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Viscoelastic Properties of Fruit Flesh( 1)
— Stress Relaxation Behavior—

& mF* A R * 2
M. S. Kim J. M. Park D. S. Chot
Summary

Fruits are generally subjected to mechanical forces during harvesting, handling, and transportation’
that may cause damage in the form of bruises, punctures, and cracks. In order to prevent damage, and
insure better quality fruits for consumers, it is very essential to study physical properties of these mate-
rials.

The studies were conducted to examine the effect of storage period, storage condition, and other fac-
tors, such as loading rate and initial strain, on the stress relaxation behavior of the fruit flesh, and deve-
lop nonlinear viscoelastic models to represent its stress relaxation behavior.

The following results were obtained from the study :
1. Since the viscoelastic behavior of the fruits flesh was nonlinear, the behavior was satisfactorily mo-
delled as follows 3
5(e, t) = &' [B exp(—Ct) + D exp(—Ft) + G(—HD]
But, for the every strain applied, the stress relaxation behavior of the fruit flesh, such as apple
and pear, could be well described by the Generalized Maxwell model, respectively.
2. The effect of loading rate on the stress relaxation behavior was remarkable. The higher loading
rate resulted in the higher initial stress, and the faster stress relaxation.
3. The higher initial strain resulted in the higher initial stress, and stress relaxed at the large initial
strain was also much higher than at the small initial strain.
4. Stress relaxation rate and quantity stored in the fruits at the low temperature storage were much
higher than those at the normal temperature storage in the same storage period.
Also, in all fruits tested, the longer storage period was the more relaxation rate and quantity were
shown. These trends in the normal temperature condition was the more significant than in the low tem-
perature condition.
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Table 1. Agronomic data and physical characteristics of the fruits used in stress relaxation test.

Fruit Culti Date of Volume Weight
‘ruits ultivar ; "
full bloom harvest (') (kgf) Grade
Apple Fuji 1991.5. 1 | 1991.11. 7 | 3.129X10°* 0.2625 56
Pear Niitaka 1991. 4. 23 | 1991. 10.1 | 3.830X10°* 0.3801 38
Note :

* © No.of fruits per 15 kgf(with standard corrugated shipping box)™
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Table 2. Parameters of the generalized Maxwell model for the apple flesh at the loading rate of 25mm

/min.
sD. sc. Is. o(t) =¢,LE; exp(—t/t) +E; exp(—t/t.) +E.J p
E, E, T T E.
days mm/mm
MPa. MPa. sec sec MPa.

0.0250 1.2256 1.2956 9.0156 369.8339 3.7364 0.9916

0 - 0.0500 1.0657 1.1241 9.0677 371.7179 3.2433 0.9916
0.0750 | 0.9808 1.0339 9.0532 369.9044 | 2.9878 0.9916

0.0250 1.3159 1.3802 8.9840 364.7995 3.2334 0.9916

NTS 0.0500 1.1655 1.2197 9.0205 364.4369 2.8593 0.9916

0.0750 1.0846 1.1341 8.9708 362.7298 2.6635 0.9917

10 0.0250 1.2303 1.2763 8.8745 354.2611 3.5568 0.9915
LTS 0.0500 1.0812 1.1259 8.9318 358.5663 3.1179 0.9914

0.0750 1.0024 1.0399 8.9176 | 355.6129 | 2.8948 0.9917

0.0250 1.3864 1.8402 9.1424 | 437.0302 | 2.3611 0.9931

NTS 0.0500 1.2496 1.6575 9.1383 | 434.7978 | 2.1347 0.9930

20 0.0750 1.1759 1.5576 91519 | 4334961 | 2.0134 0.9930
0.0250 1.2495 1.2930 89128 | 355.1343 | 3.3034 0.9916

LTS 0.0500 1.1097 1.1533 89344 | 356.8992 2.9369 0.9916

0.0750 1.0378 1.0747 8.9156 355.6788 2.7457 0.9915

0.0250 1.5154 1.5984 9.0000 377.5068 1.9567 0.9925

NTS 0.0500 1.4005 1.4817 8.9658 377.7956 1.8075 0.9924

50 0.0750 1.3389 1.4145 8.9670 377.0737 1.7281 0.9925
0.0250 1.2650 1.2932 8.8280 3454115 3.0598 0.9916

LTS 0.0500 1.1385 1.1676 8.8992 349.5499 | 2.7510 0.9916

0.0750 1.0710 1.0953 8.8453 346.6124 2.5920 0.9915

Note :
S.D. ! Storage Days, S.C. : Storage Conditions, 1.S. : Initial Strain, mm/mm, — : Initial state, LTS

: Low Temperature Storage, NTS ! Normal Temperature Storage
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Table 3. Parameters of the generalized Maxwell model for the pear flesh at the loading rate of 25mm

/min.
sD. sc. LS. o) =g[E; exp(—t/x) +Es exp{—t/t.) +E.J 2
E: E, T T E.
days mm,/mm
MPa. MPa. sec sec MPa.
0.0250 1.2973 1.1752 8.2604 334.5216 1.7872 0.9907
0 - 0.0500 1.1087 1.0055 8.3089 335.8123 1.5254 0.9908
0.0750 1.0122 0.9197 8.3379 339.2958 1.3878 0.9908
0.0250 1.3330 1.1858 8.1782 316.8465 1.4765 0.9908
NTS 0.0500 1.1645 1.0360 8.1429 317.4195 1.2883 0.9909
0.0750 1.0744 0.9558 8.1642 316.7886 1.1909 0.9908
10 0.0250 1.3236 1.1925 8.2596 329.2407 1.6197 0.9911
LTS 0.0500 1.1408 1.0274 8.2826 331.6877 1.3885 0.9908
0.0750 1.0425 0.9389 8.2634 329.2757 1.2739 0.9909
0.0250 1.3728 1.1823 7.6857 274.2587 0.8066 0.9909
NTS 0.0500 1.2869 1.1022 7.9202 282.5658 0.7400 0.9915
20 0.0750 1.2337 1.0568 7.8950 282.0299 0.7106 0.9915
0.0250 1.3834 1.2282 8.1515 315.4545 1.2384 0.9911
LTS 0.0500 1.2099 1.0690 8.1982 315.3993 1.0823 0.9912
0.0750 1.1157 0.9855 8.1192 3114114 1.0045 0.9917
0.0250 1.3759 1.1868 7.2825 | 2163230 | 0.2496 0.9936
NTS 0.0500 1.3491 1.1642 7.2905 217.3951 0.2433 0.9935
30 0.0750 1.3349 1.1508 7.3167 218.3098 0.2392 0.9936
0.0250 14163 1.4319 7.8641 336.0211 0.6714 0.9935
LTS 0.0500 1.2735 1.2879 7.8848 336.7251 0.6032 0.9934
0.0750 1.1982 1.2138 7.8941 339.8417 0.5622 0.9935
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Table 4. Coefficients of nonlinear stress relaxation model for the fruits flesh according to the storage

days and conditions at the loading rate

of 25mm/min.

Slorage | oiorage o(et) =€*(B exp(—CO+D exp(—FO +G exp(—H)] -
(days) A B C D F G H
0 - 0.7963 | 0.2881 | 0.5223 | 04316 | 0.0390 | 2.2590 | 0.0003 | 0.9998
" NTS 0.8227 | 0.3407 | 05274 | 0.5112 | 0.0394 | 2.2643 | 0.0004 | 0.9999
LTS 0.8133 | 0.3130 | 05062 | 0.4596 | 0.0384 | 2.2999 | 0.0003 | 0.9999
NTS 0.8518 | 0.3783 | 0.6566 | 0.6005 | 0.0420 | 2.2947 | 0.0006 | 0.9998
2 LTS 0.8317 | 0.3395 | 0.5084 | 0.4983 | 0.0386 | 2.3348 | 0.0004 | 0.9999
%0 NTS 0.8874 | 04725 | 0.5781 | 0.7404 | 0.0434 | 2.1802 | 0.0007 | 0.9997
LTS 0.8490 | 0.3669 | 0.5099 | 0.5386 | 0.0387 | 2.3457 | 0.0004 | 0.9999
Pear
ggga ¢, ()Slgggggg . o(e,) =&*[B exp(—Ct) +D exp(—Ft) + G exp(—Ht)] -
(days) A B C D F G H
0 — 07734 | 0.2722 | 0.7209 | 04123 | 0.0447 | 1.1859 | 0.0006 | 0.9998
NTS 0.8040 | 0.3167 | 0.7120 | 0.4735 | 0.0446 | 1.1761 | 0.0007 | 0.9997
10 LTS 0.7818 | 0.2868 | 0.7229 | 04343 | 0.0448 | 1.1541 | 0.0006 | 0.9998
% NTS 0.8967 | 04592 | 0.7368 | 0.6894 | 0.0465 | 1.1851 | 0.0010 | 0.9994
LTS 0.8041 | 0.3249 | 0.7300 | 0.4920 | 0.0455 | 1.0802 | 0.0008 | 0.9997
% NTS 0.9720 | 05914 | 0.8130 | 0.9044 | 0.0521 | 1.0790 | 0.0024 | 0.9983
LTS 0.8470 | 03691 | 0.8470 | 0.5786 | 0.0525 | 10834 | 0.0013 | 0.9994 |

Lt HEMEERET KRR BAMAR ol
O|X= &%

dutE o 2 FEHMEE S £R EHR
ettholl M X gl & Ao oy AFAE
o] o3 MiE) 51 glr} 2389101213

e 3-9] Atz 2 wlol] o) &bod FEBBELE
I 10, 25 2 40mm/min®] 3 452} FIHIHTE R
2 ENE g% 23S 29 37 49 4%
EAlslg o6 o] Sof ¥ —ik{k Maxwell £2
Bo} e mOR AR R0 2 AP UES R
59} 6ot ztzh EAIBMA L)

* 3

(OLH., 10mm/min 2R, 25mm/min OLR,, mj

Fig. 3. Effects of the loading rate on the stress

50 100 150 200 250 300 350 400 450 500 550 60C

relaxation behavior of the apple flesh at

Time, sec

the initial strain of 0.050 mm/mm,




AES) M (D)

Stress Relaxation, kPa.

%050 700 160 200 250 300 350 400 450 500 550500
Time, sec
Fig. 4. Effects of the loading rate on the stress
relaxation behavior of the pear flesh at
the initial strain of 0.050 mm/mm,

WIREFEE Y 218 £ 2 HiE S o) ol
WETE o, EhEE e & B obue) fE
TiE EEE WE Aoz ve it ol e

it 5ol X IS E ) BA Qo] WE
WAEE 7} S 71l whel ol Al £ gl <
2wt Fadte ddow e 2 4 4 gl
R
o, o

A)7ke] 7

713‘_ YE

©ol WX = Fako] F HoF e
AL 717 33 4ol HE F D 4 Yol
dohghol whel [EHAbiRe) e X}oh
% HolAE B ¢ 4 Yk o|shpre

o & e

Table 5. Parameters of the generalized Maxwell model for the fruits flesh according to the loading ra-

tes.
Apple
LR Ls o(t)=g[E; exp(—t/t) + E; exp{—t/t.) +E.] 2
mm/min mm /mm MFf)la, MEI:;a. sgc SEEZC M%a.
0.0250 0.7883 0.8941 4.6197 143.4931 4.2356 0.9905
10 0.0500 0.6982 0.7909 4.6094 144.0920 3.7380 0.9905
0.0750 0.6492 0.7347 4.6263 144.3223 34757 0.9905
0.0250 1.2256 1.2956 9.0156 369.8339 3.7364 0.9916
25 0.0500 1.0657 1.1241 9.0677 371.7179 3.2433 0.9916
0.0750 0.9808 1.0339 9.0532 369.9044 2.9878 0.9916
0.0250 1.3754 1.4455 8.9952 365.9174 3.6615 0.9916
40 0.0500 1.1749 1.2366 9.0425 367.1948 3.1281 0.9916
0.0750 1.0736 1.1331 9.0442 371.1927 2.8474 0.9916
Pear
0.0250 1.0258 0.9426 8.4142 352.5905 1.8583 0.9907
10 0.0500 0.8861 0.8213 8.3570 352.8691 1.6075 0.9907
0.0750 0.8147 0.7541 8.3881 352.8299 14791 0.9907
0.0250 1.2973 1.1752 8.2604 334.5216 1.7872 0.9907
25 0.0500 1.1087 1.0055 8.3089 335.8123 1.5254 0.9908
0.0750 1.0122 0.9197 8.3379 339.2958 1.3878 0.9908
0.0250 A 1.5988 1.4262 8.2678 321.2416 1.7649 0.9911
40 0.0500 1.3337 1.1888 8.2352 321.4597 1.4626 0.9910
0.0750 1.2003 1.0712 8.3018 325.7455 1.3088 0.9909
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Table 6. Coefficients of nonlinear stress relaxation model for the fruits flesh according to the loading
rates,
Fruits Loading rate o(e,t) =¢'[B exp(—Ct) +D exp({—Ft) + G exp(—Ht)] 2
(mm/min) A B C D F G H
10 0.8204 | 0.2979 | 0.4951 | 0.3640 | 0.0240 | 2.3951 | 0.0002 | 0.9999
Apple 25 0.7963 | 0.2881 | 0.5223 | 0.4316 | 0.0390 | 2.2590 | 0.0003 | 0.9999
40 0.7736 | 02961 | 0.5246 | 0.4453 | 0.0393 | 2.0988 | 0.0004 | 0.9999
10 0.7933 | 0.2313 | 0.7156 | 0.3493 | 0.0443 | 1.2253 | 0.0005 | 0.9998
Pear 25 0.7734 | 0.2722 | 0.7209 | 04123 | 0.0447 | 1.1859 | 0.0006 | 0.9998
40 0.7369 | 0.2928 | 0.7259 | 0.4458 | 0.0450 | 1.0988 | 0.0007 | 0.9998
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Fig. 7. Response surface of the stress relaxation

for the apple flesh as a function of time

and initial strain.
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storage period on the stress relaxation

behavior of the apple flesh at the loading

rate of 25 mm/min and the initial strain of
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