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ABSTRACT: The time-dependent stress (tension) relaxation behavior of wet paper plays a key role in web transfer from the press to the dryer section of a paper machine. In this study, three linear viscoelastic models were used
to predict the short time range tension relaxation of wet paper. Over longer time periods, all three models gave
relaxation moduli that were apparently linear on a logarithmic timeline. However, the results showed that the tension
relaxation of wet paper had more than one characteristic time constant, meaning that the initial tension relaxation
phase had a different constant than the later phase or phases. In practical applications, the most relevant time range
for runnability of the wet paper web is from milliseconds to a few seconds. The obtained results suggest that the
strain rate and initial tension of the relaxation dictate the shape of the tension relaxation curve of wet paper: the
higher the strain rate, the greater the tension loss during the first second of relaxation. The tension relaxation behavior of wet paper did not generally depend on pulp type, refining level of pulp, or solids content. However, there can
be significant differences between furnishes and solids content in the amount of draw that leads to a sufficient web
tension. The results indicated that the tension relaxation behavior of wet paper may be based on a general viscoelastic mechanism that is independent of fiber network properties but depends on the fiber wall material. The findings suggest that the redistribution mechanism of stresses in the wet fiber network has a high level of regularity. The
Prony series was capable of predicting tension relaxation behavior of wet paper over a wide time range. Therefore, it
can be a very useful simulation tool not only for wet webs, but for any viscoelastic material that shows stress (tension) relaxation.

Application: The process efficiency of paper and board making can be improved, especially in unstable or in
problematic running conditions, by taking full advantage of the proposed relatively simple modelling method for the
relaxation behavior of wet paper webs.

P

aper is a viscoelastic material [1-7]. Viscoelasticity of a
wet paper web is relevant to the runnability of a modern papermaking process due to the finite deformations
at short times in the press and dryer sections of a paper
machine [8-12]. Tensions in wet and dry paper webs are nonlinearly proportional to its strain, and depend on the strain
rate [1-2,13-15]. Strain in paper is not completely recoverable
once the tensile load is removed; part of the recovery is timedependent and part is non-recoverable [12,16]. Viscoelastic
materials exhibit characteristic responses: tensile creep;
tension relaxation; tensile stiffness dependence on the strain
rate; hysteresis in cyclic loading, leading to dissipation of
mechanical energy; and attenuation of acoustic waves [12].
These phenomena govern the tensile behavior of a paper
web in papermaking, converting, and printing processes
[17-22].
Because the backbone of paper is made of fibers that are
composed of natural polymers, both paper and fibers exhibit
similar viscoelastic characteristics: tension relaxation, creep,
strain-rate dependency of tensile stiffness, hysteresis in cyclic
loading, and sensitivity to temperature changes [12, 23-25].

However, there is a very limited amount of information about
the effects of initial strain rate on the subsequent relaxation
properties of wet paper.
Understanding the viscoelasticity of a wet web enables the
improvement of web runnability in a paper machine. Advanced modeling is commonly used for estimating or solving
problematic situations in complex processes such as ones that
occur in a paper machine. The most challenging area for wet
web runnability is the first open draw between the press and
dryer sections and the first opening gaps of the cylinder dryer.
Runnability of a wet web in the paper machine is significantly affected by furnish, web tension, relaxation phenomena,
web solids content, machine speed and geometry, use of supporting fabrics, and other web runnability stabilizing systems,
to mention a few [26-31]. However, a wet paper web gradually transforms into a dry paper web during the wet pressing
and drying stages. Mechanical properties and structure of the
web evolve constantly during the papermaking process, also
enhancing runnability [32-33].
This study is a continuation of the analysis of the tension
relaxation data of wet paper that we have partly presented
NOVEMBER 2016 | VOL. 15 NO. 11 | TAPPI JOURNAL

693

PAPERMAKING
earlier [34]. The objective of this second part was to model
the rheological time-dependent tension relaxation behavior
of wet paper, since it plays a key role in the web transfer from
the press to the dryer section. The dependency of tension relaxation on pulp type, refining, solids content, and fines was
studied here. More specifically, the objective was to compare
three linear viscoelastic models to predict tension relaxation
of wet paper.
EXPERIMENTAL

(with white water recirculation, except in the fines-free case)
using the EN ISO 5269-3 “Pulps — Preparation of laboratory
sheets for physical testing — Part 3: Conventional and RapidKöthen sheet formers using a closed water system.” Two wet
pressing levels were used to vary the solids content of the
sheets; level a: 50 kPa (differing from the EN ISO 5269-3) and
level b: 350 kPa (standard level in EN ISO 5269-3). Testing of
the wet laboratory sheet samples took place at a temperature
of 23°C and at 50% relative humidity, with the C-Impact tester
built by VTT [35].

The test material consisted of two commercial pulps:
bleached softwood kraft pulp (BSKP) and bleached
eucalyptus kraft pulp (BHKP). Both pulps were refined on
two levels (Table I). The specific edge loads used for the
pulps were 1.3 Ws/m for the BSKP and 0.7 Ws/m for the
BHKP. One additional furnish was obtained by removing
fines from the BSKP 200 kWh/ton.
Fines were removed as follows: 60 g pulp samples were
disintegrated in 2 L water. Wire with a mesh size of 400 µm for
the BSKP was used in the washing cell, and the pulp suspension was washed continuously with a water flow of 7 L/min
for 20 min.
Furnishes were characterized by measuring the SchopperRiegler number (SR), water retention value (WRV), and fiber
properties using an L&W STFI FiberMaster (Lorentzen & Wettre; Stockholm, Sweden) (Table I and Table II).
The refined pulps were made into 60 g/m2 handsheets

The test contained a straining cycle with three phases: straining, relaxation and de-straining phases (Fig. 1). The wet
laboratory sheet samples were strained using three different
strain rates (1 %/s, 10 %/s, and 100 %/s) in the C-Impact tester
[35]. The straining cycle first had a straining to 2% strain, then
a 10-s-long relaxation phase at 2% strain followed by de-straining to zero tension at the initial strain rate. The thickness and
apparent sheet density of the dry laboratory sheet samples
were measured using the ISO 534 “Paper and board — Determination of thickness, density and specific volume,” and airdry grammage was measured using ISO 536 “Paper and board
— Determination of grammage.” The thickness of the wet
laboratory sheet samples was measured between transparent
films by applying ISO 534. The apparent dry density was defined as a ratio of air-dry grammage to the wet thickness of a
sheet.

Materials

Methods

Refining Level,
kWh/ton

Schopper-Riegler No.

Water Retention Value

Eucalyptus kraft 100 kWh/ton

100

44

1.83

Eucalyptus kraft 200 kWh/ton

200

67

2.14

Softwood kraft 50 kWh/ton

50

21

1.52

Softwood kraft 200 kWh/ton

200

67

2.08

Softwood kraft 200 kWh/ton
(fines removed)

200

17

1.53

Furnish

I. Properties of the studied furnishes.
Fiber Length,
mm

Fiber Width,
µm

Shape Factor

Fines,
%

Eucalyptus kraft 100 kWh/ton

0.69

18.3

88.1

10.2

Eucalyptus kraft 200 kWh/ton

0.67

18.4

88.2

10.7

Softwood kraft 50 kWh/ton

2.15

29.4

83.6

6.9

Softwood kraft 200 kWh/ton

1.97

30.5

83.1

9.3

Softwood kraft 200 kWh/ton
(fines removed)

2.06

30.6

83.0

3.3

Furnish

II. Fiber properties of the studied furnishes as measured by the L&W STFI FiberMaster.
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introduced by Zapas and Phillips [37]:

			

(3)

where: 		
t1 = the ramp time
σ = tension, N/m

1. The tension-time curve of the measurement data with the
straining, relaxation, and de-straining phases. Bleached
hardwood kraft pulp (BHKP) 100 kWh/ton at 48% solids content
with strain rate 1 %/s. All samples were strained 2%.

For the linearly viscoelastic material, the relaxation modulus of the integral-based constitutive equation is commonly
represented via the Prony series [4]:

		

(1)

where:		
t = time, s
E(t) = the relaxation modulus, kN/m
Ei , λi = non-negative constants kN/m and s, respectively

According to Sorvari [4], the Zapas-Phillips method can
give accurate results in the time interval of validity (i.e., at
times t > t1/2). However, if the ramp time is large, it is evident
that the accuracy of the Zapas-Phillips method is reduced in
the estimation of relaxation modulus [4]. In this study, the
strain rates were 1 %/s, 10 %/s and 100 %/s and the ramp times
to 2% strain were 1.97 s, 0.196 s and 0.021 s, respectively. For
the strain rates 1 %/s, 10 %/s and 100 %/s, the half ramp times
were approximately 1 s, 0.1 s, and 0.01 s, respectively. The
Prony series in this study was:

		

(4)

where: 		
E1 and E2 = 0, when the strain rate was 1 %/s
E1 = 0, when the strain rate was 10 %/s
Mäkelä [11] proposed a more simple method for estimation
of dry paper stress relaxation modulus:

(5)

		

The constants λi are commonly referred to as relaxation
times and are often chosen equidistantly on the logarithmic
time axis, one or two per decade. In an ideal step loading relaxation test, where constant strain is applied to the specimen
at time zero, the relaxation modulus is simply given by:

where:		
E(1) = a constant, relaxation modulus after 1 s, kN/m
k = parameter that defines the slope of the relaxation modulus, kN/m

			

In Mäkelä’s Eq. (5), the relaxation modulus is obtained by
scaling the tension with elastic strain:

(2)

where: 		
ε0 = the constant strain
σ = tension, N/m
Due to the inertia effects, an ideal step loading relaxation
test cannot be performed. According to Sorvari (2009), it can
be assumed that a large error can occur in the approximated
relaxation modulus if the step strain assumption is used and
the ramp time is large [4]. However, since the plateau value
in the relaxation test is attained relatively rapidly, the error
will most likely also vanish quickly. For an experimental test,
the “factor-of-ten” rule proposes that the true and step-strain
responses are equal at times larger than 10t1, where t1 denotes
the ramp time [36]. In this study, we used a simple correction
method for the linear model with a finite ramp time that was

		

(6)

where:
εel = elastic strain
The elastic strain can be calculated from the tensile stressstrain curve as a ratio of stress and Young’s (elastic) modulus
(or tension and tensile stiffness) that corresponds to the constant strain level in the relaxation test (in this study it was
2%). However, by the definition, Young’s modulus can be
constant only in linear elastic materials. As wet paper is a
non-linearly viscoelastic material, the elastic modulus used
in the scaling of the tension depended on strain rate. The
concept of elastic strain was similar to the scaling method
that was used in the first part of this study [34]. The properNOVEMBER 2016 | VOL. 15 NO. 11 | TAPPI JOURNAL
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2. The relaxation moduli at semi-logarithmic scale of bleached
hardwood kraft pulp (BHKP) and bleached softwood kraft
pulp (BSKP) at varying solids content and refining levels with
different strain rates: 1 %/s, 10 %/s, and 100 %/s. Thick red
curves are the measured relaxation data, black curves represent
the Prony series, and blue dashed lines represent the Kubát’s
modified equation. The applied Zapas-Phillips time correction
causes the varying start time of the relaxation phase.

(A)

3. The relaxation moduli at linear scale of BHKP and BSKP
pulps at varying solids content and refining levels with different
strain rates: 1 %/s, 10 %/s, and 100 %/s. Thick red curves are
the measured relaxation data, black curves represent the Prony
series. and blue dashed lines represent the Kubát’s modified
equation. The applied Zapas-Phillips time correction causes the
varying start time of the relaxation phase.

(B)

4. The relaxation moduli at semi-logarithmic scale of BHKP and BSKP pulps at varying solids content and refining levels with
different strain rates: 1 %/s, 10 %/s, and 100 %/s. Thick colored curves are the measured relaxation data and black dashed lines
represent Mäkelä’s equation.

ties and shape of the tension-strain curve were previously
studied by scaling the tension with the tensile stiffness and/
or using the efficiency factor. The efficiency factor concept
has been previously used, especially to describe changes in
inter- and intra-fiber effects of dry paper on the shape of the
tension-strain curve [3,38-39]. Higher efficiency (and tensile
stiffness) is related to a higher activation of the network and
its load bearing ability [40].
In this study, the goodness of the relaxation modulus of
Mäkelä’s model (Eq. [5]) was evaluated for wet laboratory
sheet samples on one strain level. Mäkelä examined a time
range from 10 -1 s to 104 s for dry paper, whereas in this study
the time range was from 10 -2 s to 101 s. However, Mäkelä re696
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marked that the different stress relaxation moduli deviated
from each other in the short time interval.
The third model that was evaluated was Kubát’s equation
(Eq. [7]), that is formally similar to Mäkelä’s equation (Eq. [5]),
the only difference being that Tc is not fixed at 1 s, such as
E(1). It has been shown that the relaxation rate (R) depends
only on the initial tension, and for a wide spectrum of materials (wet paper, dry paper, polymers, crystals, composites,
etc.) the relaxation rates fall within a small range [17,35,41].
However, the initial transient time, before the stress relaxation behavior of a material is at log-linear equilibrium, varied
between different materials [41]. During the relaxation
phase, the tension depends on time as follows:

PAPERMAKING

(A)

(B)

5. The relaxation moduli at linear scale of BHKP and BSKP pulps at varying solids content and refining levels with different strain
rates: 1 %/s, 10 %/s, and 100 %/s. Colored curves are the measured relaxation data, and black dashed lines represent Mäkelä’s
equation.

		

(7)

where 		
T = tension, N/m
t = time, s
Tc = a constant, N/m
R = the tension relaxation rate, N/m
In this study, the tension (T(t)) in Kubát´s equation (Eq. [7])
was scaled with a constant strain (ε0) to obtain the relaxation
modulus corresponding to the relaxation rate.
The relaxation moduli were determined by fitting Eqs.
(4), (5), and (7) to the relaxation data. There were altogether
240 relaxation data sets that were investigated (30 trial
points that each had eight repeats). The relaxation was
monitored for 10 s (Fig. 1). The Zapas-Phillips time
correction was applied to the Prony series (Eq. [4]) and to
the modified Kubát’s equation (Eq. [7]), leading to varying
start time of the relaxation phase (Fig. 2). The time
correction was also applied to Mäkelä’s equation (Eq. [5]),
but it tended to lead to a more cumbersome fit the more
close the ramp time was to 1 s, because the fitting parameter
E(1) was fixed at 1 s. Over the longer time periods, all the
relaxation moduli were apparently linear on a logarithmic
timeline (Fig. 2 and Fig. 4).
In all cases, the GRG Nonlinear Solver in Microsoft Excel
was used for the nonlinear least-squares optimization to determine the material parameters.
RESULTS

Curve fitting of tension relaxation moduli
of wet paper
The relaxation moduli of BHKP and BSKP pulps at varying
solids content, refining levels, and strain rates are presented
in Figs. 2-6. The used Zapas-Phillips time correction was the
reason for the varied start time of the relaxation moduli. It is

6. The relaxation moduli of refined (200 kWh/ton) BSKP pulp at
54% solids content strained at 100 %/s strain rate presented on
a semi-logarithmic scale.

evident from Fig. 2 that the Prony series (Eq. [4] with 3–5 fitting parameters) yield better results, with time scales up to
50-s relaxation time compared to the modified Kubát‘s equation (Eq. [7] with 2 fitting parameters). Both models seemed
to yield better results in correlation with shorter time corrections (i.e., with increasing strain rates). Kubát’s equation is
known to work at the stable relaxation phase. Time ranges
that are less than a fraction of second or larger than hundreds
of hours are most probable not suitable for Kubát’s equation.
The Prony series (Figs. 2, 3, and 6) yielded very good fits for
the whole data set at 100 %/s strain rate. The modified Kubát’s
equation was not used in further analysis of the result, because it was clearly less accurate compared to the Prony series.
In the previous part of this investigation [34], fits for the
Kubát’s equation (relaxation rate) were presented without the
Zapas-Phillips time correction as a function of initial tension
of relaxation. However, with the presented parameters, the
relaxation data can be adequately modeled [34].
Figures 4 and 5 show the relaxation moduli calculated
using Mäkelä’s equation (Eq. [5]). The Zapas-Phillips time
NOVEMBER 2016 | VOL. 15 NO. 11 | TAPPI JOURNAL
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(A)

(B)

7. The effect of initial tension on the E0 and E1 constants of the Prony series for relaxation modulus (with all strain rates, furnishes,
and solids content, when samples were strained 2%).

(A)

(B)

8. The effect of initial tension on the E2 and E3 constants of the Prony series for relaxation modulus (with all strain rates, furnishes,
and solids content, when samples were strained 2%).

correction could not be reasonably applied to Mäkelä’s
equation with ramp times longer than 0.2 s, because the
parameter E(1) was fixed at 1 s time by the definition (Figs.
4B and 5B). On the other hand, if the time correction is
omitted, large errors may be induced to the relaxation
moduli, especially when t < t1. However, Mäkelä’s equation
is adequate for application to curve fitting purposes (Figs. 4A
and 5A) and also the two other presented methods. Mäkelä’s
equation leads to significantly higher relaxation moduli
values compared to the Prony series, because of the different
scaling strain (εel and ε0, respectively).
The presented results suggest that tension relaxation of wet
paper has more than one characteristic relaxation time constant, because the initial relaxation phase has a different constant from the phase or phases after about 1 s relaxation time.

Parametrization of the models for relaxation
moduli of wet paper
The Prony series (Eq. [4]) was fitted to the relaxation data and
each trial point had eight repeats (Fig. 6). The average of the
698
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eight repeats was used when parameters for Prony series were
calculated (Fig. 6).
The parameters of the Prony series (Eq. [4]) depended linearly on the initial tension with very high correlations, but the
linear dependency was different for each strain rate
(Figs. 7-9). Results indicated that relaxation behavior did not
generally depend on pulp type (BSKP and BHKP), refining
level, or solids content in the studied material. However, there
were significant differences between furnishes in the tension
at 2% strain. The parameter E0 describes the relaxation modulus in “infinity.” In this study, the “infinity” was about 50 s,
due to limited duration (10 s) of the relaxation measurement
(Figs. 2 and 6). In the case of wet paper the most relevant time
range for modelling web tension is only a few seconds due to
the high strain rates at the paper machine and the quickly increasing solids content due to drying.
The parameters of Mäkelä´s equation (Eq. [5]) also depended linearly on the initial tension. Additionally, the parameters were almost independent of the preceding strain
rate (Fig. 10). The strain rate dependency of the parame-
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9. The effect of initial tension on the E4 constant of the Prony
series for relaxation modulus (with all strain rates, furnishes,
and solids content, when samples were strained 2%).

ters probably vanished due to scaling with elastic strain that
was obtained by scaling with elastic modulus (or tensile stiffness) that is known to depend on the strain rate. The minor
differences of the linear correlations of the parameters between the strain rates may originate from the scaling with
elastic modulus (or tensile stiffness) that sometimes can be
difficult to reliably obtain from data due to the possible sigmoidal shape of the wet paper tension-strain curve. Despite
the apparent strain rate independence, Mäkelä´s equation
was not an optimal method for modelling tension relaxation
at short time scales, because the accuracy of the modelled
tensions for short relaxation times was lower compared to
the Prony series.
DISCUSSION
Web tension in an industrial paper machine is not typically
measured with direct measurement, though too low web tension is known to increase the probability of web break and
too high web tension increases porosity, for example, and may

(A)

have an influence on web runnability in subsequent coating,
printing, or converting processes [10,28,33]. However, web
tension can be estimated by calculation or modeling by taking
account of the known state parameters such as web basis
weight, solids content, temperature, furnish composition,
web draw, strain rate, centripetal forces, adhesion between
paper and paper machine surfaces, etc., and the well-known
viscoelastic behavior of paper [10]. The influence of a single
draw on wet web tensions can be easily estimated by simply
combining strain rate dependent tensile stiffness of wet paper
and some of the previously mentioned state parameters. However, after the draw, rapid tension relaxation occurs and 40%–
60% of the tension may be lost in around 0.5 s due to the viscoelastic nature of paper. During a stable run of an industrial
paper machine, the web runnability is probably quite constant, and there is a minor need for web tension evaluation.
Difficulties may arise during unstable running conditions
(e.g., during grade changes) or if for some reason the paper
machine process fluctuates as a function of time, causing inconstant paper web properties in the machine direction
(MD), or if there are significant quality profiles in the cross
direction (CD) of the web. In these kinds of critical situations,
it could be useful to have a fast and simple method to estimate
the influence of disturbances on the web tension and the risk
of a potential web break. The presented Prony series that describes the viscoelastic stress relaxation behavior is a relatively simple tool and can be useful for an engineer in estimating
the web tension, if sufficient data for the specific paper grade
of the mill has been gathered in advance.
The parameters of the Prony series (i.e., the shape of the
relaxation curve) for wet laboratory sheet samples depended
only on the strain rate and initial tension of the relaxation
phase. The initial tension can be described as a function of
solids content or refining level, but in this case it was not
needed. The relaxation curves were also independent of the
differences in the tensile curves that were presented in the
first part [34]: The shape of the BHKP tension-strain curve
was elliptical, whereas the BSKP tension-curve showed a sig-

(B)

10. The effect of initial tension on the E(1) and k constants of Mäkelä´s equation for relaxation modulus (with all strain rates,
furnishes, and solids content, when samples were strained 2%).
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11. The modeled tension during the first 2 s of relaxation when
tension at 2 s was constant at 170 N/m.

12. The modeled tension during the first 2 s of relaxation starting
from 180 N/m tension.

moidal shape [34]. However, the only strain level studied here
was a 2% strain. It is possible that, for example, at high strain
(with major plastic deformation and fiber network breaking)
or at very low strain (with minor plastic deformation) levels,
the shape of the relaxation curve differs from the presented
analogy. Thus, the presented parameters for the Prony series
are not applicable to a wide range of strains. Also, previous
straining may have an influence on the relaxation behavior.
Additionally, the samples did not contain any papermaking
additives, and the fibers were randomly oriented. Therefore,
the presented parameters probably cannot be directly applied
to a modeling of relaxation behavior of industrial paper webs.
The presented study could not give any characteristic indications of the role of fiber and bond properties in a random
fiber network. The shape of the tension relaxation curve at
the studied solids content range was independent of the studied pulp types and refining levels. This indicates that the tension relaxation behavior of wet paper may be based on some
kind of general viscoelastic mechanism that is independent
of the network properties of randomly oriented cellulose fibers. On the other hand, the differences in the cellulose fiber
network may be minor or irrelevant to the tension relaxation
behavior at the studied solids content range, as the fibers are
not bonded or the amount of the bonds is minor. However,
behavior of a cellulosic fiber wall material may be a primary
reason for the relaxation behavior, because from both BHKP
and BSKP fibers, all lignin was removed and the cellulose was
the only remaining material. Slippage of fibers during tensile
straining was one possible mechanism to explain the difference in the tensile curves in the first part of the study [34],
but in light of the presented relaxation behavior, the fiber slippage would be unlikely to happen during relaxation. Actually,
it is more probable that the fiber network is fixed during the
relaxation and there is no relative movement of structural
components (fibers and fines) during the relaxation phase.
However, influence of fiber curl on the relaxation behavior
remains as one open question after this study, because all the
studied fibers were quite similar to each other. Additionally,

in the case of industrial papermaking, the varying fiber orientation, filler content, and network porosity may have an influence on the similarity between the relaxation behavior of
BHKP and BSKP pulps.
In the first part of the study, it was discussed that it would
be advisable to develop furnish in such a manner that the tensile strength or strain at break are not maximized at the expense of tensile stiffness and tension relaxation properties.
Also, it was discussed that wet tensile strength should be improved, for example, by increasing solids content after the
press section. It was also speculated that the relaxation properties of wet web should be improved by developing furnish
and structural properties of the web. However, in light of the
present study, it may also be difficult to improve the relaxation
properties of pulps fundamentally by refining (for example),
because the shape of the relaxation curve did not seem to depend on pulp at all. However, by increasing the solids content
after wet pressing, the residual tension can be improved, because the initial tension will be increased. On the other hand,
it is known that in relaxation the mechanical pulps perform
very differently from chemical pulps, such as BHKP and BSKP.
This subject definitely requires further investigation.
The presented findings suggest that the mechanism of
stress redistribution in the wet fiber network has a high level
of regularity. The strain rate greatly influenced the relaxation
rate during the initial 250 ms (Fig. 11): the faster the preceding strain rate, the greater the initial relaxation rate. However,
Fig. 11 indicated that after the initial 500 ms, the shape of the
relaxation curve was independent of strain rate in a case when
the modelled tension was 170 N/m after 2 s relaxation. This,
in turn, also emphasizes the practical importance of the initial
moments of tension relaxation of wet paper. The results of
this study showed that after straining to 2% strain and after
10 s relaxation phase, the highest tension was obtained with
the lowest strain rate, even though the initial tension was
higher with the higher strain rate. Figure 12 shows tension
during the first 2 s of the relaxation with different strain rates
when the initial tension was fixed to a constant. It can be said
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that the high strain rate boosts tension during tensile straining, but when the straining stops, the loss of tension during
relaxation will also be boosted.
The Prony series seemed to predict very well the tension
relaxation of wet laboratory sheet samples, and it seems to be
a very useful tool for simulations and engineer estimations. The
Prony series can be applied to any material showing stress relaxation. It can also be applied to any time scales by introducing relaxation times (constants λi) for each decade of time.
However, Kubát’s and Mäkelä’s equations can describe the
characteristic relaxation rate of a little longer time scale (from
a few seconds to several hours) with only one parameter. The
E0 parameter in the Prony series describes the tension level at
“infinity”. The relaxation modulus by the Prony series was constant after 50 s with the data presented. However, the applicability of the proposed Prony series is probably less than that.
Constants of the log-linear time dependency in the early stages
of relaxation of wet laboratory sheet samples were not the
same as for the longer tension relaxation period. The deviation
from log-linearity can be seen from Fig. 3 and also from Mäkelä’s
data [11]. It indicates that more than one characteristic loglinear time constant is needed for describing the relaxation
phenomenon of wet paper at short and long time ranges.
Strain rates in paper machine draws can be more than
500 %/s [21]. The results presented in the first part indicated
that more than 50% of the web tension generated in press-todryer section draw is lost before the web reaches the next
possible draw location [34], which is between the first and
the second dryer groups. The results suggest that the Prony
series is a good tool in examining and predicting the tension
loss of wet web. How well the Prony series is able to follow
the temperature effects remains open. It is also known that
temperature has a significant influence on the straining and
relaxation behavior of wet paper in a paper machine [35].
Tensile stiffness decreases, and the tension relaxation rate increases with increasing temperature, which seems to originate mainly from the softening of wet fibers [35]. The intention of this study was not to try the complete modeling of
complex loading of the drying web with the Prony series. At
best, the Prony series could be used for the modeling of relaxation and creep phases of the drying web, but it is not suitable
for modeling straining phases. However, the Prony series can
be applied to some nonlinear models that have similar structure. Generally, in wet paper the short time-scale phenomena
have a higher role than in dry paper, and they have a practical
significance for a web dried under tension in a paper machine.
CONCLUSIONS
The tension relaxation of wet paper has more than one characteristic relaxation time constant, meaning that the initial
relaxation phase has a different constant from the later phase
or phases. The most relevant time range of the wet web tension relaxation for practical applications is the first few seconds due to the high machine speed and strain rates at the
paper machine and the varying solids content due to drying.

The strain rate and initial tension dictate the shape of the
relaxation curve of wet paper. A higher strain rate leads to
greater loss of tension from the same initial tension during the
first second of relaxation. However, there can be significant
differences between furnishes and solids content in the
amount of draw that leads to the sufficient web tension. Tension after a certain straining of wet web can be improved by
increasing solids content, wet pressing, refining, and fines
content. The studied BSKP had higher tensile stiffness and
therefore had a higher initial tension at the same strain and
solids content than the studied BHKP. On the other hand, the
general relaxation behavior did not depend directly on pulp
type (BSKP and BHKP), refining level, or solids content in the
studied cases. In light of the results, it may be difficult to improve the relaxation properties of pulps fundamentally (for
example, by refining), because the general shape of the relaxation curve does not depend on pulp type at all. However, by
increasing the solids content after wet pressing, the relaxation
behavior can be improved because the initial tension will be
increased.
The study did not give any characteristic indications of the
role of fiber and bond properties, refining, or pulp type on
the shape of the tension relaxation curve. In light of the differences between BSKP and BHKP fiber properties and the
discovered differences between the tension-strain curves of
the studied pulps, the very similar tension relaxation behavior
was surprising. This indicates that the tension relaxation behavior of the studied pulps was characteristic of the studied
randomly oriented cellulose fiber networks and may have depended on the cellulose fiber wall material. On the other
hand, the differences in the studied randomly oriented cellulose fiber networks may have been irrelevant or minor for the
tension relaxation behavior. The presented findings suggest
that the redistribution mechanism of stresses in the wet randomly oriented fiber network has a high level of regularity.
However, in the case of industrial papermaking, the varying
fiber orientation, filler content, and network porosity may
have an influence on the similarity between the relaxation
behavior of BHKP and BSKP pulps.
The Prony series could predict very well the tension relaxation of wet paper. A simulation with the Prony series
showed that after the initial 500 ms, the shape of the relaxation curve was independent of strain rate in a case when the
modelled tension was 170 N/m after 2 s relaxation. The parameters of the Prony series in relaxation depended linearly
on the initial tension and the previous strain rate defined the
slope of the linear relation. The Prony series is a very exact
and handy tool for simulations and engineer estimations, not
only for wet webs but for any viscoelastic material that shows
tension (stress) relaxation. The more simple Kubát’s and
Mäkelä’s equations that were studied can also describe the
characteristic relaxation rate of a little longer time scale (from
a few seconds to several hours) with one number. However,
those equations are not suitable for time ranges less than one
second. TJ
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ABOUT THE AUTHORS
The stress relaxation properties of wet paper are important for the runnability of a paper machine, and
the mechanisms are still relatively unknown. The
wet web stress relaxation after press and dryer section draws on a paper machine is very fast and significantly large (typically 1/2 of wet web tension is
lost during less than a second), and it has been proven to correlate with web breaks. We studied the role
of several factors on the wet web stress relaxation
behavior and compared three relaxation models.
Prony series turned out to be a very good (and relatively simple) tool for modelling stress relaxation of
wet paper.
This work was a continuation of a study that we
presented in TAPPI J. 14(8): 515(2015). In the first
part, we studied tensile-curve of wet paper. The
second part in this issue studies relaxation
phenomena. The relaxation of wet paper has been
studied at VTT by the authors and other colleagues.
Application of the Prony series in the data produced
totally new insight for wet paper relaxation behavior.
It was challenging to explain the role of fibers and
fiber contacts in wet paper on the basis of modelled
relaxation curves and the used methodology. Due to
a large data set, it was time consuming to model all
data.
The Prony series model and calculation program
was developed at a stage that can be easily applied
as a tool from now on. The role of the fiber network
on the stress relaxation of wet paper was quite surprising, because there was actually a minor difference in fundamental stress relaxation behavior of
pulps despite quite significant differences in the pulp
samples. The role of the fiber network was either insignificant or the two pulps (SW and HW kraft pulps)
were too similar in the sense of fiber properties. The
linear dependence of the Prony series and Mäkelä’s
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equation parameters as a function of initial tension
of the relaxation phase was also very interesting and
can be utilized later.
Mills can improve wet web runnability by better
understanding and foresight of the relaxation
behavior of wet paper. Relationships between initial
tension after draw, amount of wet web draw, residual
tension, relaxation rate, solids content, etc., can be
studied and predicted by applying the Prony series to
a mill’s pulps and tailored relaxation test data.
Our next step is to apply the Prony series to
different kinds of pulps and paper samples, wet and
dry, and take into account the fiber orientation. Also,
the modelling at elevated temperatures will be
interesting. The modeled Prony series parameters
can also be used for predicting creep behavior of the
same material and also for predicting tensile curve.
There are several interesting possibilities in how to
continue this research.
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