DEFORMATION~RELAXATION CHARACTERISTICS OF BEEF MEAT UNDER AXIAL
COMPRESS ION

The texture of beef muscular tissue, which is complex, can
be represented as muscle fibers bound with a spatial connective
Membrane, All the intersticeés of the structure are filled with
tissue juice — loosely and strongly bound moisture. By the cha-
Tacter and strength of bonds among the particles, muscular tis-—
Sue can be partially referred to condensation-crystallization
Systems /1/. Such structures, possesing a number of properties
0f s011d bodies, have certain specific peculiarities — elasti-
City, plasticity, etc. These should be taken into account when
Seleoting most expedient methods and conditions for technologi-
Cal processing.

Though numerous detailed studies on the structural-and-me-
Chanical (rheological) properties of ground meat /2, 3/ are
ltnown, properties of intact muscular tissue are studied insuffi-
Clently, Some authors /4, 8/ investigated muscular tissue defor-
Mation at axial compression as related to the load applied and
te different conditions of loading. Besides, time effects charac-
terigeq with elasticity and relaxation, were measured in dynamios
/9. 10/. Pointing to the non-linear character of the deformation
Yehaviour of meat, the authors /7-11/ suggest empirical formulae
for the relation of sample relative deformation to load value.

We should, however, mention the conditional character of the sug-
8ested relations as the degree of compression at a given load de~
Pends on the instant of observation, loading conditions, sample
Shape and size, kind of meat, its texture, anisotropy, etc.,the
time factor here being of a decisive role due to the fact that
the structure contains tissue juice of a certain viscosity.

This paper deals with the character of the deformation beha-
Viour of intact beef muscular tissue at axial compression across
the fibers. Experiments were performed on samples of beef gquadri-
Ceps taken on the 2nd day after slaughter. Samples had a square
®rogs~section, the area of 30x30 mm and were 10 to 20 mm high.
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Test were made on a plastometer~type device, specially desig~
ned in the MTINMMP, which allows to record simultaneously deforma~
tion and load as related to time, A schematic diagram of this de-
vice is shown in Fig, 1, Samples were compressed in between two
polished plates due to the movement of the upper plate under a
pusher mounted in the guldes. The lower plate is fixed to the
baseplate. The device was drien with a dec. motor, Torsional mo-
ment was transferred via a reducer to a pulley and further to the
pusher via a flexible cable and a system of levers with a counter”
welght, Cyclic loading of samples was effected by replacing the
pulley with a cam, The downward movement of the pusher was res—
tricted with an end switch, Compressive strain was received with
a resilient element, onto which tensometric transducers were glueds
the latter being connected to a measuring self-recording KCIF4-ty~
pe ponentiometer, Sample deformation was registered with a variab”
le resistor attached to another self-recording KCIF4-type poten~
tiometer,

Figes 1. A schematic diagram of plastometer

1l - sample; 2 -~ system of levers; 3 = counter-weight; 4 =~ varia

le resistor; 5 - end switoh; 6 - guides; 7 - pusher; 8 — polished

plates; 9 - baseplate; 10 -~ tenso arj 1l - flexible cable; 12 -
pulley; 13 =~ reducer; 14 « d,c,motor
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Axial compression was effected under two conditions -~ static
and cyclic ~ within loads ranging from O to l.2x.105 Pa. Statilc
l°9~(1111g lasted 180 sec. under a pre-set load; then the load was re-
leageq and the character of the recovery of the deformed sample was
Studied, When studying creep,t?eample loading time was extended
to 300 sec, For cyclic loading¥time lasted 2 sec.

The character of sample deformation under static loading and
the subsequent return to the initial state are shown in Fig, 2,
Curve £ =L (¢) with & = 0.11x10° Pa. As 1is seen,sample
total geformation & &F at any moment "t" can be represented as
% 8um of three components:

Ctet = nen *2@’*5;/, (1)

Yhere E'ze;, is instantaneous resilient deformation;
Scf is elastic (relaxation) deformation;
gpg is plastic residual strain.

In its turn, Ef)f is a sum of two addends:

' dev (2)
ot =EL
| P CC_ID[ + gpg ;
Where E? is instantaneous plastic strain;
Sdez‘ is developing plastic strain.
Pl

Instantaneous plastio strain is a result of microplastioc
Strains occurring due to muscle fibers displacement throughout
the sample; developing strain 1s connected with tissue juice se-
paration and the subsequent compression of the structure; instan-
Yaneous resilient and elastic deformations are connected with
vi300—~resilient properties of the material as a whole, connecti-
Ve tissue elasticity and tissue juice viscosity.

To reveal the character of the relations of different compo-
Nents of deformation to the value of the load applied, curves for
OTeep were plotted (Fige 3), and samples under cyclic loading we-
T® tested. The analysis of these curves indicated that at suffi-
®lently long loading the rate of deformation tended towards the
Songtant 1imit (at a pre-set load) and depended linearly on the
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value of the load applied. The total deformation of the sample
for similar instants on the creep curves depended nonlinearly 0B
the value of the load (Fig, 4, Curves 1-5). At the loadsw to
O.8x105 Pa the yielding of the samples decreased gradually; then,
at 4 = 0,8:10° Pa it increased sharply, this indicating the ini~
tiation of the local breakage of the fibers. From Fig. 4 it 1s
obvious that the relaxation component of the deformation(fééy
and the developing plastic strain é;i?/ depend linearly on

042 |
008 |-

004

t sec

Fig. 2. A typical example of the deformation behaviour of meat
samples at axial compression ( & = O.lleLO5 Pa)
tl = 180 sec. ~ the moment of releasing the external load
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Fig, 3, Creep curves at a constant load; the values of
& x10° Pa:
1 0,115 2 = 0,225 3 = 0,33; & = Oylili; 5 = 0,55; 6 = 0,663
7 = 0,78; 8 = 0,893 9 ~ 1,003 10 - 1,11
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Fig. 4. The total deformation as related to the value of the 1080
applied for similar instants "t", sec.: 1 = 05 2 =~ 60)
3= 1203 4 = 180; 5 = 240
Instantaneous resilient strain I and instantaneous
plastic strain II as functions of the load applied
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By the data obtained for oyclic loading it was determined
that both E.en and EELS depended nonlinearly on the value of the
load appiiea (curves I and II, Figo 4). As these components of the
def°rmaj:10n do not depend on "t", the general relation of

fnd E%Z? to 4 can be represented as follows:
Eres (& :
« @ i
£ @)=
P E; (é) (&)
Vhere E&(Z) is the effective modulus of elasticicty;
E GQ 18 the effective modulus of instantaneous plas-
ticity.

In the system of coordinates é?—(é) s the relationships (3)
W4 (4) at loads within O to 0.85x10° Pa may be reduced to linear
Oneg i o

b ] .G. M

e b
gze,s(g)— ﬁ_r é+ Ar b E?a(g) 1 IoéI S (5)
& & g)CI ﬁﬂé
E% (4) A5 ST Edt (V= Trdyz (6)
"here j%- iy c{r and c[,— are certain constants.
Comparing (3-4) with (5-6), we find:
E;(8) = (14l78); &
5 (&)= 51— (44edy2) (8

) Substituting the numerical values of constants for Expressions
énd 8, we obtain:
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Fig. 5. Nonlinear rheological model of intaot muscular
tissue
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On the basis of the experimental data obtained, a nonlinear
r
heo]ﬂﬁi,%T model of int&ot muscular tissue can be suggested

1

(Fig, 5), which is composed of the following elements: Kelvin ele-

fent ( E- 7 4 ) which provides the relaxation component of defor-
! )
n - — o - - 2 a i 753 3 4 i
ati@ﬂi:ff $ nonlinear resilient element [, (&/ and nonli-
ar e C \ h S sl . H
1%ar Yaxwell element *, (el s bridged with a lock VY,

the 1atter providing residual plastic strain <pf . When the load
W . :

a8 applied, the rod of the lock moved freely downward; when the
load was released, the lobes of the lock engaged the grooves and

94 not al1low the spring E- (2) te return to the initial po-

Sition, Under a higher load the element deformed irreversib iy
%8ain, The relation of the deformation E p¢ to the stress wa
Yetermined by means of the parametres /[; () and 7 and depen-
ded on the pre~history of deformation. The damper ‘? provided
Dlastio btraimA(?ﬁf; , developing with time,and, whén the exter-

fal load was released, - the relaxation of residual stresses on
the 8pring Eﬁ (4) 3 so, on the whole, the model was free from
Dterna) ("frozen") stresses.,

The total deformation of the model is represented as ratios
1 and (2); the deformations of nonlinear elements Eres and
&faﬁ depending on the stress é applied - as expressions
(3) and (4) (respectively).

For the rest of the elements of the model, e.g. /12/,

B

e i
/ & o g i) [
L T L Cel =6 ; (11)
\;’C{eﬁ' ) e
Col T (12)

3
- »LH) ~
E & < S e f
xc¢luding particular deformations C~ey \.pg y C g/ 5

fe |
pgy from expressions (1-4), (11) and (12), we derived the fol-

& Wing nonlinear differential rheological 2nd-order equation rela-
1VQ t 7
0 6

Lo

and &




(13)

e A E ~dz T did 4
%-tL r: [f(w atl}“*77z¢f i
where [ (2) . ti (¢) - Ex (&) (14)
E (d)*' E// [g)
18 reduced nbnlinear modulus of elasticity;
7 4
7 (15)
e, 74,
1s reduced coefficient of viscosity;
7 = Z, (16)
Eq

is deformation relaxation time,
let us apply the above equation to studying the creep under
constant load. At @ =const equation (13) will become

(Z'g+f:_5_ (17)
&
This is a linear inhomogeneous differential 2nd-order equatio®
with the right member being constant.

The initial conditions (at t=0) were as follows:

G . 8
g E(é) ‘E0) EQ) (28)

5(0) _——+_’—_—__é_, (19)
AR
Equation (17) with the initial conditions (18) and (19) is
solved as follows:

IS
E({) ._Q.g__tf- Ty . 20)
é;@y 7. ( Loy (
Differentiating (20) in relation to time "t" ang
to the 1imit at t.— bo s we found that for the oreep rate

limit _ y
E (°°)=7- : (21)

r' 4
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By means of equation (13) we studied the character of sample
T80overy after releasing the external load at t, (Fig. 2). In
thig case, instead of (17), we shall have (at & =0):

Q"é*’f‘:(;) (22)

The initial deformation of the model was determined from the
Drevious formula at t=t1; minus the instantaneous resilient defor-
tation of E 1( & ) it was equal to:

8

The initial velocity was determined only with the initial de-
formation rate of the Kelvin element /12/

E/é,)=75— (/-2 T ) (24)

Having solved equation (22) with the initial conditions (23)
ang (24), we obtained:

- Sbe g WS 5
g(f):m)+‘*7:f/*g4 /5’(..//6 : (25)

Passing over to the limit at t -~ o= , we found residual de-
I“’rmation 57@5,'0/ (ti), which depends on the instant of exter-
tay load release:

E cosicd /11,/ :5’% * _;:'7—‘/ (26)

~ Phenomenological constants Eqy 7, and 72 and deformation
ESaxation time 7 were determined by the experimental data in
%Cordance with the above solutions. Proceeding from the ratio
Tor Oreep rate limit (21) and from the data in Fig, 3, we calcu~
8ted the values of the coefficient of viscosity Z as being
Doyt 5.2x10° Pa*sec, Relaxation time T s calculated by recove-
V ourves (Fig. 2), turned out to be equal to about 45 seo. Then,
%%00rding to equation (25), E,% 3,8x10° Pa. The second coeftioi-
:nt of viscosity 7/ was determined by expression (16) as

i £ a8 equal to l.7x107 Pacgeoc.,
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The objective data obtained, whioh characterize muscular tis~

sue texture, can be used both for technological purposes, and
for the evaluation of certain quality aspects of foods.
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