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Impact characteristics of sugar beet root during postharvest storage
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Abstract. The effects of time of sugar beet root storage on
the parameters determined by impact testing were studied. The
9 mm diameter and 20 mm high cylindrical samples were cut
crosswise and lengthwise along the root axis. The impact veloci-
ty was 1 m s” and the change in the response force over time
was observed at both ends of the sample. The measurements were
made directly after harvesting and after 24, 48, 96 and 120 h of
storage at room temperature. Failure stress and strain, impact
energy, absorbed energy, Young’s modulus and shock wave
speed were determined in the sample tissue from the change in
the response force at both ends of the sample. A drop of 40% in
the average values of the energy required to damage the samples
was observed during 120 h of storage. A similar dependence was
found for the energy absorbed by the sample as evidenced by the
greater susceptibility of the roots to impact loads. The experiment
confirms the importance of critical stress criterion for cylindrical
samples of sugar beet. The velocities of shock wave propagation
obtained from the samples during impact were in the range of
220 —384 m s and were not correlated with the other experimen-
tal parameters.

Keywords: sugar beet root, impact energy, absorbed energy,
storage time

INTRODUCTION

Plant materials including sugar beets are characterized
by high water content levels and are particularly exposed
to damage during harvesting, cleaning processes, clamp
building, transport and factory intake. Most sugar beet
damage is the result of a mechanical load of a dynamic
character where stress propagates in the wave form. The
nature of this kind of load differs from those under quasi-
static conditions as biological material loses its viscoelastic
properties over time and behaves as an elastic-plastic body.
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Moreover, the behaviour of beet under an impact load is
substantially affected by its mass. The actual load of the
dynamic character is observed when the deforming element
results in the considerable displacement of one end of the
sample whereas the other end is not distorted because the
stress wave does not reach it. The threshold velocity, above
which the load is of a dynamic character, depends on the
characteristics of the material, particularly the density and
rigidity. The different nature of the deformations of a quasi-
static and dynamic character results in a different degree of
resistance of the materials to various types of mechanical
loads (Stropek et al., 2014; Gotacki et al., 2014; Kotodziej
et al., 2014; Stropek and Gotacki, 2018). Therefore the
strength parameters of sugar beet roots should be deter-
mined under dynamic load conditions. It should be taken
into account that a fall from a height of 2.5 cm results in an
impact with a 0.7 m s™ velocity which in the case of most
fruit and vegetables generates a stress wave and results in
the deterioration of its material and consumption qualities.

Despite improvements in the technological operations per-

formed on sugar beet roots, damage still occurs, which in

turn affects the final crop and production costs. Mechanical
damage may be divided into three basic groups (Skalicky,

2003):

— damage due to harvesting (breaking off ends, indenta-
tions, improper trimming and leaving undug roots in the
field);

— damage caused by cleaning and transporting units of the
harvester;

— damage resulting from roots falling during transport or
dumping while unloading.
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Invisible cracks of the root are of significant danger
because they lead to infections causing sugar loss from
0.2% per day and 0.34% per night (Wiltshire and Cobb,
2000).

In order to limit mass losses, reduce production costs
and improve raw material qualities numerous studies under
impact and quasi-static loads were carried out. The most
frequently determined mechanical parameters of sugar beet
roots are maximal destructive force, deformation energy,
inclination of force/displacement curve and compressibil-
ity. Alizadeh and Segerlind (1997) determined the ranges
of Young’s modulus variability, coefficient of Poisson and
critical stress based on the test of cylindrical root sample
compression. Young’s modulus increased during the 35
days of harvesting. While studying cylindrical samples in
a mono-axis compression test Gorzelany and Sosnowski
(2003) determined the average value of the damaging
force for fresh beets and those stored for 60 days. They
noted a great increase in the damaging force after storage.
Gorzelany and Mattok (2014) found some differences in
the damaging force value depending on the variety stud-
ied. Nedomova et al. (2017) compared the effectiveness of
the tests of mono-axis compression of free sample and the
penetration test during a 77 day storage period. They found
that the root strength increases with storage time compared
to the results obtained in the penetration test.

Pan et al. (2015) determined the three mechanical para-
meters of axially compressed sugar beet samples. These
were: the maximal damaging force of a 23% strain, the area
below the force-displacement curve and the inclination of
the force-displacement curve. Investigations were carried
out to check the possibility of predicting various properties
of sugar beet roots by means of visible and near-infrared
spectroscopy. These methods were effective for the deter-
mination of both moisture and sugar contents. However,
they proved to be inadequate for the evaluation of mechan-
ical parameters determined in the compression test. The
authors postulate the necessity of the elaboration of new
effective methods for the determination of the mechanical
properties of both samples and whole sugar beet roots.

Plant materials consist of single cells, which form a tis-
sue structure. The cells are characterized by various shapes,
sizes, widths, orientations as well as thicknesses of the cel-
lular walls (Gancarz et al., 2014; Karim et al., 2018). These
features, can affect the susceptibility of plant material to
loading forces originating from various directions in rela-
tion to the axis of the studied tuber/fruit. Gancarz (2016)
found a relationship between the size of potato cells and
of the occurrence of black spot in potato tubers after stor-
age. Exterior loading was realized according to the constant
height multiple impacts method (CHMI). Tissue resistance
to mechanical loading also depends on the water potential,
more precisely the turgor potential of the tissues. Studies
by Zdunek et al. (2008) using the acoustic emission method
showed the effect of the turgor level on the failure mode
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of potato cellular structures. In the case of hydrated cells
(strong adhesion) it was necessary to use low energy levels
for the disruption of cellular walls due to some initial cell
wall tension. The cells, which have a high turgor value
(relatively high degree of cell adhesion) are damaged by
rupturing and those, which are less hydrated, are damaged
by cell-cell deboning.

Bentini ef al. (2005) made tests of sample compres-
sion and impact on beet roots just after harvesting and five
hours after they were dug out. The critical stress for the
samples cut crosswise and lengthwise along the root axis,
the apparent modulus of elasticity and Poisson coefficient
were determined using the compression test. Maximal
acceleration during the impact change of velocity and time
of impact were determined by means of the impact test.
The dependence of the average values of the Poisson coef-
ficient on the load applied during the test was determined
and it was found that these values increase with loading
for fresh roots. A significant spread in the average values of
parameters determined in the quasi-static and impact tests
did not allow the authors to draw conclusions about root
resistance to damage under various load conditions. A sig-
nificant achievement of the research was the determination
of essential changes in the mechanical parameters of beets
left in the field for five hours which should be taken into
account in the choice of harvest handling technology.

As stated above, mechanical damage to sugar beet roots
mainly results from loads of a dynamic character. The
working parts of agricultural machinery e.g. diggers, star
cleaners, platform and rod augers reach great linear and
angular velocities (Pilbrow, 1997). They contribute to the
loads to which beet roots are subjected: 25 g in the case of
cleaning stars and about 35 g for platform augers (Schuh
et al., 1997). The authors registered the largest values of
acceleration just after digging out, this value was detected
on the platform augers using an “electronic beet” (Bartlett
1998; Hopkinson and Houghton, 1998; Bentini et al.,
2002). Moreover, frequent impacts of roots due to falls dur-
ing loading and unloading fully justify the requirement to
become familiar with the mechanisms of sugar beet tissue
deformation under dynamic load conditions.

The most frequently applied impact study methods are
drop tests (Lewis et al., 2007; Celik et al., 2011; Ozbek et
al.,2014; Shafie et al., 2015; Ragni and Berardinelli, 2001)
as well as tests involving the use of a pendulum (Yen and
Wan 2003; Opara et al., 2007; Polat et al., 2012; Stropek
and Gotacki, 2016b; Abedi and Ahmadi, 2014; Stropek and
Gotacki, 2019a, 2019b).

Trnka et al. (2018) also applied a non-destructive
method to study sugar beet root response on impact using
a laser vibrometer. The root was stimulated with vibrations
by means of an impact with a cylindrical bar. The spec-
trum of the vibrations frequency of the point located on the
side surface of the root possessed the maximal value which
characterized the rigidity of the studied root.
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The aim of the paper was to determine the effects of
the sugar beet root storage time on the values of structural
parameters obtained in the impact test of cylindrical sam-
ples such as: maximal force of sample response, damaging
energy, energy absorbed by the sample, Young’s modulus,
velocity of stress wave propagation in the sample as well
as the levels of stress and strain which damage the sample.
The effect of sample orientation on the value of the above-
mentioned parameters was also studied.

MATERIALS AND METHODS

The stand designed to test the samples for the cylindri-
cal shape impact study consisted of a pendulum with a rigid
940 mm long arm. A cylindrical hammer with a 3.5 kg mass
and an Endevco model 2311-100 piezoelectric force sensor
of 2 mV N sensitivity and a measuring range of 222.5 N
was installed on the end of the pendulum (Fig. 1) (Stropek
and Gotacki, 2016a; Bajema et al., 1998). An identical sen-
sor was installed in the anvil placed on the steel plate which
was fixed to the concrete bearing wall of the building.

The pendulum axis was connected with the angular dis-
placement sensor WMU-45-SK which worked in the range
+ 45°. The sensors were connected to a four-channel mea-
surement card of changing sampling frequency in the range
from 1 to 153.6 kHz. The measurement results were col-
lected and registered by means of a computer with specially
customized software. The cylindrical samples of sugar beet
roots were fixed to a plate attached to the sensor by means
of technical vaseline. A similar plate was attached to the
sensor positioned on the hammer. The difference of velo-
city of the hammer set motion due to the gravitational force
on a 5 mm section of the sample being crushed is 0.01 ms™.
However, it should be noted that the sample resisted crush-
ing, which reduced the above-mentioned difference of
velocity. Taking that into account, a constant velocity of
sample deformation during impact was assumed.

Sugar beets of the IMPERIAL variety were the experi-
mental material, cylindrical samples of diameter @ =9 mm
were cut from the central part of the root crosswise and
lengthwise to their axes using a punching die (Fig. 2).

The samples were cut at a height H =20 mm. Tests were
performed on fresh roots and those stored at room tempera-
ture for: 24, 48, 96 and 120 h. The samples were deformed
by 5 mm which was sufficient for stable damage to occur.
When the sample was placed in the measuring head it was
impacted at a velocity of 1 ms™ , which was possible owing
to pendulum deflection by an angle of 16.5°.

The experiment involved the application of the impact
force on the sample with a simultaneous registration of the
response force-time curves at both ends. Due to the kinetic
energy of the hammer being many times larger at the time
of impact compared to the sample deformation by 5 mm,
a constant velocity of deformation equal to 1 m s may
be assumed. This made it possible to calculate the energy
required for sample damage from the equation:
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Fig. 1. Scheme of the measuring head of the stand for studying the
course of the sugar beet root response force.
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Fig. 2. Shape and size of the sample (a), zone of the samples cut
out (b).
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where: v — the velocity of the hammer at the impact time
(m s™), F,(f) —force generated by the sample as a response
to the action of the hammer (N) as a function of time, ¢. —
the time from the beginning of the test to the point where
the maximal value of the impact force was reached.

Knowing the response force-time curves at both ends of
the sample it was possible to calculate the energy absorbed
by the sample during impact:
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where: Fj(f) — the response force-time function on the
hammer during the impact (N) and F,(f) — the response
force-time function on the anvil during the impact.
The stress o, and the damaging deformation &, were
determined using the expression:
Fiﬂmax g Al
_ o B

ATy T

A3)
where: F) ..« — the maximal value of the sample response
force registered on the hammer (N), 4 — the sample cross-
section surface area (mm?), A/ — the linear displacement of
the hammer corresponding to the maximal impact force
(mm), / — the preliminary length of the sample (mm).

The value of the linear elasticity — the apparent Young’s
modulus E, was determined from the dependence:
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4)
The values 4/ were determined from the expression:

Al=wr, . (5)

where: v — the velocity of the hammer at the time of impact
(ms™).

The velocity of stress wave propagation in the sample
v,, was found based on:

/

=4 (6)
where: At — the time between the starting point of response
force-time curve and the point from which the response
force starts to increase, registered on the hammer and anvil.

Statistical analyses of the obtained investigation results
were made based on the software Statistica ver. 13.1. These
were of average differences significance of all parameters
for different storage time as well as regression ones. Totally
150 samples were examined.
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RESULTS AND DISSCUSSION

The typical course of the sample response force which
registered on the hammer and anvil is presented in Fig. 3.
It shows that part of it which occurred until the time of
sample damage which was observed when the extent of
deformation was about 2.7 mm. A lower course was noted
at the end of the sample which was not deformed. The area
between the two courses of the response force is propor-
tional to the energy dispersed in the sample during impact.

In the experimental results no statistical significance of
the dependence between the parameters obtained for the
samples which were cut lengthwise and crosswise relative
to the root axis in all of the days of the experiment was
found. Therefore in this paper all of the results for both
kinds of samples are presented cumulatively.

The effect of storage time on the value of the force
damaging the sample is presented in Fig. 4. The average
values obtained from the tests just after harvesting and for
the roots stored for 24 h were 181.2 and 175.2 N, respec-
tively. However, after the second and fourth days of storage
the damaging force decreased significantly to a value of
154.7 N and reached 146.6 N after four-days of storage.

In the case of the energy necessary for damaging the
sample, a statistically significant drop was noted with the
storage time. The average values of the damaging energy
were 264.0 107 J just after harvesting and 131.1 107 J after
five days of storage (Fig. 5).

The energy absorbed by the sample during impact is the
energy converted into heat, oscillation energy and that of
local internal damage. The average values of the adsorbed
energy decreased with time from values that reached from
23.6 107 J for the fresh root samples to 11.8 107 J after the
five-day storage period (Fig. 6). In this case a statistically
significant linear drop was also observed.
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Fig. 3. Typical course of the sample response recorded by the sen-
sors installed in the hammer and anvil during impact.
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Fig. 5. Effect of storage time on the value of impact energy e;
recorded by the sensor installed in the hammer.

The average values of the damaging stresses were in the
range from 2.84 to 2.30 MPa (Fig. 7). The average values
of strains g, at which the sample damage took place were
in the range from 0.133 for the fresh roots to 0.105 for those
that had exceeded five days of storage (Fig. 8). Both critical
stress and strain showed a slight tendency to decrease as
a function of storage time.
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No correlation between the elasticity modulus and the
storage time was found. Its average values ranged from
20.73 to 23.28 MPa (Fig. 9).

Figure 10 shows the evaluation methods of time of
stress wave transition through the sample. The section A¢
indicates the time interval between the beginning of the
increase in sample response force curves measured by sen-
sors placed in the hammer and anvil. The courses of the

359

245

24.0 £ =22.283-0.263¢5

B
235 R<=0.03

(MPa)

230

225
220
215
210

Young modulus £

20.5

200

19.5

Storage time t5 (days)

Fig. 9. Effect of storage time on the Young’s modulus of the sam-
ples during impact.

50
Hammer
40
3
F "
5 30r o Anvil
ksl At
o
g 201
10 = f 2At
1
0 el ; ; ' ; ;
0.0651 0.1302  0.1953 02604  0.3255 X 103
Time (s)

Fig. 10. Evaluation methods of the time of stress wave propaga-
tion through the sample as a result of impact.

response forces measured at both ends of sample showed
fluctuations in the values of the sinusoid shape which dem-
onstrated a reflection of the stress wave from the sample
end and a return to its origin. The time interval 24¢ deter-
mined on the base of sinusoid was consistent with the time
interval 4¢ determined on the base of the starting points of
both response force-time curves.

The values of force and stress recorded during the
experiment which were necessary for sample damage were
characterized by remarkable scatter and their values dem-
onstrate a weakly decreasing correlation with storage time.
A very high degree of correlation was found in the case
of the impact energy whose average values decreased with
the storage time. Damage to the samples stored for four
days required about a 40% lower impact energy compared
to those obtained from roots directly after harvesting. The
results obtained indicate a rapid loss of turgor pressure by
the roots after harvest which, with their large mass results
in a greater susceptibility to damage. A similar relationship
was found for the energy absorbed by the sample during
impact. The value of the energy dispersed in the sample
before damage decreased with storage time which proves
a greater susceptibility of stored roots to impact load. As
previously mentioned the tendency for a small drop in
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the critical stress values was observed during the experi-
ment. These values were similar to those obtained by the
other authors under quasi-static load conditions (Gorzelany
and Sosnowski, 2003; Nedomova et al., 2017). Whereas
the values of critical strains were over three times greater
than those obtained by other researchers under the quasi-
static load conditions (Nedomova ef al., 2017). The time
required to damage a sample at an impact velocity of 1 m
s is about 2.5 107 s. In the case of a typical compression
test of a 20 mm high sample at 20 mm min™' it may take
as long as 10 s. Besides tissue structures, the plant materi-
als, which contain a large quantity of water, also contain
some amounts of gases in the intercellular spaces. Under
a load they translocate in the material which shows creep
and stress relaxation phenomena typical of viscoelastic
bodies. During the impact whose duration time is about
4000 times shorter compared with typical compression,
the flow of fluids and gases in the intercellular spaces is
not possible. Elastic deformations and local fractures or the
stratification of single cells and tissues that occured before
sample damage are observed as a rapid increase and drop
of response force. These observations confirm the elasticity
modulus determined during the experiment whose values
were three times higher compared with those obtained by
other researchers using compression tests (Alizadeh and
Segerlind, 1997; Gorzelany and Sosnowski, 2003; Bentini
et al., 2005). A significant increase in the stresses inside
the sample as a function of strain confirms the different
character of the response of the studied material which may
be treated as elastic. The experimental results provoke the
question: What are the actual causes of sugar beet tissue
damage? Do the causes go beyond the boundary stress or
strain values? Furthermore, the experimentally obtained
values of damaging stresses under impact conditions did
not differ significantly from those obtained by the other
authors during the compression tests. However, the values
of critical strains were more than three times lower. This
confirms the veracity of critical stress criterion for sugar
beet roots. The velocities of stress wave propagation in
the samples during impact were in the range from 220 to
384 m s and were not correlated with the experimental
parameters.

CONCLUSIONS

1. The energy values of required for sample damage
as well as those absorbed by the sample during impact
decreased with storage time which proves higher root sus-
ceptibility to damage over the course of storage time.

2. The values of the critical stresses obtained under the
impact conditions were comparable and those of critical
strains were three times smaller than those reported in the
literature but obtained under quasi-static load conditions.
The experiment confirmed the veracity of critical stress cri-
terion for sugar beet roots.

P. KOLODZIEJ et al.

3. Under impact loading conditions no significant dif-
ferences between all of the obtained parameters were
observed for samples cut crosswise and lengthwise relative
to the root axis.
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