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A b s t r a c t. In order to optimize the design and work-
ing parameters of agricultural machinery related to harvesting, 
knowledge about the physical properties and mechanical beha- 
viour of harvest-ready maize is required. Previous studies have 
been conducted on different maize varieties from different parts 
of the world in different growing seasons. However, these experi-
ments were usually conducted on dried or deep-frozen samples 
and therefore the condition of these samples was not related to the 
harvested material. In order to produce more relevant experimen-
tal results, a complex measurement method that involves in-situ 
observations and laboratorial experiments was established after 
taking into consideration the process of maize harvesting with 
a combine harvester and a maize header. The measurement meth-
od was successfully conducted over a period of days of harvesting 
in Hungary. With regard to the physical properties of the stalk, the 
distribution of the internodal diameter and the length, mass and 
moisture content of the stalk were determined. The mechanical 
behaviour of the stalk was analysed through transversal compres-
sion, three-point bending and dynamic cutting experiments. The 
results clearly demonstrate that the physical properties (diameter, 
length and wet-mass ratio, moisture content) and mechanical 
properties (force response characteristic and required mechani-
cal work) of different parts of the maize stalk vary significantly. 
Therefore, different parts of the maize stalk require different con-
siderations during machine development.

K e y w o r d s: maize stalk, measurement method, mechanical 
behaviour, physical properties

INTRODUCTION

Maize (Zea mays L.) is one of the most cultivated crops 
in the world: almost 1100 million tonnes of maize were pro-
duced in 2017. Harvesting is one of the most crucial phases 
in maize production because the efforts invested over the 

course of the whole growing season lead up to it, while the 
level of energy usage is relatively high. In order to optimize 
the machinery related to harvesting, knowledge concern-
ing the physical characteristics and mechanical behaviour 
of maize is required.

During harvesting by a combine harvester, maize is 
mainly processed by the maize header; only maize ears are 
threshed inside the machine. The whole plant is cut and 
pulled down to gather the maize ears that are conveyed into 
the machine, while the rest of the maize plant (stalk, leaves, 
husk, tassel) is chopped. The wet mass of the stalks is more 
significant than the wet mass of the leaves, husk and tassel 
(Igathinathane et al., 2006), moreover, it provides consid-
erable resistance against external loads during processing, 
thus, it was selected for particular consideration in the cur-
rent study.

To prevent spoilage and obtain comparable results, the 
moisture content of the specimens was usually reduced to 
10-20% w.b. (Igathinathane et al., 2010; Robertson et al., 
2014; 2015b) or adjusted to the predetermined values (e.g. 
15-30-55-75% w.b.) (Ince et al., 2005; Zhen et al., 2013). 
Sometimes the specimens were stored in a deep-freezer 
(-25°C) until the experiments took place (Igathinathane et 
al., 2011). Less frequently, virgin samples were investigat-
ed (Prasad and Gupta, 1975; Tongdi et al., 2011). 

Most of the previous studies focused on the geometrical 
(Robertson et al., 2015a; Forell et al., 2015), the chemi-
cal (Akgül et al., 2010) and the structural (Heckwolf et al., 
2015; Huang et al., 2016) properties of the stalks which 
have a significant influence on its mechanical behaviour.
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The mechanical behaviour and breakage of agricultural 
or forestry materials are most commonly defined by com-
pression (Prasad and Gupta, 1975; Robertson et al., 2015b; 
Leblicq et al., 2016; Zhang et al., 2017), bending (Kantay 
et al., 2000; Tongdi et al., 2011; Robertson et al., 2014, 
2015b; Leblicq et al., 2015; Olmedo et al., 2016; Zhang 
et al., 2017) and laboratorial cutting (Prasad and Gupta, 
1975; O’Dogherty, 1982; Kantay et al., 2000; Yiljep and 
Mohammed, 2005; Igathinathane et al., 2009, 2010, 2011; 
Dange et al., 2011; Johnson et al., 2012; Kattenstroth et al., 
2012; Jia et al., 2013; Mathanker et al., 2015) experimental 
methods. In the case of the transversal compression and the 
three-point bending experiments, all of the previous experi-
ments were quasi-static, and the deflection of the specimens 
was usually in the elastic state. One of the most effective 
ways to carry out the laboratorial dynamic cutting experi-
ments on stalks and stems is the modification of a common 
pendulum impact machine (Azadbakht et al., 2004; Yiljep 
and Mohammed, 2005; Dange et al., 2011).

Based on a literature review, the previous experiments 
were usually conducted on dried or deep-frozen samples, 
therefore, the condition of these samples was not relat-
ed to the harvested material. Moreover, the mechanical 
behaviour of the samples was estimated through small 
deformation loading cases, while a large deformation of the 
samples occurs during harvesting by a combine harvester 
with a maize header. 

Therefore, the general objective of the current study is 
to determine the physical properties (diameter, length, mass 
and moisture content distribution) and mechanical proper-
ties (force response, required mechanical work distribution 
and breakage) of maize stalk as related to harvesting by 
a combine harvester. In order to achieve this goal, some 
specific objectives are defined as follows: 
•	 first, a complex measurement method needs to be estab-

lished by considering the usage of a universal testing 
machine to provide the applicability of the method in 
a common laboratory setting;

•	 second, the measurement method should be conducted 
during the harvesting period to provide data relevant to 
the harvested material;

•	 finally, the collected data needs to be analysed in such 
a way as to obtain useful knowledge about the condi-
tion and behaviour of the harvested material for machine 
development.

MATERIALS AND METHODS

Maize, of variety Sufavor FAO360 (Saaten-Union 
Hungária Ltd, Hungary), was planted in the central region of 
Hungary (location: 47°44’ N; 19°36’ E, 149 m a.s.l.) on 15 
April 2016. The plant density was 70000 units ha-1 and the 
distance between the rows and plants was 0.75 and 0.2 m, 
respectively. The ears were harvested on 26-27 October 

2016, when the average moisture content of the threshed 
maize kernels was 19.7% w.b. and the yield was 8800 kg 
ha-1.

For all of the tests, healthy plants without any observ-
able damage, disease or mutation were systematically 
selected to facilitate uniform sample collection. In-situ 
observation was conducted on virgin samples at the experi-
mental plot. For the laboratory tests, samples were cut right 
above the soil surface and transported to the laboratory.

According to the in-situ observation of 100 plants, the 
upper part of the stalk was broken or completely missing for 
93% of the samples. To provide comparable results, experi-
ments on the first ten internodes and nodes were conducted.

Before the experiments, the nodes (N) and internodes 
(IN) of each stalk were continuously numbered and marked 
by position indices (p) from the bottom to the top of the 
stalk (1, 2, …, 10). The stump, where the brace root joins 
the stalk, was excluded from the measurement because this 
part does not come into contact with the maize header. 

Afterwards, the stalks were cut into smaller samples by 
a bandsaw and they were measured within 8 h after col-
lection during harvesting days on 26-27 October 2016. 
Therefore, the properties of the stalks remained close to 
their condition during harvest.

In the laboratory, the minor and major dimensions of 
nodal and internodal cross-sections were measured on 10 
stalks using a digital calliper (accuracy 0.01 mm). Along 
the internodal sections, the equivalent diameter was 
assumed to be constant (Robertson et al., 2015a). Thus, 
these dimensions were measured in one cross-section near 
to the middle of the section. The distance between the two 
nodes (length of the internodes) was also measured on 10 
stalks by using a measuring tape (accuracy 1 mm).

Ten stalks were cut into internodal sections using a band- 
saw and the wet-mass of internodes was measured using 
a digital balance (accuracy 0.01 g). Afterwards, the same 
internodes were placed into a drying oven at 102°C and 
the dry-mass of the internodes was measured after 24 h 
(Igathinathane et al., 2006).

The complex cross-sectional shape of the real inter-
node and node was approximated by an equivalent circular 
cross-section (Igathinathane et al., 2006). The equivalent 
diameter  was calculated by using the width of the 
real cross-section in the major and minor directions 

 in Eq. (1): 

. (1)

For each stalk, all of the equivalent diameters were 
specified by using the equivalent diameter of the first node  

 in Eq. (2):

, (2)
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where:  (-) is the equivalent diameter ratio of the cir-
cular cross-section.

The measured length of the internodes (Lp) were speci-
fied by the total length of the stalk (Lt), see Eq. (3):

, (3)

where λp (-) is the internodal length ratio.
Each measured wet-mass (mw, p) was specified by the 

total wet-mass of the stalk (mw, t), see Eq. (4):

 
, (4)

where μw,p (-) is the internodal wet-mass ratio.
The moisture content of the internode (MCp) was calcu-

lated based on the measured internodal wet-mass (mw, p) and 
dried-mass (md, p) as specified by Eq. (5):

. (5)

Generally, all of the mechanical experiments in the 
current study focus on the internodal sections of the stalk 
because the likelihood of loading on an internodal section of 
the stalk is higher than on the nodal section (Igathinathane 
et al., 2011). Before the experiments, the minor and major 
dimensions of the internodal cross-section were measured 
for each sample by using a digital calliper (accuracy 0.01 
mm). During all of the experiments, the minor axis of the 
internodes was in the direction of the load, theforce-dis-
placement data were collected at 100 Hz by a universal 
testing machine (Zwick Z020 test frame with a 5000-N 
load cell) and high-resolution videos were recorded for 
each sample at a rate of 30 frames per second. Afterwards, 
the recorded videos and force-displacement curves were 
analysed in detail to determine the mechanical behaviour of 
the stalks, moreover, in order to analyse the required com-
pressive and bending work requirement of the internodal 
sections Eq. (6) may be used:

, (6)

where: W (J) is the required compressive or bending work, 
F (N) is the force response at any instant, s (m) is the dis-
placement of the plunger at any instant.

Transversal compression between flat plates was con- 
ducted on each internode of 10 maize stalks with a defor-
mation speed of 300 mm min-1 (Fig. 1a). For the sectional 
transversal compression test, samples with a 50 mm length 
were cut from the middle section of internodes. First, the 
plunger approached the sample with a velocity of 10 mm 
min-1 until reaching a preload of 2 N. For all of the investi-
gated internodes, the applied preloads provide full-contact 
among the plungers and both sides of the sample. The minor 
width of the sample  was recorded after the preload 

force was applied and compression was then carried out 
until 0.75 of the compression rate (κ) of the samples was 
reached, that value was calculated using Eq. (7):

. (7)

Three-point bending experiments on each internode of 
10 maize stalks were conducted with a deformation speed 
of 300 mm min-1, while the bending tool and the supports 
had a cylindrical shape with a diameter of 10 mm (Fig. 1b). 
In contrast to the results of the previous studies (Robertson 
et al., 2014) a span length of 100 mm was chosen and the 
samples were loaded into the middle of the internodal 
sections. This adjustment of the span length resulted in 
a loading profile similar to that which actually occurs dur-
ing harvesting. For all the samples, the displacement of the 
bending tool was 30 mm. First, the bending tool approached 
the samples with a velocity of 10 mm min-1 until it reached 
a preload value of 2 N. 

A pendulum impact machine (Métisz-Q Ltd, type WPM 
406/60/18, Fig. 1c) was modified by replacing the hammer 
with the cutting blade unit of a harvester (Fig. 1d) in such 
a way that the gap between the blade (Fig. 1e) and the sup-
ports was approximately 6 mm on both sides. The cutting 
test was carried out on each internode of 10 maize stalks. 
Without causing local deformation, the samples were fixed 
at both ends to cut them along their minor axis. The pen-
dulum started from the same position each time. Therefore, 
the cutting velocity of the blade unit was 3.5 m s-1 in every 
case. The reversal angle was visualized and recorded with 
a scale. Based on the recorded data, the required dynamic 
cutting work (WDC) was calculated using Eq. (8):

, (8)

where: m (kg) is the mass of the swinging part, g (m s-2) is 
the gravitational acceleration, l (m) is the distance of the 
centre of the gravity of the swinging part from the pivot 
point of the pendulum, β (°) is the maximum angle of 
deflection on the pendulum after the cutting is complete 

a) b) c)

e)

d)

Fig. 1. Experiments: a) transversal compression, b) three-point 
bending, c) pendulum impact machine, d) cutting blade unit for 
dynamic cutting, e) design of the cutting blade (all dimensions 
in mm).
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and α (°) is the maximum angle of deflection on the pen-
dulum before the cutting process was initiated. The α and 
β angles were recorded by visual reading, thus, the reading 
error was approximately 1°.

For further analysis, the calculated, required cutting 
work (WDC) was specified by the cross-sectional area of the 
internode, using Eq. (9):

, (9)

where:  (J mm-2) is the specific required dynamic cut-
ting work and  (mm) is the equivalent diameter of the 
internode.

RESULTS

All of the results obtained are reported in the form 
expressed by Eq. (10):

, (10)

where:  is the mean of the measured variable, and CI is 
the radius of the confidence interval at a 5% significance 
level (p = 0.05).

The measured mean equivalent diameter of the first 
node  was 28.5 ± 1.4 mm. The characteristics of the 
mean nodal and internodal equivalent diameter ratios vs 
position indices showed a strong correlation (R = 0.99, 
R = 0.98) (Fig. 2a). For the nodes, the inflection point of 
the bilinear characteristic is situated at the sixth nodal posi-
tion index (where the maize ear was situated), while, for 
the internodes it was situated at the fifth internodal position 
index (right below the maize ear). 

The measured mean total length of the first ten inter-
nodes was 1510 ± 128 mm. Three phases were determined 
based on the characteristics of the internodal length ratios 
vs position indices (Fig. 2b): the length ratio is linearly 
increasing between the first and the fourth internodes, 
where it reaches a maximum value; afterwards, it starts 
to linearly decrease until it reaches a constant value at the 
ninth internode. 

The measured mean wet-mass of the first ten internodes 
was 191.7 ± 38.5 g. The wet-mass ratio of the internodes 
decreases significantly from the first to the fifth internode 

where the gradient of decrease drops (Fig. 2c). The mean 
moisture content of the internodes decreases linearly from 
the first to the eighth internode, where it starts to decrease 
more significantly (Fig. 2c).

The typical phases of the force response were determi- 
ned based on the measured characteristics during trans-
versal compression (TC) experiments (Fig. 3).

For most of the internodal positions (2nd-5th and 7th) 
the characteristics were made up of the same phases (Fig. 
3b): an initial quasi-linear increasing phase; one significant 
initial break and then an exponential increase with small 
drops. In the case of the first internode, multiple breaks with 
increasing linear phases may be observed after the initial 
increase (Fig. 3a). Only in the case of the sixth internode, 
was the initial quasi-linear increasing phase followed by 
a quasi-constant phase (Fig. 3c). The typical characteristics 
of the eighth and ninth internodes contained the same phas-
es (Fig. 3d, e), however, the position of the initial break was 
significantly different. Moreover, the initial break was not 
observable in the case of the tenth internode (Fig. 3f).

Through an analysis of the relationship between the 
maximal compressive force at the 0.75 compression rate  

 and the equivalent diameter of the internodes , 
a strong correlation (R = 0.92) was found, as shown in Fig. 
4(a), and an exponential relationship was determined, see 
Eq. (11):

. (11)
The required mean compressive work  distribu-

tion on the maize stalks is shown in Fig. 3b. The results 
showed that the mean required compressive work signifi-
cantly decreases up to the top of the stalk and the first five 
internodes provided 77.8% (42.6 J) of the total required 
compressive work (54.8 J) on an average stalk.

Through an analysis of the compressive work (WTC) re- 
quired and the internodal equivalent diameter , a close 
correlation (R = 0.93) was found (Fig. 4c), and an exponen-
tial relationship was determined (Eq. (12)):

. (12)

Fig. 2. Physical characteristics of maize stalks; a) mean equivalent diameter ratio distribution of the internodes and the nodes of maize 
stalks; b) mean length ratio distribution of the internodes of maize stalks and c) mean wet-mass ratio and mean moisture content dis-
tribution of the internodes of maize stalks (error bars represent the confidence interval (CI) at the 5% significance level (p = 0.05)).
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During an analysis of the recorded videos, five major 
phenomena could be observed: ovalization, the vertical 
break of the core, the vertical break of the rind, horizontal 
breaks of the rind and flattening. Moreover, most of them 
were related to the measured force response, as shown 
in Fig. 4. At the beginning of the compression, the sam-
ple was ovalized without any observable damage or break 
in its structure, this was related to the initial, quasi linear 
increasing phase (Fig. 5a). After that, a straight vertical 
break appeared in the core of the sample in relation to one 
significant, initial break phase (Fig. 5b). The vertical break 
of the core propagated to the rind while the sample broke 
into two separated parts (Fig. 5c). On both sides of the rind, 
small breaks appeared in the horizontal direction and these 

breaks propagated to the boundary between the rind and the 
core resulting in small drops in the exponentially increas-
ing phase (Fig. 5d). After the structural collapse of the rind, 
the core had a more significant effect on the mechanical 
behaviour of the maize stalks against transversal compres-
sion (Fig. 5e).

In the case of the three-point bending (TB) experiment, 
the bending characteristic may be divided into four typi-
cal phases: an initial elastic phase where the force response 
increases linearly; a plastic phase where the force-displace-
ment curve reaches its peak; the phase of structural collapse 
(buckling) where the force response decreases until it 
reaches an ultimate value and the sliding phase where the 
force response remains constant, as shown in Fig. 6a.

0
0.

2
0.

4
0.

6
0.

8
1

0 0.15 0.3 0.45 0.6 0.75

Sp
ec

ifi
c 

fo
rc

e 
(N

 N
-1

)

Compression rate (κ) (-)

Bi-linear
increasing
Break

Exponential
increasing

0
0.

2
0.

4
0.

6
0.

8
1

0 0.15 0.3 0.45 0.6 0.75

Sp
ec

ifi
c 

fo
rc

e 
(N

 N
-1

)

Compression rate (κ) (-)

Bi-linear
increasing
Initial break

Exponential
increasing

0
0.

2
0.

4
0.

6
0.

8
1

0 0.15 0.3 0.45 0.6 0.75

Sp
ec

ifi
c 

fo
rc

e 
(N

 N
-1

)

Compression rate (κ) (-)

Quasi-linear
increasing
Quasi-constant
section
Exponential
increasing

0
0.

2
0.

4
0.

6
0.

8
1

0 0.15 0.3 0.45 0.6 0.75

Sp
ec

ifi
c 

fo
rc

e 
(N

 N
-1

)

Compression rate (κ) (-)

Quasi-linear
increasing
Initial break

Exponential
increasing

0
0.

2
0.

4
0.

6
0.

8
1

0 0.15 0.3 0.45 0.6 0.75

Sp
ec

ifi
c 

fo
rc

e 
(N

 N
-1

)

Compression rate (κ) (-)

Quasi-linear
increasing

Drops with
linear sections

Exponential
increasing

0
0.

2
0.

4
0.

6
0.

8
1

0 0.15 0.3 0.45 0.6 0.75

Sp
ec

ifi
c 

fo
rc

e 
(N

 N
-1

)

Compression rate (κ) (-)

Bi-linear
increasing
Exponential
increasing

a) b) c)

d) e) f)

Fig. 3. Typical phases of specific force – compression rate curves of transversal compression experiments on the internodes: a) typical 
characteristics for the first internodes, b) typical characteristics for the 2nd-5th and 7th internodes, c) typical characteristics for the sixth 
internode, d) typical characteristics for the eighth internode, e) typical characteristics for the ninth internode, and f) typical character-
istics for the tenth internode.
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Figure 6b shows the mean peak and mean ultimate 
force values for each internodal section. A close correla-
tion was found between the position indices, the mean peak 
(r=-0.94) and the mean ultimate (R = -0.95) forces. These 
relationships were determined by Eqs (13), (14):

, (13)

. (14)
The mean displacement of the plunger where the peak 

force appears (DoP) and the mean ratio between the peak 
and the ultimate forces  are shown in Fig. 6c. A strong 
correlation (R = -0.96) was found between the DoP and the 
position indices (p) of the stalk and a linear relationship 
was defined by Eq. (15):

. (15)

The mean ratio between the peak and the ultimate forces 
were divided into two sections: under and above the posi-
tion of the maize ear. Under the maize ear the mean ratio 
was nearly constant, while above the maize ear it increased 
linearly (Eqs (16), (17)):

, (16)

. (17)
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d)

e)

Fig. 5. Major breaking phenomena of the internodal sections 
during compression: a) ovalization, b) vertical break of the core, 
c) vertical break of the rind, d) horizontal breaks of the rind and 
e) flattening.
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Fig. 6. Typical force response characteristics of the three-point bending experiment on internodes: a) typical phases of the curve, 
b) distribution of the mean peak and mean ultimate forces and c) distribution of the mean displacement of the peak force and distribu-
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Fig. 7. Peak force and bending work characteristics of the three-point bending experiments: a) relationship between the peak forces 
and the equivalent diameter of the internodes, b) mean required bending work distribution on a maize stalk, the error bar represents 
the confidence interval (CI) at the 5% significance level (p = 0.05) and c) the relationship between the required bending work and the 
equivalent diameter of the internode.
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Through further analysis of the peak force and the 
equivalent diameter of the internode, a close correlation 
(r = 0.89) was found (Fig. 7a), and an exponential relation-
ship was determined (Eq. (18)):

. (18)

The mean required bending work distribution on 
the maize stalks is shown in Fig. 7b. The results showed 
that it decreases significantly from the bottom to the top 
sections of the stalk and the first five internodes provid-
ed 87.4% (23.62 J) of the total required bending work 
(27.04 J) on an average stalk.

Through an analysis of the required bending work  
and the internodal equivalent diameter , a close corre-
lation (R = 0.89) was found (Fig. 7c), and an exponential 
relationship was determined (Eq. (19)): 

. (19)

The damage and breaking phenomena of the samples 
were analysed based on the high-resolution records (Fig. 8). 
The following major phenomena could be observed: ovali-
zation (flattening), structural collapse (buckling), sliding 
and residual deformation. These phenomena were also 
related to the typical phases of the resistance force – dis-
placement curves of the three-point bending experiments. 
At the beginning of the bending phase, the cross-section 
under the bending tool was ovalized without any observ-
able damage or break in the rind structure (Fig. 8a). This 
phenomenon took place in a small area near the bending 
tool and resulted in a flattened and ovalized cross-section, 
but real bending deformation did not occur instead it was 
a transversal deformation. This phenomenon relates to the 
elastic phase of the resistance force – displacement curve. 
The structure became unstable in the bending area and lon-
gitudinal breaks appeared which resulted in a plastic-hinge 
(structural collapse) under the bending tool (Fig. 8b). These 
breaks usually propagated to the ends of the specimen. This 
phenomenon relates to the structural collapse phase of 
the force response. At the end of the process, the sample 
slid on the supports while it provided constant resistance 
against bending, as shown in Fig. 8c). After the experi-
ments, the cross-sections in the bending area had a residual 
deformation (Fig. 8d). In the case of the drier samples, the 
significance of the residual deformation was higher.

The mean dynamic cutting work required decreases as 
the position index increases, but two different stages were 
observable (Fig. 9a). Above the fifth internode, a signifi-
cant drop may be observed in the characteristic while the 
gradation of the decreases were nearly the same. The mean 
required cutting work on the first internode (21.13 J) was 
7 times higher than on the tenth internode (3.02 J) and the 
first five internodes provided 78.8% (90.4 J) of the total 
required cutting work (114.7 J) on an average stalk. 

a) Ovalisation

b) Structural collapse

d) Residual deformation

c) Sliding

Fig. 8. Typical damage and breaking phenomena of the samples 
during the three-point bending experiments: a) ovalization (flat-
tening), b) structural collapse, c) sliding, d) residual deformation.
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Fig. 9. Required dynamic cutting work: a) mean required work 
distribution and b) mean specific required cutting work distri-
bution on a maize stalk, the error bar represents the confidence 
interval (CI) at the 5% significance level (p = 0.05).
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The mean specific required dynamic cutting work 
vs the position of the internode on the stalk is shown in 
Fig. 9b. The mean values were nearly the same for the 
first two internodes but after that they increase until they 
reach the fifth internode, where a significant drop may also 
be observed. Above the sixth internode the mean specific 
required dynamic cutting work increases linearly.

The damage to the samples was analysed after the cut-
ting process of the experiments (Fig. 10). A significant 
break perpendicular to the cutting direction appeared, while 
the surface of the cut was perfectly straight. However, a rim 
of fibres was usually observed on the side where the cutting 
blade left the sample.

DISCUSSION

The results clearly demonstrate that the physical prop-
erties and mechanical behaviour of different parts of the 
maize stalk vary significantly. Therefore, different parts 
of the maize require different approaches during machine 
development.

The results of previous studies show the same linear 
relationship between the equivalent diameters of the inter-
nodes and their positions on the maize stalks (Igathinathane 
et al., 2006; Robertson et al., 2015a; Huang et al., 2016), 
moreover, a similar equivalent length ratio characteristic 
was determined in relation to sorghum stalks (Bakeer et 
al., 2012). A similar wet mass and moisture content dis-
tribution on the stalk was also reported by Igathinathane 
et al. (2006). The sum of the wet-mass ratios of the first 
five internodes was 0.85, therefore, the total wet-mass of 
the internodes under the maize ear was more significant 
with regards to biomass production. The lower moisture 
content in the upper parts of the stalk results in a more brit-
tle behaviour under external loading, this is the reason for 
the broken or missing upper parts of the stalks which were 
observed at the experimental plot. 

The determined force responses of the samples against 
transversal compression and three-point bending were also 
reported by Tongdi et al. (2011); Zhen et al. (2013); Leblicq 
et al. (2015); Zhang et al. (2017). Moreover, the range of 

the mean peak bending force (146.62-364.24 N) and the 
mean displacement range of the peak bending force (6.2-
8.5 mm) on the internodal sections from the 1st to the 4th 
correspond with the results obtained by previous studies 
(190.54-314.36 N; 4.31-10.16 mm) (Tongdi et al., 2011).

In the case of the quasi-static cutting tests, the first 
stage of cutting is the compression stage (Igathinathane et 
al., 2010) where the force response reaches its peak. The 
observed vertical break on the tested samples indicates that 
the first stage of the dynamic cut is also transversal com-
pression. Moreover, the presence of a rim of fibres on the 
side where the cutting blade left the sample proves that the 
final cut of the internode (Igathinathane et al., 2010) was 
not precise because of the additional bending effect.

The calculated ratio between the peak and the ultimate 
forces demonstrates the flexibility of the samples: in a more 
flexible maize stalk, the structural collapse under the bend-
ing tool does not lead to a rupture of the fibres, so they can 
support more of the structure against subsequent loads. It 
is well known that the flexibility of stalks depends on their 
moisture content. This explains why the ratio increases 
significantly above the position of the maize ear where the 
moisture content of the stalk decreases significantly as well 
and why it is quasi-constant under the position of the maize 
ear where the moisture content decreases slightly.

The maximal compressive force occurs at the 0.75 
compression rate, the peak and ultimate bending forces 
decrease from the bottom to the top of the maize stalk. This 
relationship corresponds with previous results by Zhang et 
al. (2017) and Huang et al. (2016). Their results show that 
the bottom (root) section of the stalk, where the moisture 
content of the cellulose and the cross-sectional area are 
higher, provides a greater resistance against external load 
than the upper parts of the stalk (middle and top sections).

The required compressive, bending and cutting work 
of the internodal sections decreases significantly from the 
bottom to the top of the stalk. The current results show that 
the required work to compress, bend and cut the internodal 
sections under the maize ear provides the majority (77.8, 
87.4, 90.4% for compression, bending and cutting, respec-
tively) of the total required bending work on an average 
maize stalk and, therefore, the significance of these parts 
is higher than the upper parts of the stalk from the point of 
view of the energy consumption during processing.

Generally, the observed damage and breaking phenom-
ena explain the force responses of the samples. In the case 
of three-point bending, the ovalization and buckling of the 
samples were also reported during three-point bending 
experiments on wheat (Triticum L.) and barley (Hordeum 
vulgare L.) stems (Leblicq et al., 2015). Moreover, the 
crack propagation in the longitudinal direction of the 
internode during the structural collapse phase was also 
reported by Tongdi et al. (2011). Furthermore, the results 
of previous experiments on wheat, barley (Leblicq et al., 
2015) and maize (Robertson et al., 2014) and the results 

a)

b)

Fig. 10. Typical surfaces of a cut: a) rim of fibres on the side 
where the cutting knife left the sample and b) breaks in the cross-
section perpendicular to the direction of the cut.
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from the transversal compression and three-point bend-
ing experiment of the current study indicate that the core 
contributions to the compression and bending resistance of 
maize stems occur after the structural collapse of the rind.

CONCLUSIONS

1. The measurements performed on the physical pro- 
perties of the stalk clearly demonstrate that there is a direct 
relationship between the position indices and the diameter 
ratio, length ratio, wet-mass ratio and moisture content, 
respectively.

2. Based on the experiments with the mechanical proper-
ties of the stalk, the mechanical resistance of the internodal 
sections decrease from the bottom to the top, moreover, the 
upper stalk parts are less flexible.

3. The quasi-linear increases, initial break, drops with 
linear phases and exponentially increasing phases of the 
typical force response are directly related to the breakage 
of the samples; ovalization, the vertical break of the core, 
the horizontal break of the skin and flattening; during the 
transversal compression experiments.

4. The elastic, plastic and structural collapse phases 
of the typical force response are directly related to the 
breakage of the samples; ovalization, the appearance of 
longitudinal breaks and the evolution of a plastic hinge; 
during the three-point bending experiments.
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