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A b s t r a c t

Searching for relations between the level of production intensity, land efficiency and work
performance, comparative analyses were carried out on international scale taking into consideration
45 countries from around the world with the use of the Statistical Yearbook (2013) and International
Statistics Yearbook (2015). The research covered basic qualification criteria of sustainable agricul-
ture, i.e. the level of mineral fertilization and stocking density as well as productivity rates, i.e. land
efficiency and work performance and factors which shape them. The main aim of the research is the
use of Bayesian modelling in order to predict the development of various economical and agricultural
indicators and also show relationships between events basing on the theory of probability.

Introduction

Poland accession to the European Union obliged Member States to intro-
duce assumptions of sustainable agriculture. Sustainable agriculture is one of
main ideas of precise agriculture, consisting in achieving high crops with high
quality at the simultaneous reduction of costs in an environmentally friendly
manner. Using precise agriculture tools we decide, inter alia, on precise
agri-technical treatments, suitable fertilization, crops protection or relevant
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amount of sowed seeds and efficient control of machines operation (KRASOWICZ

2005). In Poland, precise agriculture consists mainly in rational fertilization.
Fertilization industry development is fundamental for ensuring food safety of
a country and constitutes an indispensable condition for sustainable develop-
ment of the world. Contrary, both in Europe and around the world it is more
often applied for combating weeds, diseases and pests (BUJAK 2009). The main
task of mineral fertilization is maintenance and increase of soil fertility. Based
on the national and foreign research (BAUM 2006, KOPIŃSKI, TUJAKA 2009,
TILMAN et al. 2002) it may be simultaneously stated that the increase of soil
fertility and crops of cultivated plants ensures sustainable organic and mineral
fertilization i.e. manure, mineral fertilizers NPK and calcium fertilizers Ca.
One of the reasons of reduction of organic matter content in soil is intensifica-
tion of agricultural production and inventory farming. According to the Main
Statistical Office (2013) in 2005–2011 livestock of pigs in Poland reduced by
over 4.5 million pieces contrary to cattle when in the same period an increase of
livestock by approx. 300 thousand pieces was reported.

Lower content of organic matter weakens soil ability to accumulate water,
reduces also its absorption ability which results in consequence in deteriora-
tion of soil structure and lower assimilability of nutrients. Therefore, mineral
fertilizers, which boost growth and development of crops, are the only source of
nutrients in agriculture. However, one should remember that their irrational
use, through too high fertilization doses threatens soil and water. According to
the Main Statistical Office (2013) in Poland in 2005–2011 an increase of
mineral fertilizers use by 267 NPK per a hectare of agricultural land was
reported.

The above mentioned issues concerning sustainable agriculture do not
provide a full diagnosis with regard to precise agriculture, which requires from
farm owners the use of modern technological solutions at relevant manage-
ment of agricultural production. Therefore, there is a need to analyse and
interpret agri-economic indicators and in particular land efficiency and work
performance, which are the most universal, and as a result detailed productiv-
ity rates (GROTKIEWICZ, MICHAŁEK 2009). Both these rates considerably depend
on the agriculture modernity degree thus they are derivatives of the level and
efficiency of scientific progress. To take the best decisions within sustainable
agriculture in order to achieve high indicators of land efficiency and work
performance in an environmentally friendly manner, we may model farms
based on international comparison and relevant statistical methods with the
use of both quality and quantity data in order to present trends in changes of
productivity rates on international scale in comparison to the criteria which
meet the level of sustainable agriculture which decides on the productivity
level and social efficiency in agriculture with regard to cognitive and applica-
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tion reasons. One of the most popular and used techniques for modelling are
Bayesian networks (Bayesian Networks). Bayesian networks which are also
called probabilistic graphical models, chains of cause and effect, they serve as
a tool for knowledge representation under uncertainty and decision making
process (APOLLO, MISZEWSKA-URBAŃSKA 2014). Systems which are based on
Bayesian networks have found many practical applications not only in medi-
cine, genetics or economics but also in agriculture and forestry (KUSZ 2015,
MAKSYM 2011, OIJEN et al. 2005, SVENSSONA et al. 2008, SAGRADOA et al. 2016,
WANG et al. 2009).

According to literature (ACHEL 2005, SUCHETA, PRAKASH 2004, BARTNIK,
KUSZ 2005), Bayesian network is a non-oriented acyclic graph which reflects
relations between variables and more precisely correlations between distribu-
tions of discreet variables basing on the probability calculus. Nodes of network
are variables (properties with discreet values) and the connections of nodes
(arches or vectors) reflect relations between properties and their direction.
Thickness of connections between nodes on the graphs which present Bayesian
networks symbolizes strength between variables (OLBRYŚ 2007). Each network
includes a quality part, which constitutes a set of variables (graph nodes) along
with relations between them and quantity part which represents distribution
of probability for these variables (LUIS, JAVIER 2007, KUSZ et al. 2006). At the
same time we should bear in mind that statistical methods used for research,
mainly should be supported by knowledge in order to completely use informa-
tion included in the analysed data and to carry out a detailed analysis.

Objective and scope of the study

The main aim of the research is to analyse the current problems of
fertilization on the background of the concept of sustainable agriculture, using
modelling based on Bayesian networks.

The effect of the research will consist in obtaining information on probabil-
ity distribution where each node of a network is related to conditional
distribution of probability that a given component (feature, variable) is in
a given state (group or the value class), preconditioned with the state of
components (factors) represented by components related to them (BARTNIK et
al. 2006).

Based on network topologies and the conditional probability distribution,
in the work will be presented the modelling method of the farm which operates
in sustainable agriculture, with a special emphasis on information that con-
cerns the indicators of economic and agricultural performance according to the
used doses of mineral and organic fertilization.
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Data from the Main Statistical Office (2013) and International Statistics
Yearbook (2015) which covers 45 world countries were used for the research.
The analysis concerns 2010–2012.

Methodology

When searching for relations between the production intensity level, land
efficiency and work performance, comparative analyses on international scale
were carried out. The analysis covered the basic qualification criteria of
sustainable agriculture, i.e. the level of mineral fertilization: nitrogen, phos-
phorus, potassium (NPK) and stocking density as well as productivity rates,
i.e. land efficiency (WZ) and work performance (WP) and factors which shape
them (gross national product in agriculture (PKBR), professionally active
people in agriculture (LAR)).

For calculating indicators of performance of land and labour were used the
following formulas:

WP =
PKBR [USD · man–1]
LAR

where:
WP – work productivity [USD · man–1],
PKBR – gross national product in agriculture [USD],
LAR – people professionally active in agriculture [man].

WZ =
PKBR [USD · ha–1]
ZUR

where:
WZ – land productivity [USD · ha–1],
PKBR – gross national product in agriculture [USD],
ZUR – area of agricultural land [ha].

A detailed methodology concerning productivity measures were presented
also in the monograph ,,Scientific and technical progress in the process of
modernization of Polish agriculture and rural areas” (GROTKIEWICZ et al.
2013).

Based on the collected figures of characteristics on economic and agricul-
tural indicators, and subsequently accomplishing the objective of the project,
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the quantitative variables which were analyzed were then subjected to the data
exploration by eliminating unusual data from the set of data, and then values
have been grouped by using the method TwoStep Cluster Analysis.

Based on the undertaken statistical analysis and existing cause and effect
relationship between quantitative variables the modelling process started
using the Bayesian networks and also done an analysis of the conditional
relationships between quantitative variables (economic and agricultural indi-
cators), i.e. stocking density, NPK, WP, WZ, PKBR, LAR.

By taking into account the parametric models it was possible to obtain
a posteriori probability distribution of single variable model or the cumulative
distribution of conditional probabilities and thus find the most likely configur-
ation variables, as well as to estimate the probability of the hypothesis, taking
into account the specific observations.

GeNie program will be used for Bayesian analyses. This program serves for
construction and testing of predictive models which base on various algorithms
of Bayesian networks (JONGSAWAT i in. 2010). IBM SPSS Statistics 23 is the
program which was used for analysis of basic descriptive analyses and TwoStep
Clustering analysis.

Research results

Based on the review of the analysed data from 45 countries from around
the world their average values were presented on maps. Data show both the
stocking density and consumption of mineral fertilizers i.e. nitrogen, potass-
ium and phosphorus.

Fig. 1. Stocking density in the worldwide coun- Fig. 2. Consumption of mineral nitrogen ferti-
tries [SD · ha–1 AL] lizers in the world [kg · ha–1 AL]

Analysis of Economic and Agricultural Indicators... 213
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Fig. 3. Consumption of mineral phosphorus fer- Fig. 4. Consumption of mineral potassium ferti-
tilizers around the world [kg · ha–1 AL] lizer around the world [kg · ha–1 AL]

In case of European countries, which constitute the most numerous group
of information in the analysed data, the situation is as presented on the
European maps. Russia was excluded from analysis despite data for this
country (which concern a summary region of Euroasia).

Fig. 5. Stocking density in the European coun- Fig. 6. Consumption of mineral nitrogen ferti-
tries [SD · ha–1 AL] lizers in the European countries [kg · ha–1 AL]

Nitrogen is a basic crop factor. Based on the analyses from the Statistical
Yearbook (2013) and International Statistics (2015) from among the analysed
countries of the world the highest level of nitrogen fertilization occurs in the
Republic of South Korea, Japan and China and their fertilization level per
hectare of AL is respectively: 125.3 [kg · ha–1 AL], 96.4 [kg · ha–1 AL],
73.7 [kg · ha–1 AL]. On the other hand, the lowest demand of mineral nitrogen
fertilization per one hectare of AL was reported in Australia (2.7), Republic
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Fig. 7. Consumption of mineral phosphorus fer- Fig. 8. Consumption of mineral potassium ferti-
tilizers in the European countries [kg · ha–1 AL] lizers in the European countries [kg · ha–1 AL]

of South Africa (4) and Russia (5.9). From among the European countries,
countries located in the Western Europe prevail. They include: Luxembourg
165.7 [kg · ha–1 AL], Belgium 142.8 [kg · ha–1 AL] and the Netherlands
112 [kg · ha–1 AL]. The list of data concerning mineral nitrogen fertilization as
well as remaining minerals prove high variability of the analysed countries of
the World and Europe resulting from, inter alia, the area of agricultural land
and the condition of soil as well as the number of people and economic reasons.

The essence of sustainable agriculture means not only the use of rational
mineral fertilization but also stocking density which does not exceed 1.2 SD per
one hectare of fodder surface area (MICHAŁEK et al. 2010). According to the
Main Statistical Office (2013) from among 45 world countries the highest
stocking density occurs in the countries with moderate climate, i.e. in the
Netherlands 6.45 [SD · ha–1 AL], the Republic of South Korea 5.48 [SD · ha–1

AL] and Denmark 5.06 [SD · ha–1 AL], while we have a reverse situation in case
of such countries as: Australia 0.07 [SD · ha–1 AL], Greece 0.83 [SD · ha–1 AL]
and Bulgaria 0.12 [SD · ha–1 AL].

After the analysis was carried out on the data from economic and agricul-
tural base from 45 countries of the World according to the assumed objective of
this paper, the research with the use of Bayesian modelling algorithms was
initiated. However, before formation of the network had begun, an exploratory
review of available data including basic qualifying criteria of sustainable
agriculture, i.e. the level of mineral fertilization NPK and stocking density as
well as productivity rates, such as land efficiency and work performance was
carried out. Necessity of carrying out the analysis of this type results from the
process of data preparation for Bayesian modelling (MORZY 2007). The explora-
tory analysis is also justified by assumptions referring to data that may be used
by Bayesian network.
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On the example of this analysis a uniformity of values distribution for the
investigated properties was reported. Any of the variables does not have
a regular distribution and the basic descriptive statistics for the investigated
variables were set in Table 1.

Grouping values in the analysed variables

All analysed variables have values measured in the quantity scale. Never-
theless, Bayesian networks require properties with discreet values in the
analysis. Discretization of constant values may be carried out arbitrary or
analytically. Division into categories (discreet values) consists in grouping
constant values and assigning to these groups values that represent them.
Discreet values for variables were formed in a result of analysis which uses
a two-step cluster technique (TwoStep Cluster Analysis). The advantage of this
method in comparison to other grouping methods is an assumption of indepen-
dence of variables which enables the analysis of variables with combined
multi-normal distributions (PARK et al. 2006). For assessment of the number of
clusters Schwarz’s information criterion (BIC) was used. It enables adjustment
of a model to data (RAFTERY 1999, GROTKIEWICZ et al. 2016). Values of
Schwarz’z Bayesian criterion in case of all variables provided in the analysis
indicate the best model which adjusts to data when values are divided into
3 clusters (groups). However, at such division grouping is not justified since
clusters have a varied number. Majority of observations is only in one group
(93.2%). Confirmation of these results was also obtained when the algorithm of
hierarchical cluster analysis was used. On account of absence of natural
clusters of values in data, which would serve as an element of representation of
data group in the discretization process (categorization) of quantity variables,
arbitrary division of values was applied for further analyses.

Due to absence of natural clusters of values in the analysed quantity
variables constructed Bayesian networks will be based on discreet values
which are formed from the conversion of constant values of the investigated
quantity variables. Quality variables (categorial) will be formed as a result of
division. New variables which have discreet values result from the applica-
tion of arbitrary determined criteria of division in comparison to quantity
variables. Each of quantity variables was divided into several value ranges.
Arbitrary determined value ranges, which describe cluster (groups) with
their borders, do not have a balanced number. It will of course affect
distribution of initial probabilities in Bayesian network nodes but it will not
influence the occurrence of relations and the power of relations between the
network nodes.

Analysis of Economic and Agricultural Indicators... 217
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Basing on the knowledge and experience some relations between particular
indicators are already known. Before construction of network, which uses
discretized variables (Stocking–density–discreet, Nitrogen–fertilizers–dis-
creet, Potassium–fertilizers–discreet, Phosphorus–fertilizers–discreet,
PKBR–discreet, LAR–discreet, WP–discreet and WZ–discreet), was initiated, it
was decided to check whether there are any correlations between them.
Person’s correlation proved significant relations between professionally active
people in agriculture and the gross national product in agriculture and work
performance. Moreover, a relation between stocking density and consumption
of mineral fertilizers (for all groups of fertilizers, although correlation is
significant at various levels) is noticeable. Stocking density and fertilization
have a significant impact on shaping the values of the indicator that describes
land efficiency. The knowledge resulting from the correlation which was
carried out and based on the developed methodology (GROTKIEWICZ et al. 2013,
GROTKIEWICZ, KOWALCZYK 2015) was used during construction of Bayesian
network as well as at the construction of bindings between nodes.

Based on the data exploration and arbitrary determined value criteria,
based on the discreet values, finally for further analyses the network takes the
form which was presented on the Figure 9. This network presents the system
of relations between the investigated properties (discretized agri-economic
indicators) and power of relations between these properties which represent
basic qualification criteria of sustainable agriculture in the world agriculture.
Probability of occurrence of values in a particular cluster of variables values
(continuous) and its percentage value were presented in the nodes of the
network in the form of a bar chart. In the description of the network, also
algorithm parameters for which network was searched, are provided (Bayesian
Search).

Then, analysis of conditional probabilities was carried out in secondary
nodes for the obtained network. These analyses may be carried out straight on
the Bayesian network diagram basing on the possibility of checking conditional
probabilities on condition that a specific event will take place.

For example, if we assume that the value of the discretized variable
Stocking–density–discreet takes the second value, it means then that stocking
density belongs to the second range of values (from 0.25 to 0.50 [SD · ha–1 AL]).
At such assumption, probability of such occurrence is 100% (for the node
Stocking–density–discreet), but in the secondary nodes which depend on this
node, probabilities of particular events will also change. Distribution of
conditional probabilities of particular values occurrence in the network nodes
is the same as on Figure 10.

Occurrence of the above described event results in the probability change
only in the node networks which depend on the node Stocking–density–discreet
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in particular, the consumption of mineral nitrogen fertilizers. For example
probability values in the nodes LAR–discreet and WP–discreet do not change.
And thus, an increase of probability (from 38% to 69%) of occurrence of an
event that the value of the node Potassium–fertilizers–discreet takes the first
discreet value is reported (i.e. consumption of potassium fertilizers will be
lower than 10 [kg · ha–1 AL]). In the same node Potassium–fertilizers–discreet
probability decreases (from 21% to 2%) of the third value occurrence, namely,
chances that consumption of potassium fertilizers consumption takes the value
from the range from 20 [kg · ha–1 AL] to 50 [kg · ha–1 AL] fall down. At the same
time it is noticed that probability changes for particular values of variables
WZ–discreet and further PKBR–discreet but these changes are not as charac-
teristic as for the node which describes a discreet level of mineral fertilization.

Another example of the change of probability in nodes takes place in case of
an event that Stocking–density–discreet assumes the last value, which means
that stocking density is higher than 2 [SD · ha–1 AL]. The following diagram
presents distribution of probability in dependent nodes at such event (Fig. 11).

Moving on to this probability level for the node Stocking–density–discreet
results in a noticeable change in the probability distribution for particular
ranges of land efficiency (WZ–discreet) except for changes in the nodes which
represent fertilization. This situation also influences, although to a smaller
extent, the distribution of the value for the gross national product in agricul-
ture (PKBR–discreet).

The analyses which were carried out with the use of Bayesian networks
enable some conclusions. They concern mutual and significant relations of
indicators which describe data referring to farms in the analysed countries of
the World and Europe. A schematic representation (Fig. 12) which presents the
change of probability distribution in the node which refers to the land
efficiency indicator (WZ–discreet) in a situation when the level of mineral
(potassium) fertilization is lower than 10 [kg · ha–1 AL], can serve as an
example.

Conclusion

The analyses and economic experiments which were carried out prove that
agriculture of EU and the world countries is considerably varied. The land
efficiency indicator is mainly the rate which differentiates the analysed
countries and at the same time decides on the competitiveness of agriculture. It
depends on many factors, among which the most important are: soil quality,
climatic conditions, fertilization, plant protection, timeliness of agri-technical
treatments, level of inputs, production trend, selection of varieties. Based on
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the agri-economic analyses on account of the sustainable agriculture, networks
were built based on the previous experiments which simultaneously reflect
relations between the analysed variables (Fig. 9). Change of probabilities of the
analysed variables in comparison to conditional probabilities proves mutual
and significant relations of agri-economic indicators which describe the inves-
tigated World and European countries and in particular it proves sensitivity of
some indicators, when others assume particular values.

On the basis of the completed studies, it could be stated that the appropri-
ate tool which supports decisions under uncertainty, is the properly construc-
ted Bayesian network, which enabling decision-making processes by taking
into account information of various nature.

Using the tools of the theory of probability in accordance with the Bayesian
law, creates a possibility to build a model of the farm, which is part of the
strategies of the EU, whose main objective is to improve the competitiveness of
agriculture, sustainable management of natural resources and climate action,
and balanced territorial development of rural areas.

Additionally, capabilities of acquiring knowledge from the database of
economic by using the new technology will enable the modification of such
a model according to preferences and experts’ ratings under uncertainty.

In summary, based on the knowledge obtained from the analyses,
the analysed algorithm of Bayesian modelling could be used in further research
and on other objects in direct practice for developing an optimal model of
a farm located in a well-organized technical and economic and informative
infrastructure which mainly meets the conditions of sustainable agriculture.
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A b s t r a c t

The paper presents two approaches of determining S-N fatigue characteristics. The first is
a commonly used and well-documented approach based on the least squares method and staircase
method for limited fatigue life and fatigue limit, accordingly. The other approach employs the
maximum likelihood method. The analysis of the parameters obtained through both approaches
exhibited minor differences. The analysis was performed for four steel construction materials, i.e.
C45+C, 45, SUS630 and AISI 1045. It should be noted that the quantity of samples required in the
second approach is significantly smaller than with the first approach, which translates into lower
duration and costs of tests.

Introduction

The designing of new structural elements subjected to stress that is
variable in time, i.e. bicycle frames, load-bearing parts of ship hulls, bogies
frames or bodies of rail vehicles requires determining their endurance or
fatigue strength for the assumed life ERRI B12 RP 17 8 edition (1996), KOZAK

and GÓRSKI (2011), PN-EN 14764 (2007). These calculations require obtaining
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the S-N fatigue characteristics, which, for most construction materials, is
divided into two scopes. The first scope is related to limited fatigue strength,
which is usually expressed with the following equation:

log(N) = m log(S) + b (1)

where:
N – number of cycles,
S – stress amplitude [MPa],
m – slope coefficient,
b – intercept term.

The other scope is related to unlimited fatigue life, which, at its upper side,
is limited by the fatigue limit. The description of this area will be presented in
the further part of this article.

Fatigue calculations often include calculating the safety factor. In the case
when fixed amplitude of stress on the structural element is assumed, the safety
factor is calculated according to the following KOCAŃDA and SZALA (1997)
correlations:

δ =
ZN (2)
S

where:
δ – safety factor for constants stress amplitude,
S – stress amplitude,
ZN – fatigue strength for the required fatigue life according the formula (1).

Normative characteristics as per PN-EN 1993-1-9, (2007) requirements or
guidelines of classification associations, e.g. ERRI B12 RP 17 8 edition (1996),
HOBBACHER (2009), KOCAK et al. (2006) may be used for the calculations.
Examples of diagrams for different categories of welded joints are presented on
Figure 1. The individual characteristics refer to various categories of welded
joints, referred to as FAT classes. The values assigned in the legend define the
value of fatigue strength for strength 2·106.

Application of the analytical methods requires credible parameters for
equation (1), which are estimated from experimental data. 2 models are used
for estimating these values. The first model, marked as I, is the conventional
approach defined in normative documents, e.g. ASTM E-739-91 (2006), ISO-
12107 (2003), PN-EN-3987 (2010), PN-H-04325:1976 (1976), which the docu-
ments were compared in the paper STRZELECKI et al. (2015). The other model,
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Fig. 1. Examples of graphs for different categories of fatigue of welded joints according Hobbacher
Source: based on HOBBACHER (2009).

marked as II, is an alternative approach, the description of which is contained
in the paper PASCUAL and MEEKER (1999). Parameter estimate procedure can
be found in the paper COVA and TOVO (2016). Comparisons of the model II,
particularly focusing on the accuracy and sensitivity to changes in test
parameters, have been a subject of numerous papers. Its further verification is
justified, however.

The purpose of this paper is presentation of the method II used for
determining the S-N characteristics in a manner more accurate than hitherto
made in scientific literature. It was decided that the analysis of this method
will be carried out based on own experimental results, as well as existing
scientific resources, which should render the conclusions as objective as
possible.

Authors didn’t compare other models like STROHMEYER (1914), PALMGREN

(1924), WEIBULL (1949), STÜSSI (1955), CASTILLO (1985), KOHOUT and VACHET

(2001). This can be found in others papers like KUREK et al. (2014), KOHOUT

and VECHET (2001), BANDARA et al. (2016) and books CASTILLO and FERNÁN-

DEZ-CANTELI (2009) or SZALA and LIGAJ (2011). In nonlinear models, coefficient
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S0 is referred as fatigue limit, but it is only mathematical coefficient. This
value must be lower than the lowest stress level of the sample, and it is usually
differs from the 50% fatigue limit, see paper GOGLIO and ROSSETTO (2004). For
this reason only model PASCUAL and MEEKER (1999) was chosen.

Conventional method of determining the S-N characteristics

It should be noted that the diagrams presented above apply to 75%
confidence, with 95% reliability (HOBBACHER 2008, PN-EN 1993-1-9 2007).
When using a new material or manufacturing technology, the fatigue charac-
teristics of the given element is often not available; it is also commonly known
that fatigue strength of this elements changes. Due to this, fatigue examin-
ations, aiming at determining the S-N relationship are carried out. They are
most often performed according to standardized guidelines (e.g. ASTM E-739-
91 2006, ISO-12107 2003, PN-EN-3987 2010, PN-H-04325:1976 1976). The
documents referred to above apply to determining a fatigue relationship in the
scope of limited fatigue life. The number of tests to be performed is different,
depending on the documents referred to. According to the Polish standard, the
minimum number of samples tested is 15. It is recommended that the tests are
performed at 5 stress levels, with 3 samples each. ISO-12107 (2003) standard,
on the other hand, requires that at least 7 tests are made as part of preliminary
examination, and that at least 28 sample are used for determining reliability.
The ASTM E-739-91 (2006) standard was used for deciding on the number of
levels; the standard specifies the replication requirements as follows:

PR = 100[1 – (Sl)] [%] (3)
n

where:
Sl – number of stress level,
n – the total number of specimens.

The recommended replication percentage values are presented in Table 1.
PN-EN-3987, (2010) standard, on the other hand, does not specify the

quantity of samples definitely. It merely contains a guideline saying that the
tests should be started at a load at which a crack may be expected, with around
105 cycles. The tests should be carried out at least 5 stress levels.

Another approach can be found in the Guidelines of the International
Institute of WELDING HOBBACHER (2008), where it is suggested that the tests
are carried out at 2 stress levels, for at least 10 samples. The tests should
be performed within the range of fatigue strength for 105 ÷ 106 cycles.

Przemysław Strzelecki et al.230

Technical Sciences 20(3) 2017



Table 1
Guidelines recommend that the percent replication for various tests

Type of Tests Percent Replication

Preliminary and exploratory (research and development tests) 17 to 33
Research and development testing of components and specimens 33 to 50
Design allowable data 50 to 75
Reliability data 75 to 88

Source: ASTM E-739-91 (2006).

Researchers often limit the number of test samples due to extensive time
requirements and high costs generated by the procedures. For instance, in
order to perform 105 cycles at 30 Hz stress frequency, the total duration of the
test must be around 55 min. To perform 106 cycles, the test would last 9 hours.
Sample preparation time not included. It must be noted that the strength
testing machines often allow to obtain a much lower frequency, e.g. 5 Hz, or
smaller, which significantly increases the test duration.

The results obtained from the tests allow to determine the S-N characteris-
tics. Linear regression according to correlation (1) is commonly applied. The
least squares method, as specified in w ASTM E-739-91 (2006), HOBBACHER

(2008) among others, is used to determine parameters of equation (1).
An example of scheme for evaluation of the fatigue diagram is presented on

Figure 2. Note that a fatigue limit, marked on the figure as ZG often applies to
construction materials, e.g. steel. The step method, described in the KOCAŃDA

and SZALA (1997), LEE et al. (2005) or in the ISO-12107 (2003) standard is
usually used to determine this value. The test must be performed on at least 15
samples to determine the fatigue limit using the staircase method. Assuming
the value of basic quantity of cycles NG as 5·106, the total duration, at an
assumed stress frequency of 30 Hz, is ~470 hours. This is equivalent to 20 days.

The test duration calculations presented above show that the time required
to determine the full stress characteristics is at least a month. This generates
high time requirements and costs, which in turn causes significant limitations
in performing such examinations. Due to this, the stress examinations are
reduced to minimum by the broadest possible employment of characteristics
already at hand. This can lead to obtaining inaccurate calculation results,
however. The procedure described above will be referred to as model I.

Alternative method of determining the S-N characteristics

As exhibited in previous works of other authors, for instance STRZELECKI et
al. (2016), STRZELECKI and SEMPRUCH (2016), an alternative method may be
used. The advantage of that method is the ability to evaluate a full fatigue
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Fig. 2. Scheme of estimate fatigue curve in high cycle range and fatigue limit useing standard test
machine

relationship for a smaller experimental data set. This model assumes that the
fatigue strength logarithm and the fatigue limit have a normal distribution,
which the distributions can be expressed as follows:

f(N) =
1

exp ((log(N) – (mlog(S) + b))2) (4)
√2πσ 2

n σ 2
n

where:
σn – standard deviation,

f(S) =
1

exp ((S – ZG)2) (5)
√2πσ 2

s σ 2
s

where:
σs – standard deviation.

This is considering that cracks may occur in case of applying stress higher
than the ZG threshold, and in case of obtaining strength higher or equal to the
strength described in equation (5). Also, considering that these values are
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Fig. 3. Example of S-N curve for 42CrMo4 steel (own work) estimated by alternative method

random, it should be assumed that the likelihood of fracture will be equal to
the likelihood of fulfilling function (5) and function (6). With this assumption,
the probability of fracture for the limited and unlimited fatigue life scope may
be expressed as follows (LORÉN, LUNDSTRÖM 2005):

P(N < Ni) = Φ (logNi – (a · logSi + b)) · Φ (Si – Zs) = q (6)
σv σv

where:
Φ – the normal distribution function,
q – the probability of specimen failure.

The maximum likelihood method was employed for determining the values
of parameters of equation (7). The advantage of this statistical method is the
possibility of taking into account the samples that did not fracture during the
test. Reliability function for this method is expressed as follows (PASCUAL,
MEEKER 1999):
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L(θ) = Φ (logNi – (a · logSi + b))δi

· Φ (Si – Zxe)δi

· (1 – (Φ (logNi – (a · logSi + b)) ·
σv σxe σv

(7)

· Φ (Si – Zxe)))1–δi

σxe

where:
ϕ – the normal distribution density function.

δj = {1 if Ni if specimen failure
(8)

0 if Ni if specimen runout

The example of a diagram obtained using the method presented above is
shown in Figure 3. The presented diagram applies to a likelihood of 50%.

Experimental method and results

Data derived from fatigue tests examinations for C45+C steel were used to
compare the two models. The fatigue test was performed on a test stand
described in the paper STRZELECKI and SEMPRUCH (2012). Test has been
carrying out using the rotary-bending fatigue machine. The test stand had
been verified earlier. The machine verification involved determining the
maximum error of the bending moment applied. The calculations of that value
were made compliant with the norm ISO-1143 (2010) and it was 1.15%. The
admissible value here was 1.3%. The admissible value here was 1.3%. Specimen
was made from bar with diameter 10 mm. In measurement places there was
ø5 mm and radius 25 mm. It should be noted that the samples were made of
a drawn rod in as-delivered condition. Static properties of the tested material
are presented in Table 2.

Results of the experimental tests of material C45+C, along with character-
istics determined according to model I and II are presented on Figure 4a. The
tests were performed on 31 samples for limited fatigue life, and 19 for fatigue
limit (7 cracked, and 12 reached the limit number of cycles NG). It must be
noted that the characteristics presented are estimated for a 50% likelihood of
failure. All the calculations were made in R Core Team (2015) software.
Additionally, Figure 4b presents the results obtained using the staircase
method.
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Table 2
Properties of materials C45+C from Strzelecki and Sempruch

Property of material Value

Ultimate strength Su [MPa] 826

Yield stress Sy [MPa] 647

Hardness HB 232

Source: STRZELECKI, SEMPRUCH (2012).

Fig. 4. S-N curve and fatigue data for steel C45+C: a – S-N curves, b – staircase method
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Comparison of methods I and II

Comparison of the methods discussed was also carried out for steel 45, the
test results for which are presented in the LING and PAN (1997). The
experiment was performed on samples with a notch of stress concentration
factor equal 2. The samples were loaded to axial load with asymmetry factor
equal -1. The characteristics obtained are presented on Figure 5a.

Also compared were the results obtained for steel SUS630 (EN equivalent:
X5CrNiCuNb16-4). The description of tests performed on this material can be
found in the paper MOHD et al. (2015). The tests were performed on smooth
samples, at stress frequency of 100 Hz. Load asymmetry factor was -1. The
experiment was performed with axial load. The characteristics obtained are
presented on Figure 5b.

The last material for comparison was AISI 1045 steel. The test results were
derived from paper AVILES et al. (2013). The tests were performed on smooth
samples, stressed from rotational bending at 33.3 Hz frequency. The charac-
teristics obtained are presented on Figure 5c.

Results of estimated parameters for all the materials are shown in Table 3.
No fatigue limit was determined for material 45, since the required number of
experimental data was not available. Full characteristics was determined in
this case.

Table 3
Estimated parameters for method I i II

Material Method a b σv Zs σs

C45+C I -7.8 25.7 0.28 310.3 11.4
II -8.0 26.0 0.29 304.9 20.0

45 I -8.5 26.5 0.12 – –
II -8.6 26.9 0.12 301.8 30.0

SUS630 I -9.2 31.9 0.17 651.5 6.7
II -9.9 34.1 0.27 649.6 7.0

AISI 1045 I -8.1 26.5 0.13 352.0 7.7
II -8.6 28.0 0.20 351.0 7.2

Calculations for evaluating the value of fatigue strengths according to
correlation (1) were performed in order to compare the estimated parameters
according to method I and II. Then, the difference between the values
obtained was calculated. It must be mentioned that the calculations were
performed for different stress amplitude levels, which the amplitude corre-
sponded to the scope of the high-cycle tests. The results obtained are
presented in Table 4.

Przemysław Strzelecki et al.236

Technical Sciences 20(3) 2017



Fig. 5. S-N curve for: a – steel 45 (from paper LING and PAN 1997, b – steel SUS630 (from paper
MOHD et al. 2015), c – steel AISI (from paper AVILES 2013)
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Table 4
The values obtained by the sustainability model I i II

log(N1) –
method I

log(N2) –
method II

log(N1) –
log(N2)

Material log(S) σv – method I

2.80 3.84 3.81 0.02
C45+C 2.65 4.97 4.88 0.09 0.28

2.54 5.82 5.68 0.14

2.60 4.47 4.46 0.01
45 2.56 4.86 4.86 0.0 0.12

2.51 5.29 5.30 0.01

2.91 5.18 5.21 0.03
SUS630 2.88 5.49 5.56 0.07 0.17

2.84 5.84 5.95 0.11

2.77 4.25 4.27 0.02
AISI 1045 2.69 4.92 4.90 0.02 0.13

2.57 5.95 5.86 0.09

Summary and conclusions

The characteristics obtained for material C45+C according to model I and
II are different. They are shown on the graphical presentation in Figure 4a.
Considering that the model II characteristics is shifted to the left, which
results in underestimation of strength, the situation may be deemed safe
(conservative). Moreover, standard deviations of the number of cycles for the
limited and unlimited strength scope are higher in case of model II. This is
related to a proportionally higher dispersion of the strength of samples around
the fatigue limit.

For material 45, the differences between the estimated parameters accord-
ing to the described methods in terms of limited fatigue life are significantly
smaller than for the previous material. Standard deviations were equal.
Determination of the fatigue limit for steel 45 was possible only by application
of model II. This fact suggests superiority of the alternative method.

When analysing the characteristics of SUS630 steel, a clear difference in
limited fatigue life was noted. According to the authors, this is related to the
higher number of samples for stress level nearing the fatigue level, compared
to high stress levels. This should be taken into consideration for any subse-
quent fatigue tests. When evaluating the fatigue limit, the differences should
be assumed as marginal (difference in value smaller than standard deviation).

For material AISI 1045, the differences between the estimation of fatigue
strength for limited fatigue life around the fatigue limit were the highest and
noticeable (see Fig. 5c). The differences in the estimated fatigue limit were
below 50% of standard deviation. They may be deemed as insignificant,
therefore.
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To conclude, the following conclusions has been formulated:
a) The method II described herein reduces the required number of samples

for evaluating SN characteristics.
b) The time savings from the performance of the test is significant,

considering that the method does not require a large amount of samples for
unlimited fatigue life tests, where the test duration is the highest.

c) In contrast to the conventional method marked as I, it should be noted
that the difference in values of estimated parameters is small.

d) By analysing the results presented in Table 3 and Table 4 it may be
concluded that the differences in the fatigue limit and the estimated fatigue life
are below standard deviations.

e) In the case of estimating the fatigue life, the largest differences may be
noted around the stress nearing the fatigue limit.
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A b s t r a c t

The accuracy of the available from the literature models for the dew point temperature determina-
tion was compared. The proposal of the modelling using artificial neural networks was also given. The
experimental data were taken from the psychrometric tables. The accuracies of the models were
measured using the mean bias error MBE, root mean square error RMSE, correlation coefficient R, and
reduced chi-square χ2. Model M3, especially with constants A=237, B=7.5, gave the best results in
determining the dew point temperature (MBE: -0.0229 – 0.0038 K, RMSE: 0.1259 – 0.1286 K,
R=0.9999, χ2: 0.0159 – 0.0166 K2). Model M1 with constants A=243.5, B=17.67 and A=243.3,
B=17.269 can be also considered as appropriate (MBE=-0.0062 and -0.0078 K, RMSE=0.1277 and
0.1261 K, R=0.9999, χ2=0.0163 and 0.0159 K2). Proposed ANN model gave the good results in
determining the dew point temperature (MBE=-0.0038 K, RMSE=0.1373 K, R=0.9999, χ2=0.0189 K2).

Symbols
A, B, C, D – odel coefficients,
c – number of constants,
e – partial pressure of water vapour [Pa],
es – partial saturation pressure of water vapour [Pa],
n – number of observations,
L – enthalpy of vaporization [J · kg–1],
Rw – gas constant for water vapour [J · kg–1 · K–1],
RH – relative humidity, decimal,
RH% – relative humidity [%],
t – temperature [oC],
T – temperature [K],
FT – temperature [F],
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Subscript
DP – dew point,
m – measured value,
p – predicted value.

Introduction

The relative humidity and dew point temperature are widely used indi-
cators of the amount of moisture in air (LAWRENCE 2005).

The dew point temperature can be defined as the temperature at which the
partial vapour pressure of water in moist air would be sufficient to saturate the
air. It can be therefore stated that the partial vapour pressure is equal to the
partial saturation vapour pressure at the dew point temperature (WOOD 1970).
In other words, the dew point temperature is that at which water vapour starts
to condense out of the air or the temperature at which air becomes completely
saturated. The following conclusion can be drawn from this definition: if the
air relative humidity is low, the dew point temperature is below the air
temperature but if, however, the air relative humidity is high, the dew point
temperature is close to the air temperature (BROOKER et al. 1992).

Relative humidity RH is the ratio of the mole fraction of water vapour in
a given volume of moist air to the mole fraction of water vapour in the same
volume of saturated moist air at the same temperature and pressure. For the
ideal gas mixtures assumed in this paper the equivalent definition of relative
humidity can be formulated in the following way: RH is the ratio of the
partial pressure e of water vapour in moist air to the partial saturation
pressure of water vapour es at the temperature of the air (WOOD 1970,
WILHELM 1976).

Knowledge of the psychrometric properties of an air-water vapour mix-
ture, among them dew point temperature and relative humidity, is funda-
mental to the design environmental control system for plants, crops, animals,
and human beings. Psychrometric properties of the moist air are useful in
plant materials drying and storage, and in heating, ventilating, air-condition-
ing, meteorology (SINGH et al. 2002, LOPES et al. 2009).

Dew point temperature is preferred by meteorologists over relative hu-
midity as an indicator of human comfort (BOHREN, ALBRECHT 1998). Dew
point temperature is useful in the designing of traditional evaporative
coolers, and it is the theoretical minimum temperature achieved by modern
indirect evaporative coolers (LAWRENCE 2005, ZHAO et al. 2008, RIAN-

GVILAIKUL KUMAR 2010a, 2010b). Dew point temperature coupled with wet-
bulb temperature can be applied to determine air temperature, allowing
producers to respond to potential frosts that may damage crops (SNYDER, DE
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MELO-ABREU 2005). The knowledge of dew point temperature is indispens-
able for estimating the height convection cloud base. This height has a very
important meaning for glider pilots (SALWIŃSKI 2002). If a glass barriers in
building are cooled below the dew point, the air in contact with these surfaces
will become saturated and dew will form on the surfaces what causes
problems for the building users (GERYŁO 2008).

Nowadays, the modelling of different processes is a very important task.
The principle of modelling is based on having a set of mathematical equations
that can adequately describe the operation (EFREMOV 2013, GOLISZ et al.
2013, KALETA et al. 2013). Many agronomical, ecological, hydrological, and
climatological models require dew point temperature as an input to estimate
evapotranspiration (HUBBARD et al. 2003). In literature there are equations
which represent the dew point temperature as a function of the temperature
and relative humidity or as a function of partial saturation pressure of water
vapour. However, different values of models coefficients were given and no
the comparison of these models accuracy.

An artificial neural network (ANN) is an information processing system,
which learns from input/output data to determine the relationships between
input/output data, and is used in pattern recognition, classification, etc.
Unlike other modelling techniques such as differential equations and re-
gression equations, an ANN can handle more than two variables to predict
two or more outputs. The regression equations or statistical models are
subject to assumptions and cautions inherent in the analyses. ANNs have
attracted researchers in many disciplines of science and engineering, since
they are capable of correlating large and complex data sets. ANNs are used
for their learning or adapting ability, and they do not need much knowledge
of underlying relationships between their input and output variables. The
network learns from the input and data itself, repeatedly. It also can
approximate any continuous or discontinuous linear or nonlinear function.
Therefore such networks are very useful for modelling some not-well-under-
stood processes as reported by MITTAL (1996).

The psychrometric chart reflects the relationships between ther-
modynamic properties of moist air. If the relationships can be learned by an
ANN with valid thermodynamic properties of air, then the trained ANN can
be used as a database of air properties for real-time calculations, simply by
multiplying input and weight matrices. An ANN offers an efficient means of
analysing process data to obtain relationships descriptive of various process
trends (MITTAL, ZHANG 2003).

SREEKANTH et al. (1998) made a first attempt to predict psychrometric
parameters using NN. Neural network models were developed for the each of
the three main variables: dry bulb temperature, wet-bulb temperature and
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relative humidity, as a function of the other two variables. Models were also
developed for the prediction of the dew point temperature using the dry bulb
and wet bulb temperatures, and for the saturation vapor pressure as a func-
tion of the dry bulb temperature. The prediction accuracy of the neural
network models were found to be very good, with errors less than 4%.
Relative errors were as high as 0.18% ± 0.17% for predicting dew point
temperature. MITTAL and ZHANG (2003) used ANN to predict dew point
temperature, wet bulb temperature, enthalpy, humidity ratio, specific vol-
ume as a function of dry wet bulb temperature and relative humidity with
relative error <5%. For ANN training, validation and testing SREEKANTH et
al. (1998) and MITTAL and ZHANG (2003) used data taken from models of dew
point temperature. SHROFF and DABHI (2013a,b) used Gene Expression
Programming for modelling of dew point.

Many authors used intelligent models to predict daily dew point tempera-
ture. Dew point temperature has been estimated and analysed for trends dew
point temperature prediction. The overall goal of the research was to develop
ANN models for predicting hourly dew point temperatures. Specific objec-
tives were to identify the important weather-related inputs that affect dew
point temperature prediction, to determine the preferred values of the ANN
parameters, and to determine the preferred duration of prior data for each
lead time.

SHIRI et. al (2014) assessed the capability of two different artificial neural
network (ANN) models and gene expression programming (GEP) technique
for estimate daily dew point temperature in two weather stations in Korea (8
years of daily records of air temperature, wind speed, relative humidity,
atmospheric pressure, incoming solar radiation and dew point temperature).
Authors noted that the GEP model surpasses ANN in estimating daily dew
point temperature values. AMIRMOJAHEDI et al. (2016) used method by
hybridizing the extreme learning machine (ELM) with wavelet transform
(WT) algorithm to predict daily dew point temperature. Daily climate data of
an Iranian station placed in the south costal of the country were utilized as
a case study. Average air temperature, relative humidity and atmospheric
pressure, were considered as input elements. Based upon the achieved results
it was conclusively proved that the hybrid ELM-WT approach favourably
outperforms other examined techniques. SHANK et al. (2008) utilized ANN
technique for prediction of dew point temperature from 1 to 12 h ahead based
upon the previous weather data sets. They used measured data of 20 stations
in Georgia State in USA for developing general models to predict dew point
temperature in the whole Georgia State. HUBBARD et al. (2003) developed
a regression model for estimating the daily average dew point temperature,
using the daily mean, minimum, and maximum air temperature as inputs.
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Their research used 14 year of data for six cities in the USA. Their regression
equation based on multiple cities was more accurate than the regression
equations for each of the individual cities, with a mean absolute error (MAE)
of 2.2oC for the most accurate regression equation. This study’s estimations
were useful for determining the values for missing historical weather data,
but did not allow the prediction of future values. ZOUNEMAT-KERMANI (2012)
evaluated the capability of multi linear regression (MLR) and Leven-
berg–Marquardt (LM) feed-forward neural network for estimation of hourly
dew point temperature in Ontario (Canada). It was found that LM–NN model
provide further accuracy compared to the MLR model. NADIG et al. (2013)
developed combined air and dew point temperatures models using ANN
technique to provide an enhancement in the predictions of both tempera-
tures. Their results demonstrated that the combined method decline the
predictions error. KIM et al. (2015) utilized two soft computing techniques for
estimation of daily dew point temperature in California, USA. By providing
comparisons with a conventional regression model, they found that developed
soft computing models are more precise in estimating daily dew point
temperature. MOHAMMADI et al. (2016) applied adaptive neuro fuzzy infer-
ence system (ANFIS) to select the most influential parameters for prediction
of daily dew point temperature. They analysed the influence of eight different
parameters on dew point temperature prediction in two cities of Iran. Their
results showed that, despite climate difference between the selected studied
areas, for both cities water vapour pressure was the most relevant parameter
while relative humidity was the least relevant parameter. They concluded
that using more than two input parameters couldn’t be proper and advisable.
JALAL et al. (2014) estimated of daily dew point temperature using genetic
programming and neural networks approaches.

The objective of this study was the comparison of the accuracy of the
available from the literature models for the dew point temperature determi-
nation and the proposal of the modelling using artificial neural networks.

Materials and Methods

The models used to determine the dew point temperature are shown in
Table 1. The accuracy of the models under consideration was checked using
data (about 8000) taken from psychrometric tables (ROJECKI 1959). Statisti-
cal parameters of the used data are shown in Table 2.

Evaluation of Models for the Dew Point... 245

Technical Sciences 20(3) 2017



T
ab

le
1

M
od

el
s

fo
r

th
e

de
te

rm
in

at
io

n
of

de
w

po
in

t
te

m
pe

ra
tu

re
M

od
el

n
o.

M
od

el
eq

ua
ti

on
M

od
el

co
ef

fi
ci

en
ts

R
ef

er
en

ce
s

O
w

n
w

or
ki

n
g

ou
t

af
te

r:
h

tt
ps

://
pl

.w
ik

ip
ed

ia
.o

rg
/w

ik
i/T

em
pe

ra
tu

ra
–p

un
kt

u
–r

os
y

A
=

24
1.

2;
B

=
17

.5
04

3

O
w

n
w

or
ki

n
g

ou
t

af
te

r:
h

tt
p:

//w
w

w
.s

rh
.n

oa
a.

go
v/

im
ag

es
/e

pz
/w

xc
al

c/
rh

T
dF

ro
m

W
et

B
ul

b.
pd

f
h

tt
p:

//w
w

w
.e

m
c.

n
ce

p.
n

oa
a.

go
v/

gm
b/

yz
h

u/
im

p/
i2

01
20

4/
N

A
E

F
M

1
S –

Sc
ie

n
ce

–D
oc

um
en

ta
ti

on
.p

df
A

=
24

3.
5;

B
=

17
.6

7

A
=

23
7.

7;
B

=
17

.2
7

O
w

n
w

or
ki

n
g

ou
t

af
te

r:
S

IM
O

N
S

20
08

A
=

23
7.

3;
B

=
17

.2
69

O
w

n
w

or
ki

n
g

ou
t

af
te

r:
G

E
R

Y
Ł

O
(2

00
8)

,
W

E
IS

S
(1

97
7)

A
=

24
3.

04
;

B
=

17
.6

25
L

A
W

R
E

N
C

E
(2

00
5)

t D
P

(t
,R

H
)

=
A

(ln
(R

H
)

+
B

t
)

A
+

t

B
–

ln
(R

H
)

–
B

t

A
+

t

O
w

n
w

or
ki

n
g

ou
t

af
te

r:
h

ol
m

es
.ii

gw
.p

l/?
?m

bo
dz

io
n

/d
yd

ak
ty

ka
/h

yd
ro

/p
lik

i/w
il

go
tn

os
c.

pd
f

A
=

23
7;

B
=

17
.2

7;
C

=
23

7.
3

M
2

O
w

n
w

or
ki

n
g

ou
t

af
te

r:
h

tt
p:

//w
w

w
.s

rh
.n

oa
a.

go
v/

im
ag

es
/e

pz
/w

xc
al

c/
rh

T
dF

ro
m

W
et

B
ul

b.
pd

f
A

=
23

7.
7;

B
=

17
.6

7;
C

=
24

3.
5

t D
P

(t
,R

H
)

=
A

(ln
(R

H
)

+
B

t
)

C
+

t

B
–

ln
(R

H
)

–
B

t

C
+

t

A
=

23
7;

B
=

7.
5

O
w

n
w

or
ki

n
g

ou
t

af
te

r:
S

A
L

W
IŃ

SK
I

(2
00

2)

O
w

n
w

or
ki

n
g

ou
t

af
te

r:
h

tt
p:

//w
eb

.m
it

.e
du

/w
ea

th
er

/in
fo

/F
re

qu
en

tl
y –

A
sk

ed
–Q

ue
st

io
n

s
-t

em
p-

de
w

po
in

t;
h

tt
p:

//w
w

w
.s

rh
.n

oa
a.

go
v/

im
ag

es
/e

pz
/w

xc
al

c/
w

et
B

ul
bT

dF
ro

m
R

h
.p

df
A

=
23

7.
3;

B
=

7.
5

A
=

23
7.

7;
B

=
7.

5
O

w
n

w
or

ki
n

g
ou

t
af

te
r:

h
tt

p:
//w

w
w

.c
rh

.n
oa

a.
go

v/
Im

ag
e/

ep
z/

w
xc

al
c/

w
et

B
ul

bT
dF

ro
m

R
h

.p
df

M
3

t D
P

(t
,R

H
)

=
A

(lo
g(

R
H

)
+

B
t

)
A

+
t

B
–

lo
g(

R
H

)
–

B
t

A
+

t

h
tt

p:
//w

w
w

.a
jd

es
ig

n
er

.c
om

/p
h

ph
um

id
it

y/
de

w
po

in
t –

eq
ua

ti
on

–
de

w
po

in
t –

te
m

pe
ra

tu
re

.p
h

p
M

4
t D

P
(t

,R
H

)=
(R

H
)1/

8 (
11

2+
0.

9t
)+

0.
1t

–1
12

M
5

t D
P

=
t–

(10
0

–
R

H
%

),
fo

r
R

H
%

>5
0%

L
A

W
R

E
N

C
E

(2
00

5)
5

M
6

T
D

P
=

T

(1
–

T
ln

(R
H

) )–1

R
w
=

46
1.

5
J

·
kg

–1
·

K
L

A
W

R
E

N
C

E
(2

00
5)

L R
w

Krzysztof Górnicki et al.246

Technical Sciences 20(3) 2017



co
n

t.
ta

bl
e

1

M
od

el
n

o.
M

od
el

eq
ua

ti
on

M
od

el
co

ef
fi

ci
en

ts
R

ef
er

en
ce

s

t D
P

=
(0

.1
98

+
0.

00
17

t)
R

H
%

+
M

7
–

0.
84

t
–

19
.2

S
A

R
G

E
N

T
(1

98
0)

,
L

A
W

R
E

N
C

E
(2

00
5)

fo
r

40
≤R

H
%

≤1
00

%
;

0<
t<

30
o C

A
=

17
.9

;
B

=
0.

18
fo

r
65

≤R
H

%
≤1

00
%

M
8

t D
P

=
t

–
A

+
B

·
R

H
%

S
A

R
G

E
N

T
(1

98
0)

,
L

A
W

R
E

N
C

E
(2

00
5)

A
=

22
.5

;
B

=
0.

25
fo

r
45

≤R
H

%
≤6

5%

t D
P

=
t–

(10
0

–
R

H
%

)(T
)–

5
30

0
–

0.
00

13
5(

R
H

%
–

84
)2

+
0.

35
fo

r
40

≤R
H

%
≤1

00
%

;
0<

t<
30

o C

M
9

L
A

W
R

E
N

C
E

(2
00

5)

M
10

R
H

=
(17

3
–

0.
1 F

T
+

F
T

D
P

)8

B
O

SE
N

(1
95

8)
17

3
+

0.
9 F

T

M
11

t D
P

=
A

B
ln

(e
)

+
C

(l
n

(e
))

2

w
h

er
e:

a)
ln

(e
s)

=
–

75
11

.5
2

+
89

.6
31

21
+

T
+

0.
23

99
89

70
T

–
1.

16
54

55
1

·
A

=
6.

98
3;

B
=

14
.3

8;
C

=
1.

07
9

W
IL

H
E

L
M

(1
97

6)
,

W
E

IS
S

(1
97

7)
·

10
–5

T
2

·
1.

28
10

33
6

·
10

–8
T

3
+

fo
r

0≤
t≤

50
o C

+
2.

09
98

40
5

·
10

–1
1 T

4
–

12
.1

50
79

ln
(T

)

b)
e s

=
0.

61
07

8e
xp

(17
.2

69
38

2
t )

23
7.

30
+

t

A
=

6.
09

;
B

=
12

.6
08

;
C

=
0.

49
59

fo
r

t D
P
≤0

o C
M

12
A

=
6.

54
;

B
=

14
.5

26
;

C
=

0.
73

89
;

A
SH

R
A

E
(1

99
3)

,
M

IT
T

A
L
,

ZH
A

N
G

(2
00

3)
D

=
0.

09
48

6;
E

=
0.

45
69

fo
r

0<
t D

P
≤9

3o C

t D
P

=
A

+
B

ln
(e

)
+

C
(l

n
(e

))
2

+
+

D
(l

n
(e

))
3

+
D

e0.
19

84

ln
(e

)
=

–5
.8

00
2

·
10

3 /
T

–
55

16
3

–
–

4.
86

4
·

–2
T

+
4.

17
65

·
10

–5

T
–

1.
44

52
·

10
–8

T
+

6.
54

6*
ln

(T
)

Evaluation of Models for the Dew Point... 247

Technical Sciences 20(3) 2017



Table 2
Statistical parameters of the used data

Statistical parameters

standard
deviation

coefficient
of variation

skewness
coefficient

mean maximum minimum
Parameter Unit

t oC 22.5 37 0 10.1 0.45 -0.44

RH% % 55.4 100 14 24.4 0.44 0.13

tDP
oC 11.6 37 -20 11.7 1.02 -0.15

ANN modelling was carried out with Matlab 7.0. The dew point tempera-
ture was predicted with feedforward multilayer perceptron artificial neural
networks. In this study 8000 cases were chosen for our experiments. Chosen
cases were randomly divided into the following sets: for training 5,600 samples
(consisted of ≈70% cases), for validation 1,200 samples (≈15% cases) and for
testing 1,200 samples (≈15% cases). Inputs (tDP and RH%) were normalized to
obtain values in range 0–1. The values of dry bulb temperatures and relative
humidity were normalized by dividing them by 37 and 100 respectively. The
values of dew point temperatures (output) were divided by 37.

The goodness of fit of the tested models and ANN to the data taken from
psychrometric tables was evaluated with the mean bias error MBE:

n

MBE =
1 Σ (xi,p – xi,m) (1)
n i=1

the root mean square error RMSE:

n

RMSE = √1 Σ (xi,p – xi,m)2 (2)
n i=1

the correlation coefficient R:

n n

R = √ Σ (xi – xi,p) · Σ (xi – xi,m) (3)
i=1 i=1

n n

√Σ (xi – xi,p)2 · Σ (xi – xi,m)2

i=1 i=1
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and reduced chi-square χ2:

n

χ2 =
Σ (xi,m – xi,p)2

(4)i=1

n – c

The higher the R value, and lower the MBE, RMSE, and χ2 values confirm
the better the goodness of fit (KALETA, GÓRNICKI 2010).

Results and Discussion

Models of dew point temperature

The results of statistical analysis undertaken on the considered models are
given in Table 3. The statistical analysis results shown that model M3 best
determining the dew point temperature. The values of statistical parameters
from this model (for different model coefficients) were following: MBE=-0.0229
– 0.0038 K, RMSE=0.1259 – 0.1286 K, R=0.9999, χ2=0.0159 – 0.0166 K2. The
values of all statistical parameters from this model with constants A=237,
B=7.5 were the smallest (MBE=0.0038 K, RMSE=0.1259 K, R=0.9999,
χ2=0.0159 K2).

Model M1 can be also considered as appropriate (MBE=-0.0225 – -0.0062
K, RMSE=0.1261 – 0.1286 K, R=0.9999, χ2=0.0159 – 0.0165 K2). For model
M1 with constants

A=243.3, B=17.269 the root mean square error and chi-square were the
smallest (0.1261 K and 0.0159 K2 respectively) and with constants A=243.5,
B=17.67 mean bias error was the smallest (MBE=-0.0062 K). The values of all
statistical parameters from model M1 with constants A=237.7, B=17.27 were
the worst.

Model M2 only with constants A=237, B=17.27, C=237.3 gave good
results (MBE=-0.0218 K, RMSE=0.1218 K, R=0.9999, χ2=0.0166 K2) and
was not much better than Models M4 and M10. The values of statistical
parameters for Models M4 and M10 were following: MBE: -0.0239 and
-0.0331 K, RMSE: 0.1466 and 0.1488 K, R=0.9999, χ2: 0.0215 and 0.0222 K2,
respectively.

Some models to determine dew point temperature gave good results, but
can be only used in a narrow range of t and RH%. The values of statistical
parameters from model M9 were the small: MBE=0.0098 K, RMSE=0.1502 K,
R=0.9999, χ2=0.0226 K2. This model can be used to determine dew point
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Table 3
Comparison of results of statistical analyses on the modelling of dew point temperature

Model no. Model coefficients MBE, K RMSE, K R, – χ2, K2

A=241.2; B=17.5043 -0.0167 0.1280 0.9999 0.0164

A=243.5; B=17.67 -0.0062 0.1277 0.9999 0.0163
M1 A=237.7; B=17.27 -0.0225 0.1286 0.9999 0.0165

A=237.3; B=17.269 -0.0078 0.1261 0.9999 0.0159

A=243.04; B=17.625 -0.0152 0.1286 0.9999 0.0165

M2
A=237; B=17.27; C=237.3 -0.0218 0.1288 0.9999 0.0166

A=237.7; B=17.67; C=243.5 -0.2827 0.4085 0.9999 0.1669

A=237; B=7.5 0.0038 0.1259 0.9999 0.0159

M3 A=237.3; B=7.5 -0.0076 0.1261 0.9999 0.0159

A=237.7; B=7.5 -0.0229 0.1286 0.9999 0.0166

M4 -0.0239 0.1466 0.9999 0.0215

M5* 0.0606 0.5944 0.9988 0.3534

M6 -0.0809 0.2016 0.9999 0.0406

M7* 0.0779 0.4400 09987 0.1937

M8*
A=17.9; B=0.18 0.1825 0.4065 0.9996 0.1654

A=22.5; B=0.25 0.8329 1.1375 0.9994 1.2954

M9* 0.0098 0.1502 0.9999 0.0226

M10 -0.0331 0.1488 0.9999 0.0222

M11a
A=6.983; B=14.38; C=1.079

0.0760 0.2664 0.9998 0.0710

M11b 0.0774 0.2677 0.9998 0.0717

M12* A=6.09; B=12.608; C=0.4959 -0.6578 0.8255 0.9995 0.6830

A=6.54; B=14.526; C=0.7389;
D=0.09486; E=0.4569

-0.0271 0.5255 0.9999 0.2764

M13
(ANN) -0.0038 0.1373 0.9999 0.0189

* Limited range of data

temperature only for 40≤RH%≤100% and 0<t<30. Model M5 (for RH%>50%) was
easy to use and fairly accurate, values of statistical parameters were following:
MBE=0.0606 K, RMSE=0.5944 K, R=0.9988, χ2=0.3534 K2.

Models M8 (for 45≤RH%≤65%; with constants A=22.5, B=0.25) and M12
(for tDP≤0oC) can not be recommended for the determination of dew point
temperature, because their MBE, RMSE, and χ2 values were found too high
(MBE: 0.8329 and -0.6578 K, RMSE: 1.1375 and 0.8255 K, χ2: 1.2954 and
0.6830 K2, respectively).
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Artificial neural network

Determination of the best ANN topology for predicting a desire response is
a very critical stage. Generally, the trial–and–error approach is used. A large
number of different topologies have been constructed, trained and tested.
NAZGHELICHI et al. (2011) and AGHBASHLO et al. (2011) reported that one
hidden layer ANN with sigmoid transfer function is normally appropriate to
provide an accurate prediction and can be the first choice for any practical
feed-forward network design. A sigmoid function is a widely used non-linear
activation function whose output is between 0 and 1 and is defined as:

f(x) =
1

(5)
1 + exp (–x)

In addition, more hidden layers may cause overfitting and the model cannot
adapt to new inputs as reported by OMID et al. (2009).

The number of hidden nodes in a network is critical to network perform-
ance. Too many nodes can lead the system toward memorizing the patterns in
the data. Too few nodes can lead to underfitting as informed by ERB (1993).
Recently, many researchers successfully used response surface methodology
and genetic algorithm to solve this problem (NAZGHELICHI et al. 2011, NOUR-

BAKHSHA et al. 2014, WINICZENKO et al. 2016).
In this study, different activation functions (tansig, logsig and linear) and

number of neurons varied from 2–6 were used to obtain the optimal architec-
ture of the network. Finally, the simulation results shows that a MLP ANN
with one hidden layer, 3 nodes in the hidden layer and sigmoid activation
function is found to have the best performance.

The optimal architecture of the ANN was constructed as 2–3–1 NN and
activation functions in hidden layer and output layer were respectively
“logsig” and “purelin”. Schematic of three layer neural network is shown in
Figure 1.

The network was trained with Levenberg-Marquardt backpropagation
algorithm (trainlm) (see Fig. 2). The algorithm stopped, when the validation
error increased for six iterations, which occurred at iteration 482. LM is often
the fastest available back-propagation algorithm and highly recommended as
the first choice supervised algorithm, although it requires more memory than
other algorithms as informed by KHALAJ et al. (2013). In our study LMBP
method was used because of mean-squared error (MSE) values for LM method
were lower compared with those Bayesian regulation in the training stages, the
LM method was preferred in the modelling of the experimental data.
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Fig. 1. Neural network architecture

Fig. 2. Neural network training window

The mean square error changes at the epochs shown in Figure 3. As can be
seen from the graph, the best validation performance 1.3429 · 10–5 has occur-
red at epoch 476. Therefore, the final mean square error is small. Moreover,
the test set error and the validation set error have similar characteristics.
Additionally, no significant overfitting has occurred, where the best validation
performance occurs.
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Fig. 3. Performance goal of neural network

Linear regression analyses were performed to compute the correlation
coefficient R between the experimental and predicted values (see Fig. 4). As
can be seen from the graphs, the output tracks the targets very well both for
training (Fig. 4a),validation (Fig. 4b), and testing (Fig. 4c), respectively. In
addition, the R-value is over 0.99 for the total response (Fig. 4d).

To determine the dew point temperature tDP was derived from the ANN
(model M13):

tDP = -5.2686 · F1 + 11.5088 · F2 – 5.2164 · F3 – 6.3302 (6)

where F(i=1,2,3) can be calculated using:

Fi =
1

(7)
1 + exp–Wi

and W1–W3 can be determined as follows:

Wi = D1i · t + D2i · RH + D3i (8)
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Fig. 4. A linear regression graph for observed and predicted values of dew point temperature:
a – training, b – validation, c – testing, d - all samples

Weights: D1i, D2i and bias D3i in Eq. (8) are given in Table 4 for algorithm
with three neurons.

Presented ANN (consists of Eqs. (6) – (8) and Table 3) can be easy to use
model. The model M13 (ANN) gave good results in determining the dew point
temperature. The values of statistical parameters from ANN model (Tab. 2)
were following: MBE=0.0038 K, RMSE=0.1373 K, R=0.9999, χ2=0.0189 K2.
Those parameters were little worse than for model M3 with constants A=237,
B=7.5.
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Table 4
Weights and biases between input layer and hidden layer

No. Weight Bias

i D1i D2i D3i

1 0.4894 0.4559 -1.3690

2 0.2403 -4.1578 -2.8064

3 0.4680 -0.1209 1.1178

Conclusions

It turned out from the investigations that model M3, especially with
constants A=237, B=7.5, gave the best results in determining the dew point
temperature. Model M1, especially with constants A=243.3, B=17.269 and
A=243.5, B=17.67 can be also considered as appropriate. Model M9 can be
used to determine dew point temperature, but only for 40≤RH%≤100% and
0<t<30.

Proposed model M13 (ANN) gave good results in determining the dew point
temperature. The ANN have 2 input (t and RH%) hidden layer (3 neurons) and
1 output – tDP, activation functions in hidden layer and output layer were
“logsig” and “purelin” respectively.
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A b s t r a c t

A simplified mathematical model of hydraulic drive of container upturning during loading
of solid domestic wastes into a dustcart is proposed. Approximated analytical time dependencies
of pressure in a delivery pipe of a hydrocylinder, angular velocity and the angle of container
upturning are obtained. Approximated duration dependence of container upturning from main
parameters of hydraulic drive is detected. Optimal values of main parameters of working organs,
which ensure minimum time of container upturning during loading of solid domestic wastes into
a dustcart are defined.

Introduction

In obedience to statistical data, the yearly volume of solid domestic wastes
(SDW), produced in the populated areas of Ukraine, exceeds 46 million m3.
Their overwhelming majority is buried on polygons and dumps. SDW collect-
ing is a main task of sanitary cleaning of the populated areas and is carried out
by more than 4.1 thousand special cars (dustcarts), and that is why it is
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associated with considerable financial expenses (BEREZYUK 2009). Before SDW
transportation by dustcarts to the place of their utilization, the waste loading
is performed. According to approximate calculations, almost 2.7 thousand tone
of fuel is yearly spent on the SDW loading by communal enterprises of
Ukraine. “The Stockholm Convention on persistent organic pollutants” re-
quires the SDW processing, collecting, transportation and storage in environ-
mentally friendly manner. In particular, actual there is a problem of providing
reducing the fuel consumption during SDW loading into a dustcart.

The analysis (SAVULYAK, BEREZYUK 2006) of developments in the field of
SDW loading has shown that waste loading into the overwhelming majority of
dustcarts is performed by means of a hydraulic drive of working organs. It has
been found that the operation of SDW loading into a dustcart consists from
turn of a lever and upturning of a container capture. The article (BEREZYUK

2013) provides a mathematical model of hydraulic drive of container upturning
during SDW loading into dustcart as a substantially non-linear system of
differential equations, that cannot be solved by known analytical methods in
the permissible limits of error. Compared to the publications of previous
authors, the scientific novelty of this article is as follows:

– a simplified mathematical model of hydraulic drive of container upturn-
ing during loading of solid domestic wastes into dustcart is proposed;

– approximated analytical time dependencies of pressure in a delivery pipe
of hydrocylinder, angular velocity and the angle of container upturning are
obtained;

– approximated duration dependence of container upturning from main
parameters of hydraulic drive is detected;

– optimal values of the main parameters of working organs which ensure
a minimum time of container upturning during loading of solid domestic
wastes into a dustcart are defined.

The purpose of the study is to define optimal values of main parameters
of working organs, which ensure the reduction of fuel consumption by means
of time minimization of container upturning during SDW loading into
a dustcart.

Methods

During the study such methods were used: imitative computer modeling,
Laplace transform (SVESHNIKOV, TIHONOV 2005), decomposition into simple
fractions. Table 1 shows the comparison of assumptions, taken into account
during the development of full and simplified mathematical models.
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Table 1
Comparison of assumptions, taken into account during the development of full and simplified

mathematical models

Full mathematical model Simplified mathematical model

Pressures at the pump output and at the
hydrocylinder input are different

pressures at the pump output and at the hydro-
cylinder input are same

Pressures in drain pipes are more than zero pressures in drain pipes are around zero

Influence of the force of viscous friction on
functioning of a hydraulic drive is essential

influence of the force of viscous friction on fun-
ctioning of a hydraulic drive is unessential

Shoulders of appendix of efforts to executive
organs take into account the change of angular
velocity of the container

shoulders of appendix of efforts to executive or-
gans do not take into account the change of angu-
lar velocity of the container

Results and Discussion

Figure 1 presents a calculated scheme for a simplified mathematical model
of hydraulic drive of container upturning during SDW loading into dustcart
when using the back scheme of SDW loading by which such known brands of
dustcarts are functioning: Norba N-Series (Norba. Refuse Collection... 1977),
Schörling Olympus (Schörling: Vehicle Technology... 1990), Zoeller Magnum
(Zoeller 1990, p. 8), Faun Europress (Pressmullfahrzeuge Faun Europress
1995) and others.

The following structural elements are marked on the scheme: Cn – con-
tainer, Cp – capture, L – lever, HC – hydrocylinder, HD – hydrodistributor, HP
– hydropump, SV – safety valve, F – filter, T – tank with working fluid, and also
the main geometrical, kinematics and power parameters:

p1, p2, p3, p4 – pressures at the output of a hydropump, at the input of
a hydrocylinder, at the output of a hydrocylinder and at the input of a filter,
accordingly; W1, W2, W3, W4 – volumes of pipelines between the hydropump and
the hydrodistributor, the hydrodistributor and the input of the hydrocylinder,
the output of the hydrocylinder and the hydrodistributor, the hydrodistributor
and the filter, QP – actual hydropump feeding, SD – area of a passable hole of
a hydrodistributor, SF – surface area of a filter element, D, d – diameters of
a piston and a rod, J – inertia moment of moving elements, GC – weight of the
container, R – rotation radius of moving elements, lP – distance between
rotation centers of the capture and the rod, hC – altitude of the container,
α – angle between the axes of a lever and the shoulder of a hydrocylinder,
γ – angle which takes into account the position deflection of masses center,
δ – angle between the shoulder of a capture and a horizontal, λ – inclination
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Fig. 1. Calculated scheme for a simplified mathematical model of hydraulic drive of container
upturning during SDW loading into a dustcart (description in the text)

angle of a container wall, ψ – angle between the axis of a hydrocylinder
shoulder and the axis which passes between the rotation centers of a capture
and a hydrocylinder, ϕ – angle of capture rotation.

The analysis of the conducted studies of a full mathematical model (BE-

REZYUK 2013) has shown, that p1 ≈ p2 ≈ p12, and the influence of pressure in
drain pipes, forces influence of viscous friction on functioning of hydraulic
drive is unessential.

Process of container upturning can be divided into two phases:
– phase of container turning to equilibrium position (δ + ϕ – λ ≤ π/2);
– phase of SDW emptying from the container into a basket of a dustcart

(δ + ϕ – λ > π/2).
Thus, the system of differential equations of full mathematical model turns

into such systems of differential equations, which correspond to the phases,
accepted above.

Phase of container turning to equilibrium position can be described by the
system of differential equations:
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QP = ϕ̇SC1lP sin(ϕ + ψ) + σp12 + KW12ṗ12 (1){ p12SC1lP sin(ϕ + α) = Jϕ̈ + GR cos(ϕ + δ – γ) (2)

where:
W12 = W1 + W2.

For linearization of trigonometric functions of the system of differential
equations we will introduce replacements:

cos(ϕ + δ – γ) ≈ cos(ω0t + δ – γ) (3)

sin(ϕ + α) ≈ sin(ϕ̄1 + α) (4)

sin(ϕ + ψ) ≈ sin(ϕ̄1 + ψ) (5)

where:

ω 0 ≈
QP – average value of angular velocity of a container upturning at

2SC1R
a first approximation;

(6)
SC1 = π(D2 – d2)/4 – area of a rod cavity of a hydrocylinder;
ϕ̄1 = (π/2 + λ – δ)/2 – average value of the angle upturning of a container at
a first approximation for the first phase.

Therefore, a simplified mathematical model of hydraulic drive of the first
phase of container upturning during SDW loading into a dustcart looks like
this:

QP = 2ωSC1lP sin(ϕ̄1 + ψ) + σp12 + KW12ṗ12 (7){ p12SC1lP sin(ϕ̄1 + α) = Jω̇ + GR cos(ω 0t) cos(δ – γ) – GR sin(ω 0t) sin(δ – γ) (8)

where:
ω = ϕ̇ ≠ const. – instantaneous value of angular velocity of container upturning.

For further study of a simplified mathematical model we use Laplace
transform (SVESHNIKOV, TIHONOV 2005), according to which we get:
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QP/S = Ω(s)2SC1lP sin(ϕ̄1 + ψ) + P(s)σ + P(s)sKW12 (9){ P(s)SC1lP sin(ϕ̄1 + α) = Ω(s)sJ +
sGR cos(δ – γ)

–
ω 0GR sin(δ – γ)

(10)
s2 + ω 2

0 s2 + ω 2
0

Substituting equation (10) into equation (9), we get

Ω1(s) =
– b3s3 + b2s2 – b1s + b0 (11)

s(s2 + ω2
0)(a2s2 + a1s + a0)

where:
a2 = KW12J; a1 = σJ; a0 = 2S2

C1l2
P sin(ϕ̄1 + α) sin(ϕ̄1 + ψ); b3 = KW12GR cos(δ – γ);

b2 = QPSC1lP sin(ϕ̄1 + α) – σ GR cos(δ – γ) + KW12ω0GR sin(δ – γ); b1 = σω0GRx
sin(δ – γ); b0 = QPω2

0SC1lP sin(ϕ̄1 + α)
(12)

By the method of the expression (11) decomposition into simpler fractions
after transformation to canonical form we get

Ω1(s) = A1
1

+ B1
s

+
D1 s + a1/(2a2) +

s s2 + ω 2
0 a2 [s + a1/(2a2)]2 + (4a0a2 – a2

1)/(4a2
2

(13)

+
C1 ω0 +

4E1 – D1a1 √4a0a2 – a2
1/(2a2) ,

ω0 s2 + ω2
0 2√4a0a2 – a2

1 [s + a1/(2a2)]2 + (4a0a2 – a2
1)/(4a2

2)

where:
A1 = b0/(a0ω2

0); B1 = [(b2ω2
0 – b0)(a0 – a2ω2

0) – a1ω2
0(b3ω2

0 – b1)]/{ω2
0[(a0 – a2ω2

0)2 +
+ a2

1ω2
0]}; C1 = (b3ω2

0 – b1 + B1a1ω2
0)/(a0 – a2ω2

0); D1 = –a2(A1 + B1); E1 = –b3 +
+ D1a1/a2 – C1a2

(14)

We find the original of an image (13)

ω1(t) = A1 + B1 cos(ω0t) +
C1 sin(ω0t) +

D1 e
–

a1
t
cos(√4a0a2 – a2

1 t) +
ω0 a2

2a2

2a2

(15)

+
4E1 – D1a1 e

–
a1

t
sin(√4a0a2 – a2

1 t)2√4a0a2 – a2
1

2a2

2a2
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After excluding minor coefficients of the expression (15) which have
a higher order of smallness, and after taking into account the agreed designa-
tions according to (6), (12), (14), the angular velocity of container upturning
during the first phase is presented by such equation:

ω1(t) ≈
QPSC1lP sin(ϕ̄1 + α) – σGR cos(δ – γ) [1 – e

–
σ

t

2S2
C1l2

P sin(ϕ̄1 + α) sin(ϕ̄1 + ψ)
2KW12 ×

(16)

× cos (SC1lP√2 sin(ϕ̄1 + α) sin(ϕ̄1 + ψ)
t)]KW12J

For angle definition of container upturning during the first phase we
integrate the equation (16) and, taking into account the initial conditions
ϕ(0) = 0, we get:

ϕ1(t) =
QPSC1lPsin(ϕ̄1+α) – σGR cos(δ – γ) { e

–
σ

t
2KW12

×
2S2

C1l2
P sin(ϕ̄1 + α) sin(ϕ̄1 + ψ) 8KW12S2

C1l2
P sin(ϕ̄1+α)sin(ϕ̄1+ψ)+Jσ2

× [2KW12Jσ cos(SC1lP√2sin(ϕ̄1+α)sin(ϕ̄1+ψ)/(KW12J)t)–4K1.5W1.5
12 SC1lP × (17)

× √2J sin (ϕ̄1+α)sin(ϕ̄+ψ) sin (SC1lP√2sin(ϕ̄1+α) sin (ϕ̄1+ψ)/(KW12J)t)]+t}

After excluding minor coefficients of expression (17), which have a higher
order of smallness, we receive a simplified equation of angle change of
upturning container during the first phase:

ϕ1(t) ≈
QPSC1lP sin(ϕ̄1 + α) – σGR cos(δ – γ)

t (18)
2S2

C1l2
P sin(ϕ̄1 + α) sin(ϕ̄1 + ψ)

We define the duration of container upturning during the first phase by the
equation (18):

t1 ≈
2S2

C1l2
P sin(ϕ̄1 + α) sin(ϕ̄1 + ψ) ϕ (19)

QPSC1lP sin(ϕ̄1 + α) – σGR cos(δ – γ)
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After placing the changes sin(ϕ̄1 + α)sin(ϕ̄1 + ψ) ≈ sin2 (ϕ̄1 + (α + ψ)/2) and
ϕ̄1 → ϕ1(t) in the equation (16) we get:

ω1(t) ≈
QPSC1lP sin( QP t + α) – σGR cos(δ – γ)

2SC1lP sin(ϕ̄1 + ψ) ×

2S2
C1l2

P sin2 ( QP t +
α + ψ) (20)

2SC1lP sin(ϕ̄1 + ψ) 2

× [1 – e
–

σ
t
cos(SC1lP sin( QP t +

α + ψ) √ 2
t)]2KW12

2SC1lP sin(ϕ̄1 + ψ) 2 KW12J

After solving a system of equations (9, 10) relative to P(s) after transform-
ation to canonical form we get:

P1(s)=A1p
1

+
B1p–C1p–F1p 1

– D1p
s

–
E1p ω

–
G1p ×

s KW12 s2+σ/(KW12) s2+ω 2
0 ω 0 s2+ω 2

0 a2

×
s + a1/(2a2) –

4H1p – G1pa1 × (21)
[s+a1/(2a2)]2 + (4a0a2 – a2

1)/(4a2
2) 2√4a0a2 – a2

1

× √4a0a2 – a2
1/(2a2)

[s + a1/(2a2)]2 + (4a0a2 – a2
1)/(4a2

2)

where:
A1p = (QP – 2A1SC1lPsin(ϕ̄1 + ψ))/σ; B1p = –KW12(QP – 2A1SC1lP sin(ϕ̄1 + ψ))/σ,
C1p = –2SC1lPKW12(B1σ – C1KW12) sin(ϕ̄1 + ψ)/(σ2 + K2W2

12ω2
0),

D1p = 2SC1lP(B1σ – C1KW12) sin(ϕ̄1 + ψ)/(σ2 + K2W2
12ω2

0),
E1p = 2SC1lP(B1KW12ω2

0 + C1σ) sin(ϕ̄1 + ψ)/(σ2 + K2W2
12ω2

0),
H1p = 2SC1lP(E1(a1KW12 – a2) – D1a0KW12) sin(ϕ̄1 + ψ)]/(a1KW12σ–a2σ2–a0K2W2

12),
F1p = 2SC1lPKW12(D1σ – E1KW12) sin(ϕ̄1 + ψ)/(a1KW12σ – a2σ2 – a0K2W2

12),
G1p = 2SC1lP a2(D1σ – E1KW12) sin(ϕ̄1 + ψ)/(a1KW12σ – a2σ2 – a0K2W2

12)
(22)

We find the original of an image (21):

p1(t)=A1p +
B1p – C1p – F1p e

–
σ

t
– D1p cos(ω0t) –

E1p sin(ω0t) –
KW12

2KW12

ω0

(23)
–

G1p e
–

σ
t

cos(√4a0a2 – a2
1 t) –

4H1p – G1pa1 e
–

σ
t

sin(√4a0a2 – a2
1 t)a2

2a2

2a2 2√4a0a2 – a2
1

2a2

2a2
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After excluding minor coefficients of expression (23) which have a higher
order of smallness, and after considering the agreed designations according to
(6), (12), (14), (22) and the initial condition p(0) = 0, the pressure in a delivery
pipe of a hydrocylinder can be described by the equation:

p1(t) ≈
GR

+
QP ×

SC1lP sin( QP t + α) SC1lP sin(ϕ̄1 +
α + ψ)2SC1lP sin(ϕ̄1 + ψ) 2

(24)
× √ J

e
–

σ
t

sin[SC1lP sin(ϕ̄1 + (α + ψ)/2)√2/(KW12J)t +
2KW12

2KW12

– arcsin (√2KW12JσGR cos(δ – γ) sin(ϕ̄1 + (α + ψ)/2)/(QP sin α))]

Phase of SDW emptying from the container into a basket of the dustcart
can be described by a system of differential equations:

QP = 2ϕ̇SC1lP sin(ϕ + ψ) + σp12 + KW12ṗ12 (25)

p12SC1lP sin(ϕ + α) = Jϕ̈ + (GR – VCρwx(1 + 2tgλ)Rg/hC)cos(ϕ + δ – γ) (26){ g sin(ϕ + δ – λ) = ẍ + fwg cos(ϕ + δ – λ) (27)

For linearization of trigonometric functions in the system of differential
equations we will introduce the replacements:

cos(ϕ + δ – γ) ≈ cos(ω0t + δ – γ) ≈ cos(ϕ̄2 + δ – γ) (28)

sin(ϕ + δ – γ) ≈ sin(ω0t + δ – γ) (29)

sin(ϕ + α) ≈ sin(ϕ̄2 + α) (30)

sin(ϕ + ψ) ≈ sin(ϕ̄2 + ψ) (31)

where:
ϕ̄2 = 0.75π + 1.5λ – δ – average value of the angle of container upturning at
a first approximation for the second phase.
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Therefore a simplified mathematical model of a hydraulic drive of the
second phase of container upturning during SDW loading into a dustcart looks
like this:

QP = 2ωSC1lP sin(ϕ̄2 + ψ) + σp12 + KW12ṗ12 (32)

p12SC1lP sin(ϕ̄2 + α) = Jω̇ + GR cos(ω0t) cos(δ – γ) –
– GR sin(ω0t) sin(δ – γ) – VCρwx(1 + 2tgλ) Rg cos(ϕ̄2 + δ – γ)/hC

(33){
g sin(ω0t + δ – λ) = ẍ + fwg cos(ω0t + δ – λ) (34)

Solving a simplified mathematical model of the second phase in a similar
way to solution the of a simplified mathematical model of the first phase, we
get:

ω2(t) ≈
QPSC1lP sin(ϕ̄2 + α) – σ GR cos(δ – γ)

+ [2SC1R sin( QP t) – t] ×
2S2

C1l2
P sin(ϕ̄2 + α) sin(ϕ̄2 + ψ) QP 2SC1R

(35)

×
σVCρw(1 + 2tgλ) R2g2 [cos(δ – λ) + fw sin(δ – λ)] cos(ϕ̄2 + δ – γ)

QPSC1l2
P sin(ϕ̄2 + α) sin(ϕ̄2 + ψ)hC

ϕ2(t) =
QPSC1lP sin(ϕ̄2 + α) – σ GR cos(δ – γ)

t – [t2

+
4S2

C1R2 (cos( QP t) – 1)] ×
2S2

C1l2
P sin(ϕ̄2 + α) sin(ϕ̄2 + ψ) 2 Q2

P 2SC1R

(36)

×
σVCρw(1 + 2tgλ) R2g2 [cos(δ – λ) + fw sin(δ – λ)] cos(ϕ̄2 + δ – γ)

QPSC1l2
P sin(ϕ̄2 + α) sin(ϕ̄2 + ψ)hC

t2 ≈
2S2

C1l2
P sin(ϕ̄2 + α) sin(ϕ̄2 + ψ) ϕ –

2lP ×
QPSC1lP sin(ϕ̄2 + α) – σ GR cos(δ – γ) Rg

(37)

× √ – QPSC1l2
P sin(ϕ̄2 + α) sin(ϕ̄2 + ψ)hCϕ

σVCρw(1 + 2tgλ) R2g2 [cos(δ – λ) + fw sin(δ – λ)] cos(ϕ̄2 + δ – γ)

p2(t) ≈
VCρw(1 + 2tgλ) R2g2 cos(ϕ̄2 + δ – γ)

{SC1Rσ [sin (δ – λ) – fw cos(δ – λ)] ×
16Q2

PlPhCσ sin(ϕ̄2 + α)
(38)

× [cos(QP/(2SC1R)t) – 1] – 8KW12QP[cos(δ – λ) + fw sin(δ – λ)]}
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The dynamics of container upturning can be approximately described on
the basis of the obtained functional dependencies for separate phases as
follows:

ω(t) = { ω1(t), for ϕ ≤ π / 2 – δ + λ
(39)

ω2(t), for ϕ > π / 2 – δ + λ

ϕ(t) =
QPSC1lP sin(ϕ̄ + α) – σ GR cos(δ – γ)

t – [t2

+
4S2

C1R2 (cos( QP t) – 1)] ×
2S2

C1l2
P sin(ϕ̄ + α) sin(ϕ̄ + ψ) 2 Q2

P 2SC1R

(40)

× 1(ϕ –
π

+ δ – λ) σVCρw(1 + 2tgλ) R2g2 [cos(δ – λ) + fw sin(δ – λ)] cos(ϕ̄2 + δ – γ)
2 QPSC1l2

P sin(ϕ̄2 + α) sin(ϕ̄2 + ψ)hC

p(t) = { p1(t), for ϕ ≤ π / 2 – δ + λ
(41)

p2(t), for ϕ > π / 2 – δ + λ

where:
ϕ̄ = (ϕ̄1 + ϕ̄2)/2 – average value of the angle of container upturning at a first
approximation.

Comparison of the results, obtained with the use of full and simplified
mathematical models of a hydraulic drive of container upturning during SDW
loading into a dustcart, as well as by means of the equations, obtained in the
result of the analytical solution of a simplified model is presented in Figure 2.

When using the equations (19), (37), such duration dependence of con-
tainer upturning during SDW loading into a dustcart from the main par-
ameters of its hydrodrive is obtained.

t = { t1(ϕ), for ϕ ≤ π / 2 – δ + λ
(42)

t2(ϕ), for ϕ > π / 2 – δ + λ

When comparing the duration of container upturning, obtained with the
use of a full mathematical model and equations (39, 40, 41), obtained in the
result of analytical solution of a simplified mathematical model of hydraulic
drive of container upturning during SDW loading into a dustcart, an error
makes up about 10% at the beginning of motion and reduces to about 2–5% at
the end of motion in comparison with the full mathematical model, that is
acceptable for the execution of previous project calculations. If necessary, the
values of the main parameters can be specified at the final stage of projecting
by means of a full mathematical model.
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Fig. 2. Comparison of results, obtained with the use of full (——) and simplified (- - -) mathematical
models of hydraulic drive of container upturning during SDW loading into a dustcart, as well as by
means of equations obtained as result of its analytical solution (.....): a – change of pressure in the

hydrocylinder, b – change of angular velocity, c – change of rotation angle

The obtained regression equation (42) allows to approximately define the
duration of container upturning during SDW loading into a dustcart that can
be used during performing of project calculations of new dustcarts construc-
tions without the necessity of studying a full mathematical model of hydrod-
rive of its working organs, and also during the optimization of main par-
ameters of a hydraulic drive.

Figure 3 shows the duration dependence of container upturning t from the
distance between rotation centers of a capture and a rod lp and the angle
between axes of a lever and a shoulder of a hydrocylinder α, built according to
the regression equation (42).

Comparison of power and speed characteristics for basic and optimal values
of the main parameters of working organs of container upturning during SDW
loading into a dustcart is presented in Figure 4. Reducing of the process
duration of container upturning is accompanied by increased pressure in
a delivery pipe of a hydrocylinder (Fig. 4a) and by increased angular velocity
of container upturning (Fig. 4b).
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Fig. 3. The duration dependence of container upturning t from distance between rotation centers of
a capture and a rod lp and from the angle between axes of a lever and a shoulder of a hydrocylinder α

Fig. 4. Comparison of power (a) and speed (b) characteristics for basic (1) and optimal (2) values of
main parameters of working organs of container upturning during SDW loading into a dustcart

By means of dependence (42) in MathCAD environment, the optimal values
of the distance between the rotation centers of the capture and the rod
lp.opt = 38 mm and the angle between the axes of a lever and a shoulder of
a hydrocylinder αopt = 11o for which duration of container upturning will be
minimal tmin = 1.468 s are defined, that can be used for process intensification
of SDW loading into a dustcart with the reduction purpose of fuel consump-
tion.

We define the yearly fuel savings for public utilities of Ukraine by the
formula:
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QS = qroKcNd ( t c –1) = 10 · 1276 · 4,100 ×
tc – nc(tuc.b – tuc.min)/3,600

(43)
× ( 1.89

– 1) = 208,690(l) ≈ 209 [tons]
1.89 – 21(2,755 – 1.468)/3,600

where:
qro – rate of fuel consumption during one working cycle of SDW collecting into

a basket of a dustcart [l],
Kc – yearly quantity of working cycles of a dustcart [units],
Nd – dustcarts quantity of public utilities of Ukraine [units],
tc – duration of a working cycle of SDW collecting into a basket of a dustcart [h],
nc – quantity of containers with SDW, that can be loaded into a basket of

a dustcart per one cycle [units],
tuc.b, tuc.min – duration of container upturning for basic and optimal values of

the main parameters of working organs, respectively [s].

Conclusions

1. For performing of project calculations of new constructions of dustcarts
the approximate analytical time dependencies of pressure in a delivery pipe of
a hydrocylinder, angular velocity and angle container upturning on the basis of
a proposed simplified mathematical model of a hydraulic drive of container
upturning during loading of solid domestic wastes into a dustcart are obtained.

2. Approximate duration dependence of container upturning from the
main parameters of hydraulic drive is detected, on the basis of which the
optimal values of distance between the rotation centers of a capture and a rod
lP.opt = 38 mm and the angle between the axes of a lever and a shoulder of
a hydrocylinder αopt = 11o are defined, for which the duration of container
upturning will be minimal tmin = 1.468 s, that can be used for intensification of
the loading process of solid domestic wastes with the reduction purpose of fuel
consumption at 209 tons/year.
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A b s t r a c t

The process of adapting a screen separator to seeds of a given species and variety requires
a corresponding set of replaceable screens. Screen replacement is a time-consuming process. Screens
are often selected from the available size range, therefore, cleaning and separation processes are not
always optimized. This study proposes a design concept of a new device for cleaning and separating
seeds, which features a conical bar screen that rotates around its own axis. The screen has grooves
whose width is smallest at the beginning of the screen and increases along the screen surface. Seeds
can be sorted into various size fractions by changing the position of collecting buckets under the
screen. The functional parameters of the separating device were designed based on a review of
publications describing the size of the most popular agricultural seeds. The basic geometrical
relationships in the proposed conical bar screen were described. The geometrical parameters of the
screen were selected on the assumption that the radius at which bars are fixed to the screen can range
from 200 mm to 400 mm and that bar diameter can range from 5 mm to 10 mm. Two variants of the
device were proposed as a replacement for one universal separating screen. The first variant will be
used to sort small seeds, including seeds of small-seeded legumes, seeds of major cereal species and
medium-sized seeds with dimensions similar to cereal seeds, whereas the second variant will be
applied to separate large seeds, including seeds of large-seeded legumes and plumper seeds from the
medium-size fraction. The width of grooves at the beginning and end of the screen should equal 1 mm
and 5 mm in the first variant and 2.5 mm and 13 mm in the second variant, respectively.

Symbols:
CV – coefficient of variation of a trait [%],
d – bar diameter [mm],
L – length of bar screen [mm],
n – number of grooves in the screen,
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r1 – bar spacing at the beginning of the screen [mm],
r2 – bar spacing at the end of the screen [mm],
R1 – radius at which bars are fixed to clamp rings at the beginning of the screen [mm],
R2 – radius at which bars are fixed to clamp rings at the end of the screen [mm],
s – groove width at distance x from the beginning of the screen [mm],
s1 – groove width at the beginning of the screen [mm],
s2 – groove width at the end of the screen [mm],
SD – standard deviation of seed thickness [mm],
x – distance from the beginning of the screen [mm],
β – base angle of a conical screen [degrees],
γ – opening angle of a conical screen [degrees].

Introduction

Seed mixtures are most often cleaned and sorted with the use of pneu-
matic and screen separators on account of their high efficiency (GROCHOWICZ

1994). Every screen separator is equipped with a collecting bucket and a set of
mostly flat screens. Screens have openings that are formed through the
appropriate arrangement of wires or perforations in sheet metal. The shape
and size of openings is designed based on the separator’s efficiency and the
species of separated seeds. The openings in every screen have identical
geometry and dimensions. The seeds are separated into two fractions: the
fraction that is retained by the screen (retained fraction) and the fraction
that passes through the screen (sifted fraction). The screens installed in
collecting buckets are set at an angle to ensure that the retained fraction is
set into motion by a moving bucket and to guarantee the continuity of the
sorting process.

Most separators are equipped with a set of screens. Screens are replaced to
account for the parameters of different seed species or same-species batches
with various seed plumpness. This laborious process has prompted researchers
to design new devices where the seed separation process, regardless of crop
species, would not require time-consuming modifications. One of such sol-
utions involves a string sieve where strings are stretched between horizontal
bars (KALINIEWICZ 2013b, 2015). At the beginning of the screen, strings are
attached to a bar in a single row at equal distances, and at the end of the
screen, strings are attached to at least one bar, where one string is placed
under another to create grooves whose width increases with the distance from
the beginning of the screen. Seeds are sorted into various size fractions by
changing the position of collecting buckets under the string sieve. A theoretical
analysis of the sorting process (KALINIEWICZ 2013a) revealed that seeds are
propelled into motion when the string sieve is positioned at an estimated angle
of 45o, and to ensure the continuity of the sorting process, the string sieve
should be set at an angle of around 50o. The choice of such a large inclination
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angle leads to an excessive increase in the dimensions of the screen separator,
in particular height, and lowers separation efficiency. To avoid the above
scenario, the inclination angle of a string sieve should not exceed 10o, and seeds
should be propelled into motion by a moving collecting bucket (KALINIEWICZ,
DOMAŃSKI 2013). In the analyzed case, the angular velocity of the transmission
shaft has to be higher than the speed of conventional collecting buckets
because at lower angular velocity, seeds will be wedged in grooves, thus
clogging the screen. Due to the numerous disadvantages of such separators,
the solution proposed in this study was based on a conical bar separator
(JADWISIEŃCZAK et al. 2016).

The aim of this study was to analyze the structure and geometrical
parameters of a conical bar separator, and to determine whether it can be
adjusted to clean and separate seeds of basic crop species.

Materials and Methods

In the present experiment, the parameters of a conical bar separator were
selected based on geometrical relationships between the separator’s working
elements and the physical properties of seeds. This study is constitutes the
first stage of comprehensive research investigating the conical separator. The
next stages of research will include the development of a mathematical model
of the seed separation process carried out with the use of the proposed
separator, and experimental verification and validation of the model. Our
findings will be discussed in separate articles.

The following assumptions were made in the initial stages of designing
a conical separator:

– the separator is to replace a conventional screen separator for cleaning
and sorting agricultural seeds, equipped with replaceable screens with longi-
tudinal openings,

– the working element of the proposed separator is the inner surface of
a truncated cone with grooves along the perimeter. Groove width increases
towards the end of the screen,

– the screen is positioned at a small angle to move seeds towards the end of
the screen when it is set in rotary motion,

– the screen is composed of bars with identical diameter, permanently
attached to two clamp rings (Fig. 1) with a smaller diameter at the inlet and
a larger diameter at the outlet,

– groove width at the beginning of the screen is smaller than the thickness
of the smallest seeds of the principal species, and groove width at the end of the
screen is larger than the thickness of the largest seeds of the principal species,
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– the screen can be formed by bars which have different sections (circular,
square, triangular, hexagonal, etc.) and are made of various materials,

– collecting buckets for different seed fractions are positioned under the
screen.

Fig. 1. View of a conical bar screen

Results and Discussion

Geometrical relationships in a bar screen

The screen will be composed of cylindrical bars with diameter d (Fig. 2).
Bars will be fixed to clamp rings at equal distances, and the size of the resulting
grooves will change from s1 to s2 between the beginning and end of the screen.
Bar spacing at the beginning and end of the screen can be calculated with the
use of the below formulas:

r1 = s1 + d (1)

r2 = s2 + d (2)

The following relationships can be derived based on the n number of
grooves along the screen perimeter:

2 · π · R1 = n · r1 (3)

2 · π · R2 = n · r2 (4)
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Fig. 2. Arrangement of bars in a conical screen: a – rear view, b – top view

Design Concept and Parameters... 279

Technical Sciences 20(3) 2017



Formulas (1) and (2) are substituted and equation (3) is divided by
equation (4) to produce the following dependence:

2 · π · R2 =
n · (s2 + d)

(5)
2 · π · R1 n · (s1 + d)

which can be transformed to:

R2 = R1 ·
s2 + d

(6)
s1 + d

The above formula suggests that radius R2 at which bars are fixed to the
ring at the end of the screen is determined by four parameters: radius R1 at
which bars are fixed to the ring at the beginning of the screen, groove width s1

and s2 at the beginning and at the end the screen, respectively, and bar
diameter d.

Groove width at a given point on the screen is determined by the distance
from the beginning of the screen. In line with the similar triangles theorem,
the result is:

(s – s1) =
(s2 – s1) (7)

x L

Formula (7) is transformed, and groove width s is calculated with the use of
the below equation:

s =
(s2 – s1) · x

+ s1 (8)
L

Seeds whose thickness is identical to the calculated groove width should
pass through the screen at that point into the corresponding collecting bucket,
whereas thicker seeds should be set into motion by the rotating screen and
should move along the rotation axis until they reach a groove opening with the
corresponding size.

Based on general trigonometric identities, the opening angle γ of bars can
be calculated with the use of the below formula:

γ = arc tg
s2 – s1 (9)

L
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The slant height of a truncated cone meets the cone axis at angle β which
can be determined from the below trigonometric equation:

sin β =
R2 – R1 (10)

L

Equations (1) to (4) are substituted into formula (10) to produce:

β = arc sin
n · (s2 – s1) (11)
2 · π · L

Geometrical parameters of seeds

The process of designing new devices for seed cleaning and sorting requires
knowledge about the physical properties of the separated material
(GROCHOWICZ 1994). The relevant data are used select the appropriate screen
and the sequence of separation processes to produce material of desired quality
(GROCHOWICZ 1994, MAJEWSKA et al. 2000). Information about the physical
parameters of seeds is also needed when modeling and designing other
processes, including seed production, harvesting, transport, cleaning, sorting,
drying, storage and processing (GROCHOWICZ 1994, ÇALIŞIR et al. 2005, ALTUN-

TAS, DEMIRTOLA 2007, BOAC et al. 2010, KALKAN, KARA 2011).
Seeds of the same crop species and variety can also differ in plumpness.

Their parameters are influenced by many factors, in particular soil and
climatic conditions, cultivation practices, genetic factors, moisture content and
even position on the maternal plant (GEODECKI, GRUNDAS 2003, ÇALIŞIR et al.
2005, ALTUNTAS, DEMIRTOLA 2007, YALÇIN et al. 2007, KALKAN, KARA 2011,
GRZESIK et al. 2012, MIRZABE et al. 2012, KIM et al. 2014). The designed device
poses an alternative to screen separators with longitudinal openings, there-
fore, the basic geometrical parameters of the separated seeds, in particular
distribution of seed thickness, have to be determined.

Table 1 presents the parameters of seeds of principal crop species with
moisture content adequate for storage, without classification into groups based
on varieties and cultivation practices (the relevant references are cited under
the table). The thickness of small seeds (group I – rapeseed, mustard) ranges
from 1.1 to 2.5 mm. The thickness of medium-sized seeds (group II) ranges
from 1.2 mm (oats and rye) to 6.1 mm (vetch). In the group of principal cereal
species (group IIa), seed thickness varies from 1.2 mm to 4.7 mm. The greatest
variation in thickness is observed in the group of large seeds (group III).
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Table 1
Range of variation in the geometrical properties of selected seeds

Seed dimensions

thickness
[mm]

width
[mm]

length
[mm]

Size Seed
fraction group

Species References

Small mustard I 1.1–2.4 1.1–2.7 1.4–3.0 3, 36
rapeseed 1.2–2.5 1.6–2.8 1.7–2.8 1, 3, 9, 23

barley 1.4–4.7 2.0–5.0 7.0–14.6 4, 14, 15, 21, 23
oats 1.2–3.6 1.4–4.0 8.0–18.6 4, 15, 23
rye IIa 1.2–4.4 1.5–4.9 5.0–10.5 10, 22, 27

triticale 1.7–4.2 1.9–4.3 5.3–10.4 10, 29, 37
wheat 1.4–3.9 1.6–4.5 4.3–10.2 4, 7, 10, 23, 24, 33Medium

buckwheat 2.0–4.2 3.0–5.2 4.4–8.0 4, 6, 16, 35
rice 1.6–2.5 2.0–3.6 5.3–9.8 19, 23

sunflower IIb 1.7–6.0 3.5–9.9 7.5–24.3 4, 23, 28
vetch 2.0–6.1 3.2–6.3 3.2–7.5 4, 12, 35

corn 2.6–12.8 4.8–16.4 7.7–20.3 13, 23, 25, 30, 32
faba bean 3.1–9.9 4.8–12.9 7.1–21.8 2, 31, 34, 35

Large lupine III 2.9–8.5 3.1–8.5 3.9–13.6 5, 8, 11, 20, 35
pea 3.5–10.1 3.7–10.2 4.0–10.5 4, 17, 20, 35

soybean 3.3–8.1 5.0–9.5 5.2–11.2 18, 23, 26

1 – RAWA et al. (1990), 2 – MIESZKALSKI (1991), 3 – CHOSZCZ, WIERZBICKI (1994), 4 – GROCHOWICZ (1994),
5 – ZDUŃCZYK et al. (1996), 6 – KIM et al. (2002), 7 – MABILLE, ABECASIS (2003), 8 – MAŃKOWSKI (2004),
9 – ÇALIŞIR et al. (2005), 10 – HEBDA, MICEK (2005), 11 – LEMA et al. (2005), 12 – TASER et al. (2005),
13 – COŞKUN et al. (2006), 14 – RYBIŃSKI, SZOT (2006), 15 – HEBDA, MICEK (2007), 16 – KRAM et al. (2007),
17 – YALÇIN et al. (2007), 18 – CHO et al. (2008), 19 – VARNAMKHASTI et al. (2008), 20 – RYBIŃSKI et al.
(2009), 21 – SÝKOROVÁ et al. (2009), 22 – ZDYBEL et al. (2009), 23 – BOAC et al. (2010), 24 – KALKAN, KARA

(2011), 25 – TARIGHI et al. (2011), 26 – XU et al. (2011), 27 – JOUKI et al. (2012), 28 – MIRZABE et al.
(2012), 29 – TOMPOROWSKI (2012), 30 – BABIĆ et al. (2013), 31 – KARA et al. (2013), 32 – AKINYOSOYE et al.
(2014), 33 – KIM et al. (2014), 34 – SUNDARAM et al. (2014), 35 – KALINIEWICZ et al. (2015),
36 – MIESZKALSKI et al. (2015), 37 – SULEIMAN et al. (2015).

In corn, this parameter ranges from 2.6 mm to even 12.8 mm. The data
presented in Table 1 indicate that the parameters of the evaluated seeds fall
into the below range of values:
– seed thickness – 1.1÷12.8 mm,
– seed width – 1.1÷16.4 mm,
– seed length – 1.4÷21.8 mm.

Parameters of a conical bar screen

Groove width in a conical bar screen for cleaning and sorting seeds of three
size fractions is presented in Table 2. As previously indicated, groove width at
the beginning of the screen should be somewhat smaller than the thickness of
the smallest seeds of the principal species, whereas groove width at the end of
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the screen should be somewhat larger than the thickness of the largest seeds of
the principal species. Therefore, groove width for small seeds (group I) should
be set at 1 mm at the beginning of the screen and 3 mm at the end of the
screen. For the seeds of major cereal species (group IIa), groove width should
be set at 1 mm and 5 mm, respectively. The resulting screen can also be used
for sorting seeds of small-seeded legumes. Medium-sized seeds should be
separated with the use of screens with groove width of 1 mm and 6.5 mm, and
large seeds – with the use of screens with groove width of 2.5 mm and 13 mm,
respectively. A universal device for sorting seeds from all size fractions should
be fitted with a screen with groove width of 1 mm and 13 mm, respectively.
Similar conclusions relating to groove width were formulated by KALINIEWICZ

(2013b) in a study of a string sieve.

Table 2
Parameters of a conical bar screen

Seed group

I IIa I+IIa IIb I+II III I+II+III
Screen

parameter

s1 [mm] 1.0 1.0 1.0 1.5 1.0 2.5 1.0

s2 [mm] 3.0 5.0 5.0 6.5 6.5 13.0 13.0

L [mm] 534 1067 1067 889 1467 1120 3200

γ [o] 0.215 0.215 0.215 0.322 0.215 0.537 0.215

I – small seeds (mustard, rapeseed),
IIa – principal cereal species (barley, oats, rye, triticale and wheat),
IIb – other medium-sized seeds (buckwheat, rice, sunflower, vetch),
II – medium-sized seeds (IIa + IIb),
III – large seeds (corn, faba bean, lupine, pea, soybean).

For the sorting process to effectively separate seeds into at least 3 size
fractions, the seeds of a given species and variety should be sorted along
a screen segment of minimum 30 cm. The coefficients of variation in seed
dimensions are generally determined in the range of 6% to 20%. For the needs
of this study, the coefficient of variation in seed thickness was set at CV = 12%.
If groove width at the beginning of the screen is equal to the minimum value of
a given dimension of the separated seeds, and the range (i.e. the difference
between the maximum and minimum values) corresponds to six values of
standard deviation SD in seed thickness, then formula (7) takes the following
form:

s1 + 6 · SD – s1 =
s2 – s1 (12)

x L
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The equation can be transformed as follows:

L =
x · (s2 – s1) (13)

6 · SD

Standard deviation of a parameter can be determined from the formula for
calculating its coefficient of variation CV. In the analyzed case, the formula
takes the following form:

CV = 100 ·
SD

(14)
s1 + 3 · SD

The equation can be transformed to produce:

SD =
CV · s1 (15)

100 – 3 · CV

The resulting dependence is substituted into formula (13) to produce the
following equation:

L =
x · (s2 – s1) · (100 – 3 · CV)

(16)
6 · CV · s1

The experimental values of the analyzed parameters, x = 300 mm and CV
= 12%, are introduced into the above equation:

L =
800

·
s2 – s1 (17)

3 s1

The length of a conical bar screen, determined with the above formula, is
given in Table 2. The universal sorting device should have a bar screen with an
estimated length of 3.2 m. However, only a small portion of such a screen
(30 cm segment) would be used to sort seeds of a given crop species. For this
reason, two variants of the proposed device have been designed: one for sorting
small seeds, including seeds of small-seeded legumes and seeds of major cereal
species (variant 1 for group I+IIa seeds), and the other for sorting large seeds
(variant 2 for group III seeds). Each variant will be equipped with a conical bar
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screen with an estimated length of 1.1 m. Variant 1 will be used to separate
seeds of buckwheat, rice and small-seeded varieties of sunflower and vetch,
whereas variant 2 will be used to separate seeds of large-seeded varieties of the
above species. The opening angle of screen bars will be γ = 0.215o in variant 1
and γ = 0,537o in variant 2.

According to GROCHOWICZ (1994), the diameter of rotating cylindrical
screens and industrial cylindrical graders ranges from 400 mm to 800 mm.
Therefore, the radius at which bars are fixed to the clamp ring at the beginning
of the screen should be minimum 200 mm, and the radius at which bars are
fixed at the end of the screen should not exceed 400 mm. In a given screen
variant, the number of grooves is determined by the diameter of screen bars.
Based on formulas (3) and (4), the number of grooves should meet the
following condition:

2 · π · R1 ≤ n ≤
2 · π · R2 (18)

s1 + d s2 + d

The limiting values of radii at which bars are fixed to clamp rings are
substituted into the above formula to produce:

1256.6
≤ n ≤

2513.5
(19)

s1 + d s2 + d

The left side of the equation representing nmin is rounded up to the nearest
integer, and the right side representing nmax is rounded down to the nearest
integer. Bars with a diameter of 5 mm to 10 mm will be used to produce a rigid
structure, minimize screen weight and produce screens with the highest
number of grooves. The parameters of both variants are presented in Table 3.
The screen for sorting small seeds and seeds of principal cereal species (variant 1)
can be made of bars whose diameters cover the entire range of proposed values.
The number of grooves may range from 115 (bar diameter d = 10 mm) to even
251 (bar diameter d = 5 mm), depending on bar diameter. The base angle of
a conical bar screen decreases with an increase in bar diameter from around
3.8o to around 8.4o in variant 1.

The diameter of bars in a conical screen designed for large seeds is more
limited and should not exceed 8.12 mm. A screen comprising bars with
a diameter of 8.12 mm will have 119 grooves. When bars with a diameter of
9–10 mm are used, the screen will have 101 to 114 grooves and an estimated
base angle of 8.8–10o.
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Table 3
Parameters of two variants of the proposed conical bar screen

Bar diameter d [mm]

5 6 7 8 9 10
Variant Parameter

nmin [–] 210 180 157 140 126 115
V-1 (s1 = 1 mm, nmax [–] 251 228 209 193 179 167

s2 = 5 mm, R2/R1 [–] 1.67 1.57 1.50 1.44 1.40 1.36
L = 1.1 m) βmin [o] 6.981 5.980 5.213 4.647 4.182 3.816

βmax [o] 8.353 7.583 6.947 6.413 5.946 5.546

nmin [–] – – – – 110 101
V-2 (s1 = 2.5 mm, nmax [–] – – – – 114 109

s2 =13 mm, R2/R1 [–] – – – – 1.91 1.84
L = 1.1 m) βmin [o] – – – – 9.620 8.826

βmax [o] – – – – 9.973 9.532

Conclusions

The proposed variants of a conical bar separator pose an alternative to
a conventional separator with a set of screens with longitudinal openings. The
first variant has been designed for separating buckwheat seeds, rapeseeds and
seeds of principal cereal species, whereas the second variant can be used to
separate large seeds. The width of screen grooves changes continuously along the
screen and corresponds to the size of the separated seeds. Seeds of a given species
and variety could be separated by adjusting the position of collecting buckets
under the screen. Screens for separating seeds of major agricultural crops should
have an estimated length of 1.1 mm, and groove width at the beginning and end of
the screen should equal 1 mm and 5 mm, respectively, in variant 1, and 2.5 mm
and 13 mm, respectively, in variant 2. Bar diameter can range from 5 mm to
10 mm in variant 1, and from 8.12 mm to 10 mm in variant 2.
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properties and compression loading behaviour of corn seed. International Agrophysics, 27:
119–126. http://dx.doi.org/10.2478/v10247-012-0076-9.

BOAC J.M., CASADA M.E., MAGHIRANG R.G., HARNER III J.P. 2010. Material and interaction properties of
selected grains and oilseeds for modeling discrete particles. Transaction of ASABE, 53(4):
1201–1216. http://dx.doi.org/10.13031/2013.32577.

Beata Jadwisieńczak, Zdzisław Kaliniewicz286

Technical Sciences 20(3) 2017
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KARA M., SAYINCI B., ELKOCA E., ÖZTÜRK I., ÖZMEN T.B. 2013. Seed size and shape analysis of registered
common bean (Phaseolus vulgaris L.) cultivars in Turkey using digital photography. Tarym
Bilimleri Dergisi – Journal of Agricultural Sciences, 19: 219–234.

KIM Y.B., KIM S.L., LEE K.CH., CHANG K.J., KIM N.S., SHIN Y.B., PARK CH.H. 2002. Interspecific
hybridization between Korean buckwheat landraces (Fagopyrum esculentum Moench) and self-
fertilizing buckwheat species (F. homotropicum Ohnishi). Fagopyrum, 19: 37–42.

KIM K.H., SHIN S.H., PARK S., PARK J.C., KANG C.S., PARK C.S. 2014. Relationship between pre-harvest
sprouting and functional markers associated with grain weight, TaSUS2-2B, TaGW2-6A, and
TaCWI-A1, in Korean wheat cultivars. SABRO Journal of Breeding and Genetics, 46(2): 319–328.

KRAM B.B., WOLIŃSKI J., WOLIŃSKA A. 2007. Comparative studies on geometric traits of nutlets with and
without seed cover in Red corolla buckwheat. Acta Agrophysica, 9(3): 657–664 (article in Polish
with an abstract in English).
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A b s t r a c t

The paper contains results of the studies on X-ray diffraction analysis XRD (studying the phase
composition, crystallite sizes) of oxide layers on 10CrMo9-10 steel, operated for a long time at an
elevated temperature (T = 525oC, t = 200,000 h). The oxide layer was studied on a surface and
a cross-section at the outer on the inlet both on the fire and counter-fire side of the tube wall surface.
X-ray studies were carried out on the outer surface of a tube, and then the layer surface was polished
down and the diffraction measurements were performed again to determine crystallite size in oxide
layers. Based on the width and the position of the main coat and substrate reflections, the size of the
crystallites was determined using the Scherrer formula.

Introduction

Currently, many scientific centres are conducting diversified materials
research related to surface engineering (FRANGINI et al. 2014, LABISZ 2014,
2015, ŢǍLU et al. 2015, KULESZA, BRAMOWICZ 2014, SZAFARSKA, IWASZKO 2012),
particularly with the oxidation of steel used in the power industry (BISCHOFF et
al. 2013, PRISS et al. 2014, ANTONOV et al. 2013).
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In the power industry, apart from low-alloy steels like 10CrMo9-10
(10H2M) or 13CrMo4-5 (15HM), also high-alloy steels are used, such as e.g.
X10CrMoVNb9-1 (P91), which is characterised primarily by an increased
chromium content. A higher chromium content makes that this steel has
better anti-corrosion properties as compared with low-alloy steels. However,
despite that there is a need to diagnose both this steel and low-alloys steels
resistance to the operation of a steam and flue gases environment existing in
components operated long time at high temperatures and during a few
hundred thousand hours (GWOŹDZIK 2014, 2016, KLEPACKI, WYWROT 2010,
KLEPACKI 2006).

Studies carried out have shown that the kinetics of corrosion on steels
operating long-term at elevated temperatures is complex and depends inter
alia on (GWOŹDZIK 2014): chemical composition of steel, operating temperature
of the element, operating time, flowing medium (flue gas side, steam side), flue
gas type, morphology of individual oxide layers.

In paper (GWOŹDZIK 2013) it has been found that NaFePO4, Zn2P2O7,
Na2SO4, Fe3(PO4)2, Al2SiO5, ZnSO4 are formed as a result of long-term
operation (t = 100,000 h) of 10CrMo9-10 steel at the temperature of 575oC
(directly from the exhaust gas). Hematite (Fe2O3) occurs on the outer surface
of the tube. Then magnetite (Fe3O4) appears below hematite.

Material and Experimental Methods

The material studied comprised specimens of 10CrMo9-10 steel taken from
a pipeline operated at the temperature of 525oC during 200,000 hours. The
oxide layer was studied on a surface and a cross-section at the outer on the
inlet both on the fire and opposite fire (counter-fire) side of the tube wall
surface Figure 1.

Thorough examinations of the oxide layer carried out on the outer surface
of tube wall comprised:

– microscopic examinations of the oxide layer were performed using an
Olympus SZ61 and GX41 optical microscope (LM), Jeol JSM-6610LV scanning
electron microscope (SEM),

– thickness measurements of formed oxide layers,
– chemical composition analysis of deposits/oxides using a Jeol JSM-

6610LV scanning electron microscope (SEM) working with an Oxford EDS
electron microprobe X-ray analyser,

– X-ray (XRD) measurements (studying the phase composition, crystallite
sizes); the layer was subject to measurements using a Seifert 3003T/T X-ray
diffractometer and the radiation originating from a tube with a cobalt anode
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Fig. 1. Place of samples taking for tests

(λCo = 0.17902 nm). X-ray studies were performed, comprising measurements
in a symmetric Bragg-Brentano geometry (XRD). A computer software and the
DHN PDS, PDF4+2009 crystallographic database were used for the phase
identification. X-ray studies were carried out on the outer surface of a tube,
and then the layer surface was polished down and the diffraction measure-
ments were performed again to determine individual oxide layers.

The size of crystallites of oxides was determined by the Scherrer relation-
ship. Methods based on the analysis of diffraction line profile are used to
determine the size of crystallites smaller than 100 nm and of lattice deforma-
tions (GWOŹDZIK 2016). Based on the width and the position of the main coat
and substrate reflections, the size of the crystallites was determined using the
Scherrer formula (1):

Dhkl =
k · λ

(1)
β · cosΘ

where:
Dhkl – crystallite size in the direction normal to (hkl) [nm],
k – constant (~1);
λ – radiation wavelength [nm],
β – reflection width depending on the crystallite size [rad],
Θ – Bragg angle [rad].
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Results of examinations

The obtained results of macroscopic and microscopic studies on the ox-
ides/deposits layer surface (Fig. 2) have shown a much greater degree of
surface development on the fire side than on the counter-fire side. In addition,
SEM studies (Figs. 2c, d) have shown that the formed deposits layer in certain
places has a spheroidal nature. As compared with the counter-fire side the
deposits formed on the fire side have larger dimensions.

Fig. 2. Oxides formed on 10CrMo9-10 steel operated at 525oC during 200,000 hours: a – opposite fire
wall LM (light microscopy), b – fire wall LM, c – opposite fire wall SEM (scanning electron

microscopy), d – fire wall SEM

Microscopic examinations carried out on transverse microsections (Fig. 3)
have shown that the deposits formed on the counter-fire side had a small
thickness, reaching the depth of 9,83 μm. Instead, the formed oxide layer is
78.01 μm thick. On the fire side the deposits are 539 μm thick, while oxides
182,71 μm. The formed oxides/deposits layer, especially on the flue gas inflow
side, is damaged to a significant extent.
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Fig. 3. The thickness of oxides layer formed on the steel examined: a – opposite fire wall – LM,
b – fire wall – LM

The chemical analysis (EDS) (Fig. 4) comparison with XRD analysis on the
fire side have shown that on the outside there are such deposits as: CaSiO2,
Al2SiO5 and CaSO4. Fe2O3 and Fe3O4 oxides exist under this layer. Similar
oxides were observed on the counter-fire side.

Fig. 4. EDS point microanalysis: a – opposite fire wall, b – fire wall

The size of Fe2O3 crystallites was determined for the (104) plane, while for
Fe3O4 for the (311) plane. A layers of oxide 78 μm and 200 μm thick were
studied (after polishing deposits), then the surface of the formed layer was
polished in 11, 11, 9 and 15 cycles for Fe2O3 – opposite fire wall, Fe3O4

– opposite fire wall, Fe2O3 – fire wall, Fe3O4 – fire wall, respectively. One cycle
consisted of polishing the layer to the depth of 2 μm (Fe2O3 – opposite fire wall),
5 μm (Fe3O4 – opposite fire wall), 5 μm (Fe2O3 – fire wall), 10 μm (Fe3O4 – fire
wall). The exemplary of examine of XRD measurements has been shown in
Figure 5.
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Fig. 5. X-ray diffraction patterns from the oxides layer obtained by means of XRD technique, after
polishing: a – opposite fire wall, b – fire wall

Fig. 6. Determination of crystallite size Dhkl

For the counter-fire side the size of hematite crystallites shows a downward
trend after the next removal of the layer (Fig. 6). Fe2O3 crystallites at the depth
of 10 μm are 45 nm in size. Instead, on the fire side the hematite peaks occur at
the depth of 540 μm (Fig. 6). At this depth crystallites are 20 nm in size.
A consecutive removal of the layer shows crystallites larger by 10 units, and
the next two already by 15 units larger than in the previous polishing.
At the depth of 560 μm the crystallites size is 30 nm. Instead, at the depth of
570–580 μm it is less than 20 nm. For magnetite in both cases (on the
counter-fire as well as on the fire side) the crystallites size has a similar nature
reaching the maximum of 35 nm (Fig. 6).
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Summary

The paper contains assessment of hematite (Fe2O3) and magnetite (Fe3O4)
formed on 10CrMo9-10 steel operated at the temperature of 525oC during
200,000 hours on the tube wall outside. Studies were carried out both for the
fire and the counter-fire side. The obtained results of studies have shown that
directly on the flue gas inflow side deposits are formed based on Al, Si and Ca.
According paper (GAWRON, DANISZ 2012, GWOŹDZIK 2013) it has been found
Al2SiO5 and CaCO3.

The surface of deposits/oxides layer is more developed on the fire side. The
deposits layer on the fire side is 539 μm thick, while on the counter-fire side
only 10 μm. In both cases iron oxides Fe2O3 and Fe3O4 exist under the deposits
layer. The size of hematite crystallites on the fire side at the maximum of its
occurrence is Dhkl = 47 nm, while for the counter-fire side it is smaller by
2 units. Magnetite crystallites are smaller than those of hematite and in both
cases (fire and counter-fire side) their size oscillates around 35 nm. The paper
(GWOŹDZIK 2016) presents results of studies on oxides formed on the 10CrMo9-
10 steel (on the flowing medium side (inside tube wall). Examinations carried
out have shown that the formed layer is thicker and more degraded on the fire
side. The size of crystallites on the fire side shows much larger dimensions both
for hematite and magnetite. Instead, comparing the size of hematite and
magnetite crystallites it is possible to state that in both cases (fire and
counter-fire side) Dhkl is larger for hematite.
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A b s t r a c t

The article presents the use of BIM design method in geotechnical issues. BIM was used in the
modeling of high building “Mogilska Tower” in Cracow. The object, as one of the few in Cracow, will
have three underground storeys. High building with underground levels requires checking the impact
of the implementation of a deep excavation on existing buildings. Analysis of settlement impact
caused by deep excavation and the planned load of the building is based on the guidelines contained in
the ITB (KOTLICKI, WYSOKIŃSKI 2002) standards by the simplified method and detailed method
determined on the basis of numerical analysis. The article presents the results of the vertical
deformation of ground adjacent to the existing object. The results of the calculations were compared
with the limit values shown in ITB and PN-81/B-03020 (1985). Numerical analysis was performed in
the spatial state of stress and strain model. It takes into account the spatial layout of the geotechnical
subgrade and the terrain shape obtained by the measurement of terrestrial laser scanner. Subgrade
was modeled elastic-plastic model of Mohr-Coulomb with linear condition of plasticity. Identified the
influence and range of deep excavation and loads of the planned high building on existing
development.

Correspondence: Dariusz Szwarkowski, Wydział Inżynierii Lądowej, Politechnika Krakowska im.
Tadeusza Kościuszki, ul. Warszawska 24, 31-155 Kraków, phone: 12 628 25 66, e-mail: dszwar-
kowski@pk.edu.pl



Introductions

Building Information Modeling assumptions

The use of Building Information Modeling (BIM) in the construction
industry, is currently the fastest growing new concept of obtaining and
collecting data at every stage of design, modeling and implementation of
buildings. The resulting data is used to update the assumptions during the
construction projects. A new feature of the approach, assumptions using BIM
methods, is another way of collecting data. The data are collected not only from
the cycle of design and construction of the object, but also after its construction
and during the exploitation until the decommissioning of buildings (TOMALA

2016). It means that, data set in the conceptof the method of BIM relate to each
object lifecycle. These are not only parametric data model elements, taking into
account the design, material and geometry of a particular item, for example
characteristic of 3D modeling reinforced concrete beam. Also, it may be data on
time execution of individual tasks on a construction site related by the stages of
the object (4D models). BIM models allow to take into account cost manage-
ment object (5D models). In the concept of BIM methods, deserve attention the
information provided directly from the construction site (6D models), or
during exploitation of a building (7D models) (TOMALA 2016). BIM is a compre-
hensive set of information about the building. Its containing a huge amount of
data. They are made available to the various participants in the construction
process: designers, engineers, managers, and contractors. The large number of
entities involved in the provision of data to the model, must be based on
common standards of design. This allows combine partial models developed by
specialists of specific industries in a global model. The condition is compatibil-
ity model files to each other. It is important a common format for data storage,
which allows the same interpretation of the models supplied by the various
participants of a construction project. IFC is the basic standard for the
recording format. Its used in the modeling project using BIM methods.

Building Information Modeling in geotechnical projects

Building Information Modeling is a record model in the form of elements in
combination, represented in a parametric way of a specific identification
number (ID). This allows explicit assignment of the properties the geometric
elements, strength parameters, or material (TOMALA 2016).

In the cycle of collecting and transmitting data to the global database BIM
model, data from the geotechnical industry are made available to the planning
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stage. These include geotechnical data layers of soil, the soil strength par-
ameters: the angle of interior friction and cohesion. Geometric data related to
course of geotechnical layers, developed on the basis of profiles of the research
and prepared geotechnical sections. Application of BIM enables the acquisition
of terrain data to project. It is obtained terrestrial laser scanning. Comprehen-
sive data on the terrain shape and the course of geotechnical layers, are used to
calculate the behavior of a building in the next stages of its implementation
(ZHANG et al 2016). BIM data collection does not end at the design stage, but
also includes, for example, data obtained from construction site. This allows
update the assumptions made at the design stage.

In current practice of engineering, geotechnical project had closed source
data. Modeling of the object using the assumptions of the BIM method enables
connection geotechnical data and their use over the lifecycle of a building. The
use of geotechnical data as part of the project BIM reduces the risk of the
project, in the form of unexpected costs or extend the investment execution.
Geotechnical data in the concept of BIM are not a new issue. In 1989 AGS
(Association of Geotechnical and Geoenvironmental Specialists) created a data
format for processing and use in other industries construction. Despite the
many advantages implemented standard has not been widely used. The
fundamental drawback was the inability to interpretation of the data, in the
form of eg. surface course of geotechnical layers (MORIN et al. 2014). BIM
solves problem with the interpretation of spatial geotechnical data. Adjust-
ment of spatial geological models for use in the construction industry creates
huge opportunities to take into account the behavior of complex object.
Currently, the practice of engineering is based on the assumption that the
layout of geotechnical layers is uniform along length and is not substantially
changed. Hence, most of the analysis is based on the assumption of plane
strain and stress state of geotechnical models. Application of BIM method in
geotechnical design is necessary. Research conducted by HM Government
(KESSLER et al. 2015) have shown that the construction sector, in 2025 will be
dominated by the new approach BIM in 70%. In addition, in the UK since 2016
all investments in the system of public procurement (Industrial Strategy
2012), have to be aligned with existing standards BIM. Implementing BIM in
the construction industry has the largest share in the US. Projects executed in
this method, account for over 70% of the total number of ongoing contracts
(Value of BIM in North America 2012). In Europe, the largest share of use BIM
in the design focuses on three countries: Germany, France and UK. It
represents a total of approximately 35% of all projects (KIVINIEMI 2010). The
legal status of BIM adapting in the world is as follows (DI GIACOMO 2015):

a) Great Britain – required BIM technology in government projects. Pro-
jects implemented at BIM represent 39% of all;
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b) Norway, Finland – Introduced regulations that allow BIM design;
c) Central and Southern European countries 14% of BIM projects, 60% of

designers do not use this technology to design;
d) China – 5% implementation of BIM, a big upward trend;
e) Japan – almost 5% of BIM use in construction, 80% of participants in the

construction process are aware of the use of this technology;
f) Austria – strong BIM adoption;
g) Singapore – 50% use BIM in construction;
h) US – largest share of the discussed technology. Special legal regulations:

BIM standards, GSA & US Army BIM mandates.
In Polish conditions use of BIM method is not widely used. There are no

legal solutions or standards precisely specifying the framework and extent of
BIM method used in the construction industry (Building Information
Modeling. BIM in Poland 2016).

The use of geoengineering in BIM is usually taken into account in the form
of a load of pressure coming from the geotechnical layers layout. Often objects
are modeled on the ground elastic behaviour. This assumptions omitting
plastic properties of ground. This causes multiple errors at the stage of project
design. Research conducted in the UK (KESSLER et al. 2015) have shown that
more than 70% of investments in the public procurement system have ex-
ceeded the budget. The reason was poor recognition of geotechnical layers
property. The article focuses on showing the use of BIM design method in
geotechnical engineering. The use of that method will be presented in the
context of the impact of a tall building “Mogilska Tower” in Cracow on existing
buildings located in the vicinity of the planned investment. Building model was
developed using Midas nGEN software based on the concept of BIM. In order
to evaluate the impact of an object on the neighboring buildings, used data of
geotechnical parameters (e.g strength parameters or the course of geotechnical
layers). In addition, used terrestrial laser scanner in order to reflect the actual
terrain shape. The resulting data were used to generate a numerical model of
the area. In model used the loads results obtained from a model based on the
BIM. The results were used to evaluate the influence of high building on
neighboring buildings as specified (KOTLICKI, WYSOKIŃSKI 2002).

Materials and methods

Numerical analysis of high building model was carried out in the CAE/CAD
Midas nGEN. Parametric building model consisted of 15 storeys above ground
and 3 underground storeys. The total height of the building is equal 45 m. The
object was fixed at a depth of -10 m below ground level. The building was
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realized in the frame construction, made of reinforced concrete load-bearing
walls and partition walls from silicate blocks (PILECKA, SZWARKOWSKI 2017).
Slabs, balconies, stairs were modeled as reinforced concrete elements. Figure
1 shows the visualization of the object (SEMACO INVESTMENT GROUP).
The following assumptions for modeling tall building:

– the dimensions of the building plan: length: 51 m, width: 19.5 m;
– the dimensions of the underground building plan: length: 51 m, width:

19.5 m;
– the thickness of the monolithic elements, slabs and stairs: 15 cm;
– bearing walls of reinforced concrete with a thickness: 15 cm, 20 cm, 30

cm, 60 cm;
– thickness walls of silicate blocks: 10 cm and 15 cm.

Fig. 1. The concept of high building “Mogilska Tower” in Cracow
Source: www.semaco-ig.pl

Loads has been selected on the basis of standard (LENDUSZKO 2014).
Adopted use loads for residential rooms, category A, equal to 2.0 kN m–2 for
stairs 4.0 kN m–2 and balconies 2.0 kN/m2. Material parameter of construction
components and filling selected in standards (LENDUSZKO 2014). To determine
the characteristic snow load on the model used standard (PAWŁOSKI, CAŁA

2013). Assumed load value equal to 0.96 kN/m2. Detailed calculations of the
load given in article (PIECKA, SZWARKOWSKI 2017). Figure 2 shows the pressure
peaks of wind speed, together with the distribution of external pressure cpe,10
for high building.

Structural factor determined on the based on the logarithmic formula (EN
1991-1-4 2008) and the algorithm calculations presented in the article (ŻURA-

WSKI, GACZEK 2010). For building was chosen category 4 of the urban area.
Logarithmic decrement of damping was equal to δ = 0.10 for analyzed object.
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Fig. 2. Pressure peaks of wind speed, together with the distribution of external pressure cpe,10

Source: PILECKA, SZWARKOWSKI (2017).

Eigenvalues determined in the article (PILECKA, SZWARKOWSKI 2017) were
equal: for first the form of vibration f1 = 2.70 Hz, for the second form of
vibration f2 = 3.01 Hz. Numerical model adopted on the level of detail LOD300
(TOMALA 2016). Numerical analysis was conducted based on flat finite el-
ements. The mesh size was set equal to 0.5 m. Adopted unmovable boundary
conditions at the base of the model. Numerical analysis was used to generate
the reaction forces of the base model for next stages of raising the object. The
individual values of the reaction forces used in the numerical model of the
subgrade. It allowed to determine the impact of the implementation object to
the existing buildings.

The spatial model of geotechnical layers of area in the vicinity of the
planned building, made on the basis of geological engineering documentation
(LENDUSZKO 2014). Linear change the course of geotechnical layers was
adopted between the research profiles.

Subgrade of consider area is characterized by a complex geological struc-
ture. Anthropogenic soils occur below a depth of 1.6 m from ground level.
Layer of gravel is from -1.6 m to -12 m below the ground level. Miocene clays
are located at a depth of -13.3 m to -14.8 m. The numerical model of the
subgrade takes into account the three layers of geotechnical. Table 1 shows the
parameters of the layers included in the numerical model (SZWARKOWSKI 2017).

Geotechnical layers modeled elastic-plastic model of Mohr-Coulomb with
linear plasticity condition. Area of land numerical model was generated based
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Table 1
Geotechnical parameters of layers adopted in numerical modeling

Soil name Φ [o] c [kPa] γ [kN/m3] E0 [MPa] ν [–]* IL/ID

Ia1(saclSi) 13.00 13.50 20.50 16.50 0.25 0.30
IIa (MSa) 30.50 0.00 19.00 50.00 0.25 0.55
IIc (Gr saGr) 39.00 0.00 20.50 146.00 0.25 0.55
IIIa (Cl) 13.00 60.00 21.50 22.00 0.25 0.00

* information from CAŁA and FLISIAK (2000), GRIFFITHS and LANE (1999).

on the measurement of terrastrial laser scanning. Terrain model was created
by combining triangular elements for point cloud. The cloud consists of several
dozen millions of points obtained as a result of the measurement the laser
beam. A detailed description of the research procedure using terrestrial laser
scanning to generate the surface of the terrain for the numerical models are
included in the article (SZWARKOWSKI, ZIĘBA 2017). A similar use of laser
scanner in BIM was used in the modeling of a historic building in city Sondrio
of Italy (BARAZZETTI et al. 2015).

Evaluation of the impact of high building “Mogilska Tower” in Cracow on
existing buildings, in the context of the use BIM methods in geotechnical
engineering, is based on the following stages of modeling:

– Stage I: Initial analysis model before executing the excavation. Linear
static analysis;

– Stage II: Driving steel sheet piles to a depth of 16m below ground level to
layer Miocene clays. Nonlinear static analysis;

– Stage III: Execution of a deep excavation to a depth of 10 m below ground
level, along with the installed HP320 profiles. Nonlinear static analysis.
Details in the article (SZWARKOWSKI 2017);

– Stage IV: Comparison of the results of vertical displacements obtained
from numerical modeling of deep excavation with deformations obtained from
measurements of terrestrial laser scanner and geodesic measurements
(PILECKA, SZWARKOWSKI 2015);

– Stage V: Execution of underground storeys. Load implementation from
the model of the building, to the level of the bottom of excavation. Nonlinear
static analysis;

– Stage VI: The underground storeys backfilled with soil. Nonlinear static
analysis;

– Stage VII: Execution of 6 floors above ground building. Nonlinear static
analysis;

– Stage VIII: The loads from the self weight of the building model includes
all 14 floors above ground. Nonlinear static analysis;

– Stage IX: Full load building model: loads: self weight, use load, weight of
snow, wind pressure. Nonlinear static analysis;
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– Stage X: Comparison of the results of vertical displacements in the
vicinity of the existing building with the limit values set out in the specifica-
tions ITB (KOTLICKI, WYSOKIŃSKI 2002, PN-81/B-03020 1985).

Numerical model of the subgrade located in a deep excavation. It was
modeled hexagonal finite elements of size 1 m. Subgrade close to excavation
divided of finite elements mesh of size 2 m. Steel sheet, constituting the casing
of excavation was modeled quadrangular finite elements of type shell. The size
of shell elements is 1 m. Elements for the top beam and steel profiles matched
the size of the finite elements of type beam equal to 1 m. Movements of the soil
model is blocked at the horizontal direction, allowing freedom of displacement
in the vertical direction. The basis of the model immobilized in three direc-
tions. Between elements of shell casing excavation and subgrade modeled
contact, based on the Coulomb law (SZWARKOWSKI 2017). Results of vertical
displacements, compared with the limit values for existing buildings situated
in the vicinity of a deep excavation (KOTLICKI, WYSOKIŃSKI 2002). On the basis
of the guidelines drawn up zone of direct influence of deep excavation on
existing buildings and the zone of secondary impact, including the maximum
range of influence of deep excavation. Figure 3 shows the range of impact zones
of deep excavation on the existing building. Zone SI refers to the immediate
effect of deep excavation on the existing development building and its range is
7 m. SII zone is associated with a secondary impact of the deep excavation and
the proposed high building on the existing construction. Its range is not more
than 20 m from the edge of the excavation.

Fig. 3. The development plan with marked zones of influence of deep excavation
Source: SZWARKOWSKI (2017).
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Maximum allowable settlement for the existing building structure should
not exceed 8 cm, according to norm PN-81/B-03020 (1985). Figure 4 shows the
procedure for assessing the impact of a tall building on existing development.

Fig. 4. Algorithm for determination of the impact the execution deep excavation on settlement
neighboring building

Source: SZWARKOWSKI (2017).

Results and discussion

The impact of high building “Mogilska Tower” in Krakow was determined
on the basis of numerical analysis of the subsoil, made of deep excavation in the
neighbor of the existing buildings. The numerical model determined areas
corresponding to the zone of direct impact of building settlements SI, and to
change the vertical displacements in the area SII of secondary impact on
building development. The analysis took into account total loads of building
model in fundation level of excavation. Figure 5 and Figure 6 shows the
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vertical displacements obtained in step IX with marked zones of influence of SI

and SII. Displacements determined using the simplified method given in the
specification ITB (KOTLICKI, WYSOKIŃSKI 2002). Vertical displacements deter-
mined for 18 measuring points spaced every 4 m (Fig. 5).

Fig. 5. Vertical displacements in the vicinity of the existing building for stage IX of numerical analysis
Source: SZWARKOWSKI (2017).

Fig. 6. Vertical displacements in the vicinity of the existing building in deep excavation section; stage
IX numerical analysis

Source: SZWARKOWSKI (2017).
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Fig. 7. Vertical displacements in zones of influence the planned object on existing building develop-
ment

Source: SZWARKOWSKI (2017).

Fig. 8. Plasticity zones of ground in the vicinity of deep excavation
Source: SZWARKOWSKI (2017).

Displacement obtained for each affected zones of high building on neigh-
boring buildings, for the last numerical analysis (stage IX), are equal: zone SI

direct impact of deep excavation for building SI = 12 mm, zone SII is equal to
almost 6 mm. The largest displacements are located at distance no greater than
4 m from the edge of excavation. Beginning edge of the building is located
8 m from the edge excavation. It corresponds to the vertical displacements of
the order of 4–6 mm. For the building portion, it located in the zone of vertical
deformation SII and not exceed 3 mm. The remaining part of the building is
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sited on area where not required simplified analysis. The maximum displace-
ment does not exceed 1 mm. Figure 8 shows a plastic deformation area of
ground in the vicinity of deep excavation.

Figure 8 shows regions exceeding the maximum soil shear strength give
rise the formation of zones plasticity of ground, according to Mohr-Coulomb
model with linear plasticity condition. Maximum effects of the impact of the
deep excavation loaded with forces of the planned building on existing building
development shows in Figure 8.

Conslusions

The values obtained for the maximum deformation numerical model of the
subgrade subjected to the influence of a deep excavation loaded high building,
showed that the vertical displacements do not exceed the limit specified in the
specification ITB and standard PN-81/B-03020. Displacement values do not
exceed the limit values 8cm. The deep excavation with a planned investment in
the form of a 15-storeys high building “Mogilska Tower” will not adversely
affect the work of construction of the existing building. Measurement conduc-
ted using terrestrial laser scanning and geodesic measurements showed dis-
placements of the building equal 3 mm. In article summarizes the results of
soils deformation only due execution of deep excavation. The obtained data
have been developed for the typical model of the soil based on the Mohr-
Coulomb hypothesis with linear plasticity condition. The proximity of the
location of the object with the existing buildings would require to carry out
detailed numerical calculations, taking into account the full model the plastic
behavior of ground, eg. using a model Cam-Clay for layers of Miocene clays.
However, this requires additional, time-consuming laboratory tests using
triaxial or oedometer apparatures. This is related to a problem to increase
spending on geotechnical researches and a better recognition of the subsoil.
Obtained additional parameters can be used to model the soil, taking into
account the full plasticity of the considered medium (eg. mentioned earlier
Cam Clay model or Modified Mohr-Coulomb model). This is particularly
important for modeling the behavior of plastic soils: clays, silits. As mentioned
in the introduction of article, the better recognition and numerical analysis
with the use of numerical modeling based on the method of BIM enables
probably reduce the negative effects, which may occur during implementation
of the investment. They can have an impact on the increase in investment
costs. BIM technology in geotechnical engineering, use of complex data from
field studies, laboratory and numerical modeling of the planned investments,
allows more accurate way to predict the behavior of the planned investments
and reduce costs.
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