
A b s t r a c t. Stress relaxation in two varieties of potato tubers

was studied with the aim of proposing a more suitable rate control

model (RCM) for description of the relaxation process in vegetable

tissue. This model was termed sigmoid model. It approximated the

source f-function very well and gave about one order less model

deviations from the experimental relaxation curves than the other

usual simple models. It is shown that the best approximation

accuracy can be obtained at higher pre-strains, but the highest

inter-variety differences can be obtained at low pre-strains. The

sigmoid model was rationalised by expressing the model

parameters in ratio form. The behaviour of activation volume

observed indicated that the sigmoid RCM covers some more

complicated internal mechanisms responsible for relaxation

process.

K e y w o r d s: potato, tuber, stress relaxation, model, thermal

activation, stress, pre-strain sigmoid, f-function

INTRODUCTION

Most vegetable flesh is formed by soft and juicy

parenchyma. The big cells with thin cell walls belong to the

important characteristics of its structure. The vegetable

deformation has a partly irreversible character (Mohsenin,

1970) even at low deformation levels. It means that the

simple mechanical tests, originally developed for testing

solid products of an elastic character, can be used for testing

vegetables only in some limited cases. Instead of elasticity

rheological methods, models and theories must be used.

They are based on the important role of time in deformation

process. The simple Hooke's Law:

� �� E (1)

where � is stress, E Young's modulus, and � strain, is then

rewritten into more general form (Dotsenko, 1979):

� �d dt E d dt f t� � �/ / , ,� � (2)

where f is a positive function of time and stress. In stress

relaxation tests, the strain is kept at the same level, so that the

first term in Eq. (2) is equal to zero. If the function f depends

only on stress (parameter x will be used for this purpose), the

solution of Eq. (2) is obtained in simple form (Dotsenko,

1979):

� �
t

dx

f x
� ��

� 0 (3)

where � and �0 is the actual stress and the initial stress,

respectively. We will term the function f(�) as the source

f-function. Mathematical equations used for the source

f-functions in some simple relaxation models are given in

Table1.

The vegetable flesh of potato tubers, roots of parsley

and carrot as well as the bulb tissue of kohlrabi were used for

stress relaxation test in compression in a previous paper

(Blahovec, 1996) and the data obtained was evaluated using

simple relaxation models such as the power and logarithmic

models (see Table 1). It was shown that the models could be

rewritten using the similar parameters: the initial slope of the

relaxation curve and the time factor. Both the simple models

gave the comparable results that differ systematically only

due to the different structure of the models.

In this paper, a new class of source f-functions is pro-

posed. It will be used here for better description of stress

relaxation in potato tubers.

MATERIALS AND METHODS

Experimental procedure

The potatoes (varieties 'Nicola' and 'Panda') were sup-

plied by the Potato Research Institute at Havlíèkùv Brod,

located in the eastern part of Bohemia. The tubers were
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harvested in October 1998 and kept in cold store (at tempe-

rature 6�C and 95 % relative humidity) until the end of Janu-

ary and then tested.

Compression tests were carried out on cylindrical speci-

mens, 15 mm diameter and 23 mm long cut from the central

parts of tubers by a cork borer in such a manner that the

specimen axis was approximately parallel to the tuber axis.

All tests were performed in an Instron deformation testing

machine, type 4464.

Twenty-five specimens were used for the usual stress

relaxation test; 20 at pre-strain rate 0.167 mm s
-1

(5 speci-

mens per every different pre-strain level: 5, 10, 15, and

20%), and 5 specimens at level pre-strain rate 0.8333 mm s
-1

(pre-strain level 15%). The real relaxation time was 10 min.

The deformation force was registered ten times per second

and the data obtained, 6000 per every specimen, was used

for numerical calculation. This number was reduced in some

numerically difficult calculations up to 70 points. In this

case, the force interval between the initial and final points

was covered at equal distances by the selected data. All the

data obtained for relaxation times lower than 0.3 s was

excluded from the evaluation procedures.

Pre-strain parameters, e.g., pre-strain stress and strain,

and also all the computed quantities, are used here in the so

called "true" or Hencky's representation (Mohsenin, 1970).

For incompressible media the true stress is approximated by

�0t = �0(1 - �0) with �0 and �0 are the engineering stress and

strain, respectively. A similar simple equation �0t = -ln (1 -

�0) holds for the true strain.

Models

The models used in the previous paper (Blahovec, 1996)

are of the type, described by Eq. (3) with s-dependent source

f-function (Table I). The logarithmic model plays an

important role among the models presented in this table. The

f-function in this case can be classified as rate controlled

source f-function (Dotsenko, 1979). It means that its shape

is given by a thermally activated overcoming of potential

barriers in the specimen during deformation. The argument

of the exponential function (Cx) in the corresponding source

f-function has a meaning of Vx/(kT) (Dotsenko, 1979),

where V is the activation volume, k the Boltzmann constant,

and T the absolute temperature. Every model with rate

controlled source f-function will be termed as the rate

controlled model (RCM).

The logarithmic RCM was modified for evaluation of

the data obtained in this paper. The new model is termed

sigmoid RCM and is given by the following source

f-function:

� � � �f x K e e
C x Cxn

� � �
1 1 (4)

where K, C1, C, and n are the parameters. The modification

of the logarithmic RCM consists in the following changes of

the source f-function: (i) in modification of the exponent,

where a new parameter n was inserted (ii) in new correction

term (1 - exp (-C1x)). The first change should express the

possible changes in activation volume during relaxation.

The correction term assure that source f-function of the

sigmoid model fulfils the important condition f(0) = 0 so that

the sigmoid RCM does not give unreliable stress values

lower than zero as is generally possible for the logarithmic

RCM. This is why the sigmoid RCM predicts zero stress

values for infinite time of relaxation. The term "sigmoid "

has its origin in the shape of the corresponding source

f-function in semi-logarithmic scale, which resembles part

of the �-letter.

Determination of the model parameters

The first time derivative of the experimental stress

relaxation curve was numerically determined as the first

derivative of the Lagrangian interpolation polynomial of de-

gree 2 in 3 successive points. These values were related to

the middle of the three contiguous points so that the

derivative was determined in every point (the first and last

points were excluded) of each stress relaxation curve. The

model parameters (see Table 1 and Eq. (4)) were deter-

mined by minimisation of Chi-square function SFC (stan-

dard fitting coefficient), defined by the following equation:
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where n is number of the evaluated points, xk is an expe-

rimental value and xkm is the corresponding model value at

the same point (for the same relaxation time). Two calcu-

lations were performed for every relaxation curve and every

inspected model. The first calculation represents analysis of

the stress-time derivative against stress, and the second is

based on the usual analysis of stress as a function of time. In

the second case the theoretical values were obtained either

by special model formulas (Table 1) or by numerical inte-

gration of Eq. (3) in case of the sigmoid RCM.

Minimisation was performed using the FORTRAN

programme MINUIT which combines more different nume-

rical methods for this purpose (James and Ross, 1975). In

our case only the simplex (SIMPLEX), generalised gradient

method (MIGRAD) and some procedures making it possible

to overcome the existence of the local minima were used.

The minimisation process led to the model parameters

giving the best approximation of the experimental curves.

RESULTS AND DISCUSSION

Typical source f-functions of our stress relaxation

curves are given in Fig. 1. The experimental data was ob-

tained as negative values of the first time derivative of stress

- see Eq. (2). The function is approximated by the model

source f-functions giving the best fit. The relative errors for

particular models were computed also for a direct appro-

ximation of the relaxation curves - examples of the results

obtained are plotted in Fig. 2. Figures 1 and 2 show that

sigmoid RCM has to be preferred to the other model source

f-functions. The maximum relative errors for relaxation

curves are at least ten times lower in the case of sigmoid

RCM than for the other models and also the source

f-function was much better approximated by the model

sigmoid RCM than by the others. This is why we will limit

our discussion only to the sigmoid RCMs.

Figure 3 contains the source f-function of the sigmoid

RCM as determined by the data in Fig. 1. The experimental

data well determine the part of the source f-function for

stresses higher than 0.5 �0t. This part of the source f-function

is very useful for a reliable estimate of the model parameters

K, C, and n. Not so for the parameter C1; which strongly

depends on the initial part of the source f-function, where
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Fig. 1. Typical f-function determined directly for Panda after 15%

pre-strain. The best model approximations of the data are also

plotted in the figure (SFC: 4.89% - sigmoid RCM, 37.36% -

logarithmic model, 40.86% - power model, 44.79% - Peleg's

model).
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Fig. 2. The relative errors obtained for model approximation of the

relaxation curve (data from the same test as in Fig. 1. SFC: 0.26% -

sigmoid model, 3.44% - logarithmic model, 4.02% - power model,

5.64% Peleg's - model). Relative error is defined as (xkm /xk)- 1,

where xk is an experimental reading and xkm the corresponding

model value.
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Fig. 3. The sigmoid source f-function plotted in semi-logarithmic

scale. Point of inflexion for this source f-function (d�t /dt - �t) is

located at �it = 0.385 �0t. The stress values in the figure are

normalised by the initial relaxation stress �0t.



data was unattainable. The minimisation procedures with C1

as a free parameter led to results with very high variation not

only of C1 - values, but also of all the other model parame-

ters. This is why we fixed parameter C1 at the mean values of

the preliminary results: 3.2/�0t and 6.4/�0t for pre-defor-

mation strain rate 0.167 mm s
-1

and 0.833 mm s
-1

, re-

spectively. The parameter C1 plays a big role in sigmoid

RCM at low stresses and it determines with the other

parameters the position of the point of inflexion at the cor-

responding model source f-function (Fig. 3).

Mean values of the model parameters are given in Table

2. More precise results were obtained at higher pre-strains

where the SFC values were at least three times lower than at

5% pre-strain. Table 2 contains parameters C1 and C in the

dimensionless normalised form (C1'= C1�0t and C ' = C�0t
n
),

that did not so vary with change of the test conditions. The

parameter C1' depended only on the pre-strain rate, the pa-

rameter C ' also increased with increasing pre-strain value.

A similar trend was also observed for the exponent n. The

point of inflexion was located on the model source

f-functions between 30 and 40% of the initial stress values.

The parameter K increased with increasing pre-stress value,

but when it was normalised to the initial stress (i.e., instead K

the parameter K ' = K/�0t was used), it decreased with in-

creasing pre-strain value (Fig. 4). The power relation appro-

ximated this decrease, which is steep at lower pre-strain

values and approximately constant at higher pre-strain

values. For lower pre-strains, a significant difference was

observed between the K '-values of both the tested varieties.

But this difference has a source in the different initial pre-

stress values, which were observed for both the varieties.

This difference (so-called modulus difference) was the main

difference that was observed between both the tested va-

rieties.

The relaxation rate can be expressed by simple expo-

nential regression equation:

� �
d

dt
ae

t m t
� �0 (6)

where a and m are the parameters that are generally different

for different parts of relaxation curves. The position on the

relaxation curve can be expressed by relaxation degree j =

�t /�0t as given in Table 3. Parameter m was approximately

the same for higher times of relaxation, but it decreased in

the initial part of relaxation. Parameter a decreased over the

whole relaxation period, but the decrease was steepest at the

beginning part of relaxation. The differences between the

varieties as well as the role of different pre-strain rates were

also observed mainly at the beginning of relaxation and with

the increase in relaxation time, these effects disappeared.

The Eq. (6) indicates that parameters K, C1, n, and C of Eq.

(4) are not really independent, but their values have to fulfil
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Variety

Strain level

(%)

Strain rate

(mm s-1)

�0t

(MPa)

SFC

(%)

K

(kPa s-1)

C t1 0�
(-)

C t
n�0

(-)

n

(-)

� �it t/ 0
(-)

�it
(MPa)

Nicola

Nicola

Nicola

Nicola

Panda

Panda

Panda

Panda

Panda

5

10

15

15

5

10

15

15

20

0.167

0.167

0.167

0.833

0.167

0.167

0.167

0.833

0.167

0.0686

0.2400

0.3622

0.3869

0.0268

0.1505

0.3018

0.3155

0.4351

21.73

8.03

5.76

7.86

30.28

8.43

5.86

6.26
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3.65
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11.94
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9.03

12.62
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3.2
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7.609
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6.315
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0.360

0.325

0.243
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0.0612
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Variety

Strain level

Strain rate

LSD

*

*

0.022

*

1.96

*

*

1.38

*

-

*

*

0.220

*

0.583

*

*

*

0.026

*

*

0.0151

T a b l e 2. Mean values of model parameters (sigmoid model), LSD - least significant difference
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the Eq. (6), e.g., for Panda the Eqs (6) and (4) give at j =1 the

following equality: K [1 - exp (-C1')] exp (C ') = 11 exp

(16.38 �0t) kPa s
-1

.

The RCM is characterised usually by two parameters:

activation energy and activation volume. In our case the

relaxation rate is studied at different stress levels and

activation volume can be computed, using the following

formula (Dotsenko, 1979):

V

d
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where k is Boltzmann constant and T (constant) absolute

temperature. The final expression for activation volume is

obtained when relaxation rate from Eq. (4) is inserted into

Eq. (7):
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The values obtained are plotted against the actual stress

in Fig. 5. Also in this case the differences between the

varieties tested are higher at low relaxation stresses. The

activation volume was obtained at different pre-strain rates

and different pre-strain levels. The activation volumes

obtained for the same variety and the same pre-strain level

lie on the same curve. Activation volume decreased with

higher pre-stress level, similarly as in (Blahovec, 1996). On

the other hand the activation volume decreased also during

the stress relaxation, i.e., with decreasing stress. This beha-

viour indicates that the sigmoid RCM covers some unknown

more complicated RCM, that can be controlled not only by

stress but also by strain. For higher pre-strains (15% and

more) and higher relaxation times with low ratios �t/�0t

(lower than � 0.5), the activation volume was observed to be

independent on the initial pre-strain and activation volume

20 nm
3

was observed for �t /�0t = 0.5.

CONCLUSIONS

Stress relaxation curves of raw potato tubers can be well

approximated by models with source f-functions of the

s-shape. The accuracy of this approximation was at least

about one order better than the approximations based on

traditional simple models. The parameters C, C1 and K of the

model were rationalised in dimensionless form (C and C1) or

as a ratio to the initial stress (K). Variety differences were

observed mainly at lower pre-strains (�0t, K ', activation

volume). The relaxation rate corresponding to the same

relaxation degree (�t /�0t) was expressed as an exponential

function of the pre-strain level. The activation volume

computed under classical relation decreased with increasing

pre-strain as observed (Blahovec, 1996; Dotsenko, 1979;

Giessmann, 1980), but the important decrease of the activa-

tion volume was observed also with decreasing stress during

the relaxation test. This can be understood as an indicator of

the existence of a more complicated source f-function than

was used.

The proposed model can be classified as the rate con-

trolled model and has the correct asymptotic properties (i.e.,

it gives zero source function for zero stress). Moreover its

source f-function is relatively simple, so that the model has a

good chance to be used for description of the stress relaxa-

tion in materials of biological origin.
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