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Abstract

Herák D., Kabutey A., Sedláček A., Gűrdil G., 2011. Tangent curve utilization for description of mechanical 
behaviour of pressed mixture. Res. Agr. Eng., 57: 13–18.

This article is focused on the utilization of tangent curve for description of mechanical behaviour of pressed mixture 
under compression loading. The aim of this experiment was to determine the general equation describing deformation 
characteristics of pressed mixtures under compression loading and to verify this equation. The experiment was carried 
out using mixture of seeds of common sunflower (Heliantus annuus L.), jatropha ( Jatropha curcas L.), garden pea (Pisum 
sativum L.), common bean (Phaseolus vulgaris L.), and also mixture of spruce wood chips and waste paper chips. The 
results from the experiment showed that mechanical behaviour of the pressed mixtures under compression loading can 
be described by tangent curve function. From the determined coefficients of determination R2 it was clear that fitted 
tangent curve functions described the measured amounts exactly for all pressed mixtures. It can be therefore assumed 
that this tangent curve function is appropriate for use in pressing any pressed mixtures during linear compression.
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For more detailed understanding of the linear 
pressing process it is necessary to understand the 
mechanical behaviour of pressed mixture under 
compression loading (Fomin 1978; Blahovec, 
Rězníček 1980; Herák 2010). The pressed mix-
ture during pressing is compressed in direction of 
the pressing and deformations in other directions 
are limited (Fig. 1). This type of pressing can be 
called linear pressing. The course of the deforma-
tion characteristics, dependency between com-
pressive force and deformation, are in most cases 
determined by experiments and it can be described 
by general Eq. (1): 

	 (1)

where: 
F	 – compressive force 
x	 – deformation of pressed mixture 

Detailed knowledge describing the shape of the 
deformation characteristics is necessary to precisely 
determine the magnitude of the compressive force, 
strain energy, and modulus of elasticity in compres-
sion. The shape of these curves and its distribution 
in deformation diagram are the most important 
factors needed for accurate determination of press-
ing energy performance. Also, determined ranges of 
the pressing force magnitude depending on the de-
formation may help to design more appropriate and 
propose a complete technological process. Speci-)()( xfxF 
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fied dependency between volume energy and de-
formation can be used as one of the input amounts 
needed for complete energetic audit. For example, 
it was found that jatropha seeds ( Jatropha curcas L.)  
after compression obtained deformation charac-
teristics features similar to those of the strain tan-
gential dependence (Herák 2010). Mechanical be-
haviour of the palm oil seeds (Elaeis guineensis L.)  
(Raji, Favier 2004) under compression loading is 
very similar to mechanical behaviour of jatropha 
seeds and similar to even distribution of strain fields 
(Owolarafe et al. 2007). Deformation character-
istics of hazelnut (Corylus avellana L.), macadamia 
nut (Macadamia integrifolia L.) (Braga et al. 1999) 
or black pepper (Piper nigrum L.) (Murthy, Bhat-
tacharya 1998) are also similar to jatropha defor-
mation characteristic, only the middle part of the 
characteristics can be substituted by straight line 
dependence (Güner et al. 2003). Deformation char-
acteristics of apricot seeds (Prumus armeniaca L.) 
and faba bean seeds (Vicia faba L.) can be generally 
described by the higher degree polynomial function 
(Lysiak, Laskowski 2004; Vursavus, Ozguven 
2004). Deformation characteristics of coriander seeds 
(Coriandrum sativum L.), or seeds of African nut-
meg (Monodora myristica L.) can be described by the 
curve with the S shape (Coskumer, Krabala 2006; 
Burubai et al. 2007). Seeds of safflower (Carthamus 
tictorius L.) (Baümler et al. 2006) have concave de-
formation characteristics in contrast to the convex 
characteristics of jatropha. The briquette from pit 
coal and oak and beech sawdust have mechanical 
characteristics similar to tangent curve dependency 
(Borowski 2009). Banana-peel briquettes produced 
with pressures ranging from 7–11 MPa have mechan-

ical characteristics which can be described by third 
degree polynomial function (Wilaipon 2007, 2009). 
For briquette from energetic herbs it was found that 
the courses of mechanical characteristics have linear 
shape (Plíštil et al. 2005). The aim of this experi-
ment was to determine the general equation describ-
ing deformation characteristics of pressed mixture of 
common sunflower, jatropha, garden pea, common 
bean, wood chips, and waste paper chips under com-
pression loading and to verify this equation. 

MATERIALS AND METHODS

Sample

For this experiment intact and undamaged seeds 
following plants were used: common bean (Phaseolus 
vulgaris L.), garden pea (Pisum sativum L.), common 
sunflower (Heliantus annuus L.), jatropha ( Jatropha 
curcas L.). Spruce wood chips and waste paper chips 
were also included. Ten experimental samples for 
each compressed mixture were prepared from these 
seeds and chips and their physical properties are pre-
sented in the table (Table 1). The moisture content 
Mc (% d.b.) of the pressed mixtures was determined 
using the ASTA method (1985) (Olaniyan, Oje 
2002), the weight of the mixtures ms (g) was deter-
mined using equipment Kern 440–35N (Kern & Sohn 
GmbH, Stuttgart, Germany) and the porosity Pf (%) 
was calculated from bulk and true densities using the 
relationship given by porosity formula Eq. (2) (Siri-
somboon et al. 2007):

	 (2)

where: 
Pf	 – porosity (%)
ρb	 – bulk density (kg/m3)
ρt	 – true density (kg/m3)

The bulk density, ρb was determined as the weight 
of the sample divided by volume of pressing vessel 
3.629 × 10–4 m3. The true density, ρt was determined 
for average moisture content of each sample from 
the previous experiments as jatropha 971 kg/m3 

(Sirisomboon et al. 2007), common sunflower  
885 kg/m3 (Isik, Izli 2007), garden pea 1,150 kg/m3 
(Yalçýn et al. 2007), common bean 1,370 kg/m3 
(Ozturk et al. 2009), waste paper chips 700 kg/m3 

(Vieira, Rocha 2007), and spruce wood chips  
650 kg/m3 (Lehtikangas 2001). 

Fig. 1. Scheme of pressing equipment
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Compression test

To determine the development of the magnitude of 
the pressing force depending on the linear deforma-
tion, the ZDM 50 – 2313/56/18 (VEB, Dresden, Ger-
many) pressing device was used to record the course 
of deformation function in an exact and analogical 
manner. Other devices including a pressing plunger 
and pressing vessel with inner diameter D = 76 mm 
(Fig. 1) were also used. The mixture of samples, that 
is individual samples plus air space, were placed into 
the pressing vessel and height of the mixture layers 
was measured to be H = 80 mm. The mixtures were 
pressed under the temperature of 20°C and the press-
ing rate was v = 1 mm/s. The experiment was repeat-
ed for each pressed mixture 10 times. The measuring 
range of force was between 0 N and 250 kN, in which 
the test was stopped. Individual points of measure-
ment were digitally recorded and analyzed with each 
new addition of deformation of 0, 5 mm. The computer 
program MathCAD 14 and its function genfit, which 
uses Levenberg-Marquardt algorithm (Pritchard 
1998), was used for data fitting. 

Approximation of deformation curves

Tangent curve, which was originally used to de-
scribe the mechanical behaviour of the jatropha 
seeds under compression loading (Herák 2010), 
was modified as a general curve suitable to describe 
the deformation characteristics. This curve can be 
described by the following Eq. (3):

	 (3)

where: 
F	 – compressive force (N) 
A	 – force coefficient of the mechanical behaviour (kN)

B	 – deformation coefficient of the mechanical behav-
iour (1/mm) 

x	 – deformation (mm)
n	 – exponent of the function (–)

This function has a simple derivation and integra-
tion, which can be used to determine the strain en-
ergy and modulus of elasticity in compression. With 
aid of derivations of this function it can be used to 
find an appropriate method for regression using 
the Levenberg-Marquardt algorithm (Marquardt 
1963), which provides numerical solutions to the 
problem of minimizing deviations in general non-
linear functions over space of function parameters. 
The Levenberg-Marquardt algorithm is an iterative 
technique that locates the minimum of a function 
that is expressed as the sum of squares of nonlinear 
functions. It has become a standard technique for 
nonlinear least-squares problems (Lourakis 2005). 
The Levenberg-Marquardt algorithm utilizes deri-
vation of function by searched coefficients for deter-
mining these coefficients of the function for fitting 
measured data. These derivations can be generally 
described by Eq. (4) and Eq. (5):

	 (4)

	 (5)

These Eq. (4) and Eq. (5) can be mathematically 
adjusted to the shape Eq. (6) and Eq. (7) which con-
tain compressive force function Eq. (3):

	 (6)

	 (7)

 ( ) ( ) nF x A tan B x  

 ( ) ( ) nd F x tan B x
d A

 

Table 1. Determined physical properties of selected pressed mixtures

Pressed mixture ms (g) Pf (%) Mc (% d.b.)

Common bean 264.6 ± 6.1 46.78 ± 1.22 9.15 ± 0.23

Jatropha 126.9 ± 3.1 63.99 ± 0.99 5.39 ± 0.65

Garden pea 274.3 ± 4.2 34.28 ± 0.98 10.3 ± 0.45

Common sunflower 149.8 ± 4.6 53.36 ± 1.43 8.45 ± 0.56

Wood chips 38.4 ± 3.5 83.72 ± 1.40 6.62 ± 0.69

Waste paper chips 76.2 ± 3.5 70.01 ± 1.38 3.22 ± 0.43

ms – weight of the sample; Pf – porosity of the sample; Mc – moisture content of the sample
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Such modified equations allow finding the coeffi-
cients without calculating trigonometric functions; 
this expression of the Eqs (4) and (5) is essentially a 
polynomial function. These modified equations for 
fitting of measured data can be optimal for Leven-
berg-Marquardt process which is utilized in math-
ematical software MathCAD 14. This software works 
with “genfit” function which operates with the Leven-
berg-Marquardt algorithm described above.

RESULTS AND DISCUSSION

The amounts determined from individual experi-
ments are shown in Fig. 2. Measured amounts were 
fitted by tangent line function Eq. (3) whose coeffi-
cients of mechanical behaviour and determination 
are shown in Table 2. Graphical displaying of meas-
ured amounts and fitted functions for each pressed 
mixture are displayed in the graph (Fig. 2). From the 
determined coefficients of determination R2 in Ta-
ble 2 it was found that fitted functions described the 
measured amounts accurately. The amounts of the 
coefficients of determination in all experiments were 
close to one. From analysis of the images of individual 
experiments it was clear that the fitted curves de-
scribed accurately measured amounts over the whole 
range of deformation. The validity of these equations 

is limited from zero to maximum deformation of 
pressed mixture. From the course of individual defor-
mation characteristics it is evident that the force coef-
ficient of the mechanical behaviour A (kN) influenced 
the slope of the deformation characteristics and de-
formation coefficients of the mechanical behaviour  
B (1/mm) also influenced the range of deformation, 
the product of these two coefficients A/B (kN/mm) is 
essentially the initial rigidity of the system, exponent  
n (–) determines the curvature of a tangential func-
tion. From the fitted functions graphically displayed 
in Fig. 2 it was clear that these functions precisely de-
scribed the measured amounts in all regions of defor-
mation characteristics. From the statistical analysis 
ANOVA which was calculated in the MathCAD 14 
software for the level of significance 0.05, it was seen 
that the values of Fcrit (critical value compares a pair 
of models) were higher than Fratio values (value of the  
F-test) for all measured pressed mixtures and amounts 
of P value (significance level at which it can be rejected 
by the hypothesis of equality of models) were higher 
than significance level 0.05. This shows that tangent 
curves can be used for fitting measured amounts 
since relationships between measured amounts and 
tangent curve amounts were statistically significant. 
All values of Fcrit, Fratio, and P are presented in Table 2. 
Determined tangent curve function Eq. (3) conforms 
not only to their course but also to the boundary 
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Fig. 2. Measured amounts of mechanical characteristics of selected pressed mixtures and their fitted functions
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conditions and to physical essence of searched func-
tion coefficients The graphs show that the pressing 
process can be segmented into three regions (Herák 
2010). Within the first region, the modulus of elas-
ticity in compression constitutes a constant and the 
dependency between the stress and deformation is a 
linear one; in fact, this is an analogy to the Hooke law, 
but defined for a non-homogeneous and anisotropic 
material. The second phase presents a region in which 
the pressed mixtures behave as porous materials with 
molecular cohesion bond. During the third final 
phase, the deformed mixtures behave as anisotropic 
non-homogeneous materials as well. The modulus of 
elasticity can be considered a constant; again, similar-
ities to the Hooke law occur in this region. From the 
calculated amounts of porosity presented in Table 1, 
it can be noticed that deformation characteristics can 
also be influenced by porosity due to the fact that 
higher value of porosity means higher compression of 
the pressed mixture and the pressing process needs a 
longer compression time. The most affected part of 
the pressing by porosity is the first region in defor-
mation characteristics already described above. It can 
also be expected that the boundary between region I  
and II in deformation characteristics are generally in-
fluenced by amount of porosity. This assumption is 
evident from the calculated values of the porosity (Ta-
ble 1) and from the mechanical characteristics (Fig. 2).  
The next property affecting mechanical behaviour 
of the pressed mixture under compression loading is 
the weight of the sample (Table 1). From determined 
amounts and deformation characteristics it was ob-
served that greater weight of the sample means small-
er compression of the pressed mixture. Comparing 
the porosity values calculated for the selected pressed 
mixtures with their maximum deformations, a posi-
tive linear correlation was found and thus an increase 
in porosity value showed an increase in maximum de-

formation. However, based on the model data there 
was no simple correlation between the force coeffi-
cients of the mechanical behaviour, deformation coef-
ficients of the mechanical behaviour, exponents of the 
deformation curve of the selected pressed mixtures 
and porosity. It is possible that these coefficients could 
probably depend on porosity but for determining this 
correlation it would be necessary to set up a more di-
mensional model, which contains all coefficients, and 
this is suggested for further study.

CONCLUSION

It was found that the determined modified equation 
of tangent curve function can be used for describing 
the mechanical behaviour of the mixtures of plant 
seeds, oil bearing crops, wood chips, and waste paper 
chips under compression loading. Tangent curves can 
be used for fitting measured amounts since relation-
ships between measured amounts and tangent curve 
amounts were statistically significant. Generally, this 
tangent curve function could be appropriate for use 
in pressing any pressed mixtures during linear com-
pression. The study also revealed that distribution of 
pressing regions and general shape of deformation 
curve is influenced by the amount of porosity, by ini-
tial rigidity of the pressed mixture and indirectly by 
weight of the pressed sample. Again it was found that 
the greater the porosity values the longer the com-
pression of the pressed mixture, and the greater the 
weight of the sample the smaller the compression of 
the pressed mixture. Porosity and maximum defor-
mation of selected pressed mixtures showed linear 
positive correlation and thus an increase in porosity 
increased the deformation. However, based on the 
model data there was no correlation between the de-
fined coefficients and porosity.

Table 2. Determined coefficients for selected pressed mixtures

Pressed mixture A (kN) B (1/mm) n (–) Fcrit (–) Fratio (–) P (–) R2 (–)

Commnon bean 84.63 0.024 3 4.001 0.00476 0.945 0.991

Jatropha 1.55 0.041 2 4.007 0.196 0.659 0.991

Garden pea 45.57 0.042 1 4.034 0.00052 0.982 0.999

Common sunflower 5.58 0.026 2 3.991 0.067 0.796 0.994

Wood chips 2.10 0.021 4 3.996 0.0053 0.942 0.997

Waste paper chips 0.14 0.022 2 3.955 0.0018 0.968 0.997

A – force coefficient of the mechanical behaviour; B – deformation coefficient of the mechanical behaviour; n – exponent 
of the deformation curve; Fcrit – critical value that compares a pair of models; Fratio – value of the F-test; P – significance 
level at which it can be rejected the hypothesis of equality of models; R2 – coefficient of determination
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