itial position in the compression diagram 
is equal to the slope of the experimental 
diagram. If it is assumed that the diagram 
of thickness variation against time is linear

and the value of 
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Figure 2. Compres-
sion and recovery 
behaviour of nonwo-
ven textiles during 
loading and after its 
removal.
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 Experimental
In this study, polyester fibres with a fine-
ness of 12 denier and length of 70-90 mm 
were used to prepare needle-punched 
non-woven samples. To produce nee-

dle–punched nonwoven fabrics with an 
average mass per unit area of 600 g/m2  
(which is customarily used in indus-
trial applications, such as automotive 
floor-coverings [1] and geotextiles), 
100% polyester fibres were processed on 
a conventional carding. The fibrous web 
coming out from the card was then fed to 
feed a lattice of the horizontal cross-lap-
per and cross-laid webs produced.

The 8 folded layers were fed to 
a pair of needle looms, needling 
from the top and bottom, respective-
ly. Both looms were equipped with 
Groz-Beckert [14] barbed needles, 
coded as 15*18*38*3R222G3067 and 
15*18*32*3R333G3007. The needling 
was done at a machine company called 
“Fehrer”. Table 1 shows the needling pa-
rameters.

The initial thickness of the sample un-
der a static pressure of (20.2) kpa was 
measured using a digital thickness test-
er according to ISO 1765 [15] (with an 
accuracy of 0.01 mm). Based on the 
standard method, the sample was cut to 
10×10 cm2 dimensions. Five samples 
were prepared for each test, and the re-
sults were recorded based on the average 
of the measurements. All the experiments 
were performed under standard condi-
tions of 222 °C and 652% RH [16]. 

The thickness reduction of the nonwoven 
samples was measured under BMSL and 
PHSL. In order to measure the thickness 

Table 1. Needling parameters.

Output speed,
m/min

Input speed,
 m/min

Penetration,
mm

Number of strokes,
stroke/min

Needling
stage

3.42.513.5520Input board, top
3.43.49.0770Output board, bottom

Figure 3. Static loading device. Figure 4. Schematic diagram of thickness measurement. 
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reduction rate under BMSL and PHSL, 
the samples were placed under static 
loading in accordance with ISO 3415 
and ISO3416 [17-18]. A laboratory static 
loading device was used to simulate the 
application of the static loading, shown 
in Figure 3. In this case, the samples 
were placed under a pressure of 220 kpa 
for two hours, and the thickness loss was 
measured every 10 minutes. After the 
load was removed, the thickness of the 
samples was measured at 10-minute in-
tervals up to an hour. It should be men-
tioned that there were five samples to 
test, and the results were recorded based 
on the average of the measurements, il-
lustrated in Tables 2 and 3.

Figure 4 shows a schematic of the com-
pression value of the nonwoven fabric 
under static loading. As shown, is the in-
itial thickness, and refers to the thickness 
of the nonwoven after the compressive 
force is applied to the sample surface. 
The displacement is defined as (x0 – x1). 
An increase in the number of impacts led 
to an increase in the displacement.

In order to measure the thickness reduc-
tion rate under PHSL, the samples were 
placed under static loading in accordance 
with ISO 3416 [14]. They were subjected 
to a pressure of 700 kpa for 24 hours, and 
their thickness was measured during the 
pressure. After the load was removed, the 
thickness of the samples was measured 
up to 24 hours. Five samples were tested, 
and the results were recorded based on 
the average of the measurements, illus-
trated in Tables 4 and 5.

 Results and discussion
In this study, the compression and re-
covery properties of needle-punched 
non-woven textiles were investigated 
under static loading. Also, the parameters 
of linear and nonlinear Jeffrey’s models 
under BMSL and PHSL were obtained 
through analytical processes, listed in 
Tables 6 and 7. 

Figure 5 shows the experimental data 
and results obtained from the linear 
Jeffrey’s II model for the compression 
Equation (7) and recovery behaviour 

Table 6. Linear Jeffrey’s II model parameters.

B̂,
m

Â,
m/s

B,
m

A,
m/s

 c2k,
s

c1,
 N.s/mModel

8.6×10-4-3.93×10-6-8.3×10-4-3.2×10-72.61×1036.864×108Linear Jeffrey’s model
BMSL

1.4×10-3-4.32×10-7-1.2×10-3-3.9×10-83.09×1041.75×1010Linear Jeffrey’s model
PHSL

Table 7. Nonlinear Jeffrey’s II model parameters.

B̂,
m

Â,
m/s

B,
m

A,
m/s

 k,
N/m

c2,
N.s/m

 c1,
 N.s/m2Model

1.09×10-2-4.98×1052.6×10-7-4.6×10-25.1×10132×10101.36×1012Nonlinear Jeffrey’s II model under BMSL
1.309-2.56×107-7.99×10-11-6.99×10-85×10161.0×1072.19×1013Nonlinear Jeffrey’s II model under PHSL

Table 2. Thickness reduction of the nonwoven samples under BMSL.

Time, min Thickness reduction, mm Time, min Thickness reduction, mm
0 0.00 70 1.37

10 0.48 80 1.41
20 0.96 90 1.44
30 1.10 100 1.47
40 1.25 110 1.49
50 1.29 120 1.51
60 1.34

Table 3. Thickness recovery of nonwoven samples after the removal of BMSL.

Time, min Thickness recovery, mm Time, min Thickness recovery, mm
0 1.51 40 1.15

10 1.35 50 1.10
20 1.28 60 1.02
30 1.22

Table 4. Thickness reduction of nonwoven samples under PHSL.

Time, 
min

Compression value, 
mm

Time, 
min

Compression value, 
mm

Time, 
min

Compression value, 
mm

0 0.00 540 1.69 1080 2.10
60 1.00 600 1.75 1140 2.15

120 1.18 660 1.80 1200 2.19
180 1.29 720 1.85 1260 2.22
240 1.37 780 1.90 1320 2.25
300 1.45 840 1.94 1380 2.26
360 1.51 900 1.99 1440 2.26
420 1.57 960 2.03
480 1.63 1020 2.07

Table 5. Thickness recovery of nonwoven samples after the removal of PHSL.

Time, 
min

Compression value, 
mm

Time, 
min

Compression value, 
mm

Time, 
min

Compression value, 
mm

0 2.26 540 1.69 1080 1.53
60 2.03 600 1.66 1140 1.53

120 1.95 660 1.64 1200 1.53
180 1.9 720 1.63 1260 1.52
240 1.85 780 1.61 1320 1.52
300 1.80 840 1.59 1380 1.52
360 1.77 900 1.58 1440 1.52
420 1.74 960 1.57
480 1.72 1020 1.54
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Equation (12) of the non-woven sample 
after applying static loading for 120 min-
utes and an hour after the load removal.

Figure 6 shows the experimental data 
and results obtained from the linear Jef-
frey’s model for the compression Equa-
tion (7) and recovery behavior Equation 
(12) of the nonwoven sample after apply-
ing 24-hour static loading and 24 hours 
after the load removal.

As can be seen in Figures 5 and 6, there 
is a good correlation between the theo-
ry and experimental data for the linear 
model to predict the recovery behaviour 
of nonwoven samples under BMSL and 
PHSL. However, as the results present-
ed in these figures revealed, there is 
a poor correlation between the theory 
and experimental data for the linear Jef-

frey’s model to predict the compression 
behaviour of nonwoven samples under 
BMSL and PHSL. In other words, the 
linear Jeffrey’s model is more accurate in 
predicting the recovery properties under 
BMSL and PHSL than in predicting the 
compression properties. 

Figures 7 shows the experimental data 
and results obtained from the nonline-
ar Jeffrey’s model for the compression 
Equation (32) and recovery behaviour 
Equation (40) of the nonwoven sample 
after applying 120-min static loading and 
an hour after the load removal.

Figure 8 shows the experimental data 
and results obtained from the nonline-
ar Jeffrey’s model for the compression 
Equation (32) and recovery behaviour 
Equation (40) of the nonwoven sample 

after applying 24-hour static loading and 
24 hours after the load removal. 

As can be seen in Figures 7 and 8, the 
nonlinear Jeffrey’s II model is capable 
enough of predicting the compression 
and recovery behaviour of nonwoven 
samples under BMSL and PHSL.

Table 8 presents the mean absolute errors 
obtained from the linear and nonlinear 
Jeffrey’s models under BMSL and PHSL 
for compression and recovery behaviour.

The results showed that the mean abso-
lute errors were 14.18% and 12.17% for 
the compression and recovery behav-
iour in the linear Jeffrey’s II model and 
4.68% and 4.66% in the nonlinear Jef-
frey’s II model under BMSL and PHSL, 
respectively. Thus, the compression and 

Figure 5. Comparison of experimental data and results obtained 
from the linear Jeffrey’s model for the compression and recovery 
behaviour of nonwoven textiles under BMSL.

Figure 6. Comparison of the experimental data and results obtained 
from the linear Jeffrey’s model for the compression and recovery 
behaviour of nonwoven textiles under PHSL.
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Figure 7. Comparison of the experimental data and results obtained 
from the nonlinear Jeffrey’s model for the compression and recovery 
behaviour of nonwoven textiles under BMSL.

Figure 8. Comparison of the experimental data and results obtained 
from the nonlinear Jeffrey’s II model for the compression and recovery 
behaviour of nonwoven textiles under PHSL.
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recovery behaviour can be predicted in 
the nonlinear Jeffrey’s II models under 
BMSL and PHSL better than in the linear 
Jeffrey’s II model.

In the prediction of the compression and 
recovery behavior for the nonlinear Jef-
frey’s II model under BMSL and PHSL; 
the mean absolute errors were 7.3%, 
2.07%, 5.96% and 3.37%, respectively. 

In the prediction of the recovery behav-
iour for the linear Jeffrey’s II model un-
der BMSL and PHSL the mean absolute 
errors were 3.02% and 5.87%, respec-
tively. The magnitude of compression er-
rors in the linear Jeffrey’s II model under 
BMSL and PHSL were significant, which 
can be due to the extreme deformation of 
the samples at the start of the loading and 
the lack of ability of  the model recom-
mended to predict this change at the same 
speed.

Table 9 shows a comparison of various 
investigations with the methods devel-
oped in this study with respect to simu-
lation of the compression and recovery 
behaviour of textiles.

 Conclusions
In this study, two different mechanical 
models based on mass-spring-dashpot 
including linear and nonlinear Jeffrey’s 
II models were developed to predict the 
compression and recovery behaviour 
of needle-punched non-woven textiles 
for automotive floor-covering applica-
tion under brief, moderate static loading 
(BMSL) and prolonged, heavy static 
loading (PHSL) according to ISO 3415 
and ISO 3416, respectively. Through 
solving the governing equation of the 
model to obtain the model parameters 

analytically, thickness loss of the non-
woven textiles within a certain time was 
achieved. The results obtained from the 
two models were compared with experi-
mental results in four cases including the 
linear and nonlinear Jeffrey’s II model 
under BMSL and PHSL. It was shown 
that the nonlinear Jeffrey’s model is suf-
ficiently able to predict the compression 
and recovery behaviour of nonwoven 
textiles under BMSL and PHSL. Howev-
er, the linear Jeffrey’s II model can pre-
dict recovery properties under BMSL and 
PHSL more accurately than compression 
properties. 
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Table 8. Mean absolute errors for the linear and nonlinear Jeffrey’s models 

Mechanical model loading Compression error value, % Recovery error value, % Average error value, %

linear Jeffrey’s II model
BMSL 25.34 3.02 14.18
PHSL 18.48 5.87 12.17

Non-linear Jeffrey’s II model
BMSL 7.3 2.07 4.68
PHSL 5.96 3.37 4.66

Table 9. Comparison of methods developed by researchers

Year Authors Product Mechanical behaviour loading Loading Comparison method of experimental 
and theoretical results

2016 Jafari	and	Ghane Carpet Recovery Linear BHSL Fitting
2017 Khavari	and	Ghane Carpet Compression and Recovery Linear and non-linear BHSL Fitting
2018 Jafari	and	Ghane Carpet Recovery Linear and non-linear BHSL Fitting

2020 Presented study Nonwoven Compression and Recovery Linear and non-linear BMSL
and PHSL Analytical	solution


