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Comparison of two methods for stress relaxation data presentation of

solid foods
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Abstraci: Published exponential relaxation equations, denved from Maxwellian
models, were used 10 generate data for linear representation in the form of
P{0Y - e 5(™0) — P = k; + k2 where P(!) is the decaying parameter {force,
siress o modulus), P0) us miial value (a1 r = 0) and k; and k. constants, The
compuler plots indicated that the fit of this normalized and lnearized form was
excellent for equations containing ar least three exponential decay terms. The Gt
was not as good for some of the two-term exponcntial equations mainly due to
the lack of accurate account for the initial stage of the relaxation process. In all
the cases, howgver, the linear representation could clearly reveal the general
rheological character of the analysed materials in terms of the relative degree of
solidiry,
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1. Introduction

Stress relaxation data have traditionally been
emploved as one of the principal means of guanti-
f¥ing the viscoelastic behavior of foods. Commonly,
experimental force decay curves have been presenicd
in the form of a discrete Maxwellian model containing
2—4 clements, i. e. [1]:

P(t) = ¥ Piexp (— L) (1
i=1 T;

where P(#) is the decaying purameter {i. e. force,
stress or modulus) after time ¢ ar relaxation, Py's the
representatives of the elastic constants of the individ-
ual Maxwell elements and ;s the relaxation times of
these clements.

The mathematical form of eq. (1) implies thar at
f — o P{r) —» 0 and therefore that 2 material de-
scribed by it is a liquid by definition. A truly visco-
elastic solid material ought to be described by:

T &

Pit)=P,+ ¥ Pexp = 2)
i= r;

where P, is the residual vnrelaxed or asvmpiotic

parameter (which corresponds 1o the single spring

56

constant in parallel 10 the group of Maxwell clements
in a generalized Maxwell mechanical analog array). It
also ought 10 be mentioned that egs. (1) and (2) will
have the same mathematical character if any t; in
eq. (1) is allowed 10 approach infinity. If, however, all
the 7;’s in eq. (1) have finite values the question of
whether the longest relaxation time has physical
significance will naturally arise. This problem as well
as a mathematical procedure to deal with its solution
were described by Tobolski and Murakami [2].

When models of the kind expressed in egs. (1) and
{2) arc applied 1o food materials in compression, two
special theoretical considerations ought (o be borne in
mind (i. e. apart from the more abvious instrumental
considerations associnted with the straining rate,
(riction, the specimen shape, cie ). The first is that
food marterials, especially under large deformations,
exhibit non-linear viscoclastic properties. Therefore,
the consiamis of eqs. (1) and (2) (or any other
equation of a similar Kind) must depend on both the
strain and the strain history of the 1esi.

The second factor is that almost all foods are by
nature unstable or biologically active and consequent-
Iy, long-term experiments for direct determination of
equilibium mechanical parameters or the longest
relaxation time cannol yield pertinent results,
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It has recently been shown [3, 4] that these two
difficulties can be resolved, ar least to some extent, by
madification of the wav by which the relaxation data
are presented.  According to this method  the
experimental  force  relaxation curves are  first
normalized and then linearized in a form similar to
that previously sugpested by Hunston [3], 1. e

Floy -1

— =k, + k! {3
F{y — Fli)

where Fi0) is the initial force, Fir) is the decaying
force after time ¢ and & and A, are constants,
According to this equation the reciprocal of &y depicts
the initial decay rate, and the reciprocal of &y is the
representative of a hypothetical asymptotic level of
the normalized relaxation parameter [F(01 — F()/
F{0. Since the later 5 expressed as a dimensionless
ratio it has the same value 16 expressed in erms of
streases of moduli,

According 1o this model the asymptotic modulus
(E ) after relaxation is given as follows:

o [, .
Ag . kz

E,=
where A s the specimen cross-sectional area of the
deformed specimen and £ is the fixed strain.,

It has previously been shown |4, 6] that £, is a
function of both the initial stress and the fixed strain
and that the relationships between E4 and £ (or ¢ (0))
are characteristics  of  the material and  carry
information that is relevant to its particular physical
structure, Other mathematical aspects of this form of
relaxation data presentation are discussed by Hunston
[5] who also analvsed the possibilities of using more
than two constants in cases where the curves cannol
be linearized.

The mathematical properties of egs, (1) and (3) are
such that they cannot be derived tfrom one another.
Anv degree of compatibility can only be observed in
extreme cases, 1. . For an wdeal elastic solid or viscous
liquid where both equations degencrate. In the inter-
mediate range, &; of eq. (3) is the representative of the
degree of solidity and it varies between the value of
by = 1 for a material that is truly a liquid (1. e. all the
stress relaxes) to &, — oo for an ideal clastic solid
where the stress does not relax at all.

The fact that all the experimental evidence obtained
so far [3, 4, 6, 7, 8] indicates that eq. (3) is a good
representative of stress telaxation curves poses an
inevitable question. Are these reported data in
conllict with other published data or is there a

practical agreement between the results despite the
mathematical incompatability of the two types of
models?

In this communication we have tried to address this
problem throuvgh computer generated data obtained
from published constants of eq. (1) and analysing
their fit to the model presented by eq. (3).

2. Resulis and discussion

Published exponential stress relaxation eqguations,
from different sources, were utilized to generate data
representing the stress or modulus decay with Lme.
By the same computer program the data have been
converted into the normalized parameter given hy:

Fin — F() a0y — ot}
Fim a0
O (5)
00y

and listed as functions of wme (£).

The units of Force, stress or modulus are the same
as those reported in the original publications. The
terms S0, a(0) or E(0) were caleulated as the sum
of the £75, ¢'s or £7s in the original exponential
equation. Since at ¥ = Oexp(— ¢/1) = 1. Eq. (1) or
one of similar type becomes

PO) = X P, (©)
r=1

{ The implications of this point in the comparizson of
the two methods will be discussed later.) The data so
generated underwent linear regression by the SPSS
package 1o fit the form and to caloulate the constants
af eq. (3). The process was repeated by data generated
at different time intervals so that eq. (3) was firted

with two sets of data points in the range of 14 (o 200

poines, The created dara file as well as the regression

equations were then used to plot the lollowing
relationships:

a) Fii), @ty or E{r)vs, i (1. e., the shape of the decay
curve produced by the reported exponential
equation).

by e/ Y (1) vs. ¢ [rom the generated data.

c) LAY () = Ky + ks where by and &, are the constants
calculated by linear regression of the penerated
data.

The plats so produced are shown in figures 1 -7,
The equations used as well as the results of the
regression analysis are summarized in lable 1.



110

Rheologica Acta, Vol. 22, No. 1 (1983)

FLFALFA 140% MODSTURED

o%F W HD-F It ISEC.)

B

|
|
® % Lo faolioiec o4z 45050000 Jon
TIME (SEC.)
Fig. 1. Exponential and linearized stress relaxation curves of
alfalfa, {Solid lines represent the actual data and the dashed
line the linear regression.) Daia from Rel. [10]
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Fig. 2, Exponential and lincarized stress relaxation curves of
cheddar cheese. (Solid lines represent the actual data and
dashed Iine the linear regression.) Data from Ref, [11]

The results clearly demonstrate that for all the cases
in which the original exponential equation contained
3 or 4 terms (i. €., alfalfa, clay sand mixture and
potato) the data had excellent fit to eq. (3). Where the
exponential decay equation contained only two terms,
the goodness of the Mt varied according to the
material. Although it was generally reasonable, it was
clearly not as good as in the former case. One of the
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Fig. 3. Exponential and lincarized stress relaxation curves of
corn grains. (Solid lines represent the actual data and the
dashed line the linear regression.) Data from Ref. [11]
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Fig. 4. Exponential and lincarized stress relaxation curves of
clay-sand mix. (Solid lines represent the acteal data and
dashed line the linear regression.) Data from Ref. [12]

reasons for this is that fitted equations with only two
exponential terms do not provide an accurate account
of the initial part of the relaxation curve where the
decay rate is extremely fast. (Compare, for example,
[11] where both experimental and fitted curves are
shown.) Since the statistical fit is mainly determined
by the data beyond the initial stage of the stress decay,
this point may easily be overlooked or considered
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Fig. 5. Exponential and linearized stress relaxation curves of
low methoxyl pectin gel. (Solid lines represent the actual
data and the dashed line the lincar regression.) Data from
Ref. (13]

PR SFanS

THOIREE )
I'SE™ ASaUs

I 101 & T F 190 ~F

o2 e -

e
.8 1.2 Ld 3.8 1.8 .0 &
TIME ISEC, !

o, B

Fig. 6. Exponentizl and linearized stress relaxation curves of
pea beans. (Solid lines represent the actual data and dashed
line the Encar regression.) Data from Ref. [14]

insignificant, The goodness of the it of eg, (3), in
contrast, was influenced by this aspect to a much
greater exient. This is for the reason that the terms
F(0), (D) or E(0) were calculated from the sum of
the preexponential coefficients (eq. (6)). A missing
term in the original exponential equation, dropped
because it contains a very short relaxation time, will

Fig. 7. Exponential and lincarized stress relaxation curves of
potato flesh. (Solid hines represent the actual data and the
dashed line the linear rezression.) Data from Ref, [15]

obviously have very little effect on the magnitudes of
the generated values of £(1), (1) or Fir) alter a fairly
short time. The presence or absence of such a term (or
terms) however will have a very significant effect on
the preexponential coefficient's sum {(eq. (6)) espe-
cially if the former has an appreciable magnitude. It is
evident (sec table 1) that when such terms are added 10
the exponential equation, the magnitude of their pre-
exponential coefficients are indeed significant. (It is
also demonstrated in table 1 that in our case the linear
regression coefficient v is not a very reliable index 1o
the goodness of the fit, because its definition and
method of calculation do not provide an indication as
1o the existence of real curvature.)

It can be argued however, on the basis of theoret-
ical and instrumental considerarions that the shape of
the very initial parl of the recorded relaxation curves
is strongly influenced by the deformation history of
the specimen and in certain instruments by the
recorder pen response lime also. Therefore, the
physical significance of the values of &, in table 1 (or
more accurately their reciprocal) as a representative
of the initial relaxation rate, ought to be interpreted
with caution |3, 4]. As a measure of a first-order
approximation, however [5], the values do indicate
that the materials in question are all fast relaxing
materials at least initially. The values of k; (see egs.
{3) and (4)) ought to be more indicative of these
materials’ general rheological characteristics since
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Takle 1. Linearization of published relaxation curves expressed by exponential decay equations

Regression and Fit o eq. (4)

Murmber of

Material Exponential Decay Equation Ky k5 Data Points r Source
(Cienerated)
Alfalfa o) = 21 exp [ L )4+ a2exp L o 666 1.99 140 0,9995  Mohsenin
{40 M) . 790 . 164 (sec) (1970)
i A P
+ 55exp | -~ — | + A% exp (— —
V2.9 . 047 )
{7 in psi, £ sec)
£ * 5 r “.II 4
Cheddar E(f) = 23.6exp [ - | + 11.7 exp |'I ] 323 1.1 20 09980 Mohsenin and
Cheese \26) o 115 {min) Morrow (1967)
(£ In psi, f In min)
- A
Curn E(f) = 10,980 exp [ L) + 64,300 exp 109 518 200 0.9982  Mohsenin and
Crains . 2 (min) MorTow (1967)
f Nospanns  soes
e B [£1n ps1, {10 min
\ " 7ere JEINP )
l,I' F '-\
Clay & gty = 22,064 exp | — "r | + 17,238 exp |f LY o147 114 20 04653 Rao (1575)
Sand Lo 282 vooB S (zen)
Mix A B N i i
+ 4,896 exp L— > 1Ha; in &N mTE, Finsec)
i
Low E(1] = 5,487 exp |'l L| b 4659 exp |:r— L\ 682 1.2 120 0.9955  Gross el al,
Methoxyl Y 635 Vo2 (s (1981)
Pectin Gel (K in pascal, ¢ in seo)
(Mo, 31
i ; i 5
Pea Beans Fi{f) = 109.5 exp i— i ) + 25.8exp { - L) 241 2260 200 09999  Yoerb and Hall
., 14.67 L 0.5 {sec) (19607,
(Fin lb, 1in sec) in Mohesenin
(1970)
Fi R I 5
Potalo Firr = 319 8exp | LI, iy exp | — - Vo440 156 10 09995 Bashiord and
Flesh R 1} B V9490 (se0) Whitney (1975)

i {
F72.3exp | — —) + 1956 exp | - ——
: ( 2.03 s ( 0.44 )

(Fin b, 1in sec)

they represent their relative degree of solidity.  close to unity which is an indication of liguid prop-
Although the original publications from which the  erties,

data were obtained do not discuss if or how the

relaxation equation terms varied with the strain, it 15 Acknowledgement

clearly evident that the more obviously solid materials Contribution of the Massachusetts Agricultural Experi-

had higher values of &, (e. g., corn kernels} while the  ment Station at Amherst. The work has been supported
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