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A BST R ACT
The article analyzes the deformation mechanism under uniaxial compression of cylindrical samples cut from the 
pulp of potato tuber. In its typical S-shaped stress-strain diagram, three characteristic zones of different types 
of dominant deformation can be distinguished. Clarified the boundary between the second and third zones. The 
rationale for changing the type of deformations in each zone by adding a new type to the previous one is pre-
sented. Grounded elastic deformation in the first zone, which is associated with stretching of the cell membranes. 
In the second zone, the destruction of individual cells distributed in the sample volume occurs and in the third 
zone — the predominant gradual unification of these destructions. An explanation is given of the characteristic 
brittle fracture of the sample with significant residual deformations at the end of the third zone. The erroneous 
determination of the deformations of the second and third zones as plastic (yield) was noted. In this regard, a new 
term was introduced — modulus of rigidity Z. The change in the modulus of stiffness Z with increasing irreversible 
deformations indicates structural changes in the flesh of the sample due to its gradually collapsing cell structure. 
The reason for straightening diagrams for samples from fresh, hard potato tubers is explained. Taking into ac-
count the type of deformations by zones allows us to reasonably proceed to the creation of criteria for quantitative 
assessments of the degree of flaccidity of potato tubers.

1. Introduction
The basis of analytical calculations and design of processes 

and equipment for the mechanical processing of plant biomate-
rials, including for potatoes, and animal origin are stress-strain 
studies [1]. Often used for this purpose the test for the destruc-
tion at the conditions of uniaxial compression of carved from 
their flesh cylindrical samples is informative and universal 
method [2,3,4]. Such studies establish the nominal compression 
stresses (hereinafter — stresses), including the ultimate compres-
sive stress σU (compressive strength), the relative deformation ε 
(hereinafter — strain) and the general form of the fracture graph 
in the stress-strain (σ-ε) coordinates [5]. With a great attention of 
the researchers to obtaining diagrams of destruction by uniaxial 
compression of samples of various plant products, the analys of 
the deformation was investigated only in the most general form 
and mostly limited to identifying of conditions the absence of 
bruising at low loads for example, in potatoes [6], apples and 
pears [7,8] and by registration of destroyed cells of apple flesh [9].

This article is devoted to the analysis of the type of deforma-
tion under uniaxial compression of cylindrical samples cut from 
the flesh of the potato tubers.

According to known publications of the results of research 
on the physic-mechanical properties of fruits and vegetables and 
own experiments [3,10,11,12], a number of essential features of 
the compression diagrams of cylindrical samples cut from their 
flesh have been revealed. So, for potatoes, along with the mani-
festation of the relaxation properties of its flesh [11]. The diagram 
of the destruction by compression of samples from fruits and veg-
etables of long-term storage has an S-shape [13,14,15]. In samples 
from fresh potato tubers and at a high loading rate, the diagram 
is straightened, approaching a straight line [2,8,16]. The articles 
[11,15,16] emphasized that the destruction of potato samples oc-
curs along a plane inclined at an angle of 45° to the axis of the 
sample, that is, according to the type of brittle fracture.

An important observation is also the fact that the elastic 
strain of potato samples occurs only in a small initial zone of the 
stress diagram in the region up to σ ≈ 0.1 MPa. It can be as low 
as 20 % of the ultimate strength σU. This characteristic stress is 

denoted below as σ0,1 = σB = 0.1 MPa was noted in the article [17]. 
In it, the diagram was conditionally divided into two zones: up 
to stress σ ≈ 0.1 MPa, called quasi-elastic, and above, called yield 
zone.

In accordance with this dichotomy, for the first zone, author 
applied the traditional notion of elastic modulus (E), and for the 
other, the notion of yield modulus (Ew). However, the reason for 
introducing the concepts of quasi-elasticity and yield was not 
explained. As our experiments showed [12,15], one cannot agree 
with this interpretation of the diagram zones, since the first zone 
reflects the traditional notion of elasticity, non-linear in this 
case, and the second does not reflect the reasons for the appear-
ance of residual straines and the change of their formes which 
are associated with the notion of brittle material. Further load-
ing (σ > 0.1 MPa) leads to intensely increasing inelastic strain up 
to splitting with εS ≈ 0.3 and even more [2,8,17]. In this regard, 
article [15] concluded that the tangent of the angle of inclination 
to the axis of strain of linear approximations of a diagram or its 
parts, including elastic and inelastic components, should not be 
called the Young’s modulus, i.e. modulus of elasticity. It is pro-
posed to call it the rigidity modulus, and denoted as Z.

2. Materials and methods
The article is based on the results of experiments with cylin-

drical samples cut from potato tubers. For objectivity, the results 
were analyzed of the articles of both our own and other authors. 
The experiments were carried out on samples that had a ratio of 
length to diameter from 1 to 2. The greater this ratio, the clearer 
the character of the brittle destruction of the sample. Fresh, hard 
tubers showed a diagram that was close to straight. In flabby 
tubers that have been stored for a long time, the diagram had 
a characteristic S-shape. In the publications mentioned, the 
methods of conducting experiments and obtaining diagrams 
were different: from building diagrams by tables of results to au-
tomated ones using computer programs. In the presented article 
there are links to all borrowings.

Cylindrical samples in our articles had a ratio between the 
length and diameter of the sample l0 / d0 = 25/14 = 1,79. They 
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remained steadiness in compression tests, although in the lit-
erature on the properties of fruits and vegetables, the magnitude 
of this ratio is usually limited to one.

3. Results and discussion
On a typical S-shaped diagramm of fracture by uniaxial com-

pression of a cylindrical sample cuted from a flabby potato tuber 
(Figure 1), it is actually necessary to distinguish three character-
istic zones of the predominant type of deformations.

First (AB)  — elastic deformation at stresses from zero to 
σB = 0.1 MPa. The second (BC) — an addition to the elastic de-
formation of inelastic deformation at the initial fragmented de-
struction of cells with the least durable and most loaded shells in 
the stress range from σB to σС. The third (CP) is the predominant 
inelastic deformation under the conditions of gradual unifica-
tion of separate fractures at stresses from σС to σU, ending with 
brittle fracture of the sample. The selection on the diagram of 
the three zones was first shown in the article [12]. Our article 
contains a number of important additions and clarifications.

The shape of the first zone of the diagram is affected by the 
destroyed surface cells of two flat transverse end and cylindrical 
surfaces of the sample cut from the tuber, and also the stress dif-
ference between the intact cells of the flesh. The cell membranes 
are stretched elastically and the stresses are leveled across the 
entire volume of the sample.

The AB segment of diagram is non-linear for a sluggish and 
close to linear (AB0) for a fresh tuber [12,15,16]. Only minor re-
sidual deformations appear in this zone. The elastic nature of 
the deformation at σ < 0.1 MPa is confirmed by experiments with 
apples and pears [7,8]. The author of these articles notes the ab-
sence of bruises in the zone of low load. For this reason, the first 

zone shows no noticeable residual deformations and is called 
the elastic deformation zone. Bruises appear only when the cell 
structure of the flesh is destroyed, that is, at high stresses, in the 
second and third zones.

The noted features are also characteristic for samples cut 
from other plant materials and materials of animal origin that 
have a cellular structure [18].

From point B, the second zone begins. It reflects the continu-
ation of the growth of elastic strains, the appearance and growth 
of inelastic strains due to the destruction membrans of indi-
vidual cells throughout the sample volume. The continuation of 
the growth of elastic strains is confirmed by an increase in the 
range of residual strains at intermediate unloadings, shown in 
[8,12]. The gradual accumulation of damage of the overloaded 
and least durable individual cells, scattered by volume, should be 
considered to volumetric micro-destruction. At the same time, 
the rigidity of the sample increases due to an increase in stresses 
in intact membranes of cells.

For ductile materials, the modulus of elasticity remains al-
most constant until destruction (E = const) [5], which indicates 
their unchanged structure throughout the diagram. In the sam-
ples cut from the flesh of potato tuber, a gradual change in the 
modulus of rigidity Z with increasing irreversible deformations 
is observed, which confirms the structural damage in it flesh 
[12]. These fractures are essentially similar to the appearance of 
microcracks in brittle structural materials.

The third zone begins at point C with a change in the cur-
vature of the S-shaped diagram from concavity to convexity. 
The third zone reflects the continuation, of the destruction of 
individual cells and a gradual fusion of their volumes, which 
corresponds to the concept of macrodestruction. Such a form 
of destruction is reflected in the photographs in the work [9]. 
This means that the forms of changes in the cell structure of the 
flesh of the tuber, which began in the previous zones, are in-
creasing, and new ones are added to them. Based on this, it is 
possible to assert a priori that biological materials with a cel-
lular structure will fracture like a fragile body. Hence, the term 
plasticity often applied to them does not correspond to the es-
sence of irreversible deformations occurring in them. Gradually 
the process of merging the volumes of destroyed cells goes into a 
predominant one. The number of unexploded cells remains ever 
less, and the rigidity of the sample with a significant share of 
macro-destructions is markedly reduced. As a result, its strain 
grow more intensively with a smaller increase in load, and the 
diagram becomes more and more gently sloping. The second and 
third zones can merge into a single one, close to linear (line 3) 
in conditions sufficiently fast loading due to damping by relax-
ation features of the flesh cells. Tests of samples from fresh po-
tatoes (with a high turgor value) give a diagram of all three zones 
close to the idealized linear (straight line AP — line 2). The third 
zone ends with the destruction of the sample by splitting along a 
plane inclined at an angle of 45 ° to axle of longitudinal load, i.e. 
on a brittle type, confirming the description of processes in the 
second and third zones.

In the process of compression, a certain thickening of the 
sample occurs. However, in the second and third zones, the ac-
tual number of intact cells that provide the strength of the sam-
ple decreases to a greater extent, i.e. the area formed by them 
decreases in cross section. Hence, the actual (true) stress and 
ultimate stress, counted as the ratio of the applied force to the 
area occupied by the intact cells in the cross section, is in fact 
greater than the nominal. Such more accurate value is intro-
duced in some cases for plastic structural materials, when the 
true cross-sectional area of the samples is taken into account by 
dividing the force by the area of the narrowing when stretched or 
thickening under compression [19].
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Figure 1. A characteristic stress-strain diagram of the 
fracture by uniaxial compression of a cylindrical specimen 

cut from a flabby potato tuber: σ — compressive stress, 
MPa; ε — strain, d/l (dimentionless); continuous line 1 — 

typical experimental S-shaped diagram of compression of a 
cylindrical sample from a flabby tuber; the idealized linear 

approximations of the diagram and its individual zones 
correspond to: the dash line 2 — fresh tuber for the interval 
0–σU, the dash-dotted line 3 — for the interval σ0,1–σU, the 

dotted 4 — for the interval σ0,1–σС, the dash-two-dotted 
5 — for interval σС–σU; B, B0, C, P — characteristic points; 
P — the point of the sample brittle fracture; characteristic 

stresses of the sample: σ0,1 = σB = 0.1 MPa, σU — the ultimate 
strength, σС — the stress at point C corresponding to the 
change in the curvature of the line of the diagram from 

concave to convex; εP — the strain of sample brittle  
fracture at the point P
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The high value of turgor provides a more uniform initial ten-
sion in the cell membrane. Consequently, the nature of their 
destruction is the same and occurs with constant intensity 
throughout the diagram. Therefore, the diagram view approach-
es the straight line 2, although at its beginning some nonlin-
earity may appear [2,12,16]. However, in any form, the first zone 
also ends at σ0,1 = 0.1 MPa at point B0 , after which inelastic defor-
mations begin to grow noticeably.

The revealed change of the deformation mechanism by zones 
allows one to proceed to the creation of criteria for quantitative 
assessments of the flaccidity degree of potato tubers.

4. Conclusion
S-shaped diagrams of destruction by uniaxial compression of 

samples cut from the flesh of flaccid potato tubers clearly show 
three characteristic zones with differing deformation mecha-
nisms.

The boundaries of the zones are: between the first and sec-
ond — the stress σ0,1 = 0.1 MPa (point B), between the second and 
third — the change in the curvature of the S-shaped diagram 
from concavity to convexity at point C.

Elastic deformations of the first zone are supplemented in 
the second by microdestruction of individual cells and in the 
third by the union of groups destructed of cells, which can be 
characterized macrodestruction. Thus, the deformations of the 
previous zone do not disappear, but are complemented by a new 
type in the next zone. The third zone ends with a brittle frac-
ture of the sample with significant residual deformation. Tests 
of samples from fresh potatoes (with a high turgor value) give a 
diagram of all three zones close to a single idealized linear one. 
At the same time, the boundary between the second and third 
zones will be disappear, but on the whole, the pattern of defor-
mation and destruction of the cell structure of the potato tubers 
revealed by the zones remains.
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