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Abstract:  This study is examining the application opportunities of models, and it is
revealing a possible solution which can be the basis of creating a catalogue
which can establish the reconstruntiof railway crossings. This
reconstruction catalogue is suggesting infrastructure changes and new
traffic management procedures wittking account of the controlled model
outputs. Based on the reconstruction catalogue, feasibility studies and
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1. Introduction

The dangerous characteristicsraflway crossings come frothe fact that a crossing
is a contact point of different traffic systepwhere structurally different traffic paths
cross each other. These different kinds dhpare used by vehiclegth significantly
different technical parameters. Therefore the railway crossings have prominent
importance in terms of traffic safety. Becawdehe facts above, and in addition due to
a ministerial instruction released in 2003, the most dangerous railway crossings must be
determined. The basis of this determioatis an establishment of a hazard ranking.
This hazard ranking can be created usingal 8core per crossings indicator generated
by a data processing algorithm. Within fmeject called ‘Safety Inspection of Railway
Crossings in the Area of Railway Track Sewas Extended to the Border of Burgenland
and West Hungary' (Sicherheitsinspektionen von Eisenbahnkreuzungen entlang der
grenziiberschreitenden Bahnlinien in Burgenland und Westungarn - SIEBaBWe) by the
examination of several possible modelling techniques we created a model which is
suitable not only for the determination okthailway crossings’ hazard ranking in our
project, but also it is applicable for every railway crossings. The point creation was the
common element in the potentially attractive models; the method of this point creation
meant the difference. Regarding to certaiodels a mentionable common feature was
the demand of counting with the environméictaaracteristics of railway crossings, the
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accident and traffic data and the wayia$urance The railway crossing, where the
implementation of safety-enhancing actions thie most reasoned, can be designated by
model outputs which are checkeadd filled with proper data.

2. The Accidental Status of Railway Crossings on the GySEV's Hungarian
Network

The Government Regulation Number 168 of 2010 (V.11.) is about the listing of
national mainline network, regional and other railway tracks. Within the project
SIEBaBWe mentioned in the introduction, 23 railway crossings were mulitcriterially
examined on the Hungarian Network of GXSEThe Table 1 contains the line group
distribution of railway crossings.

Table 1. Distribution of the Examined Railway Crossings

Line type Number of Railway Crossings (pc)
1 14
2 7
3 2
1 14

1: Railway track operated as a part of Tmans-European rail freight traffic network

2: National mainline network track which it a part of the Trans-European rail
freight network

3: Regional railway track

The selected railway crossm@re showing a pretty varioirmage in the aspect of
technological features andhetrr safety-enhancing factors, however these crossings are
totally applicable for every existing provisis and regulations according to the special
authorities’ qualification. Table 2 containgethccidental data from 2001 to 2012 within
the framework of the project.

Table 2. The Change of Accidents in Railway Crossings on the GySEV's Network

Year Acciden{pc) Died(pc) Wounded(pc) Property
damage (HUF)
2001 2 0 0 2623018
2002 8 4 6 2 865 554
2003 3 0 3 27202
2004 4 0 5 1857 166
2005 5 1 3 1 863 862
2006 4 0 2 1547 281
2007 8 1 4 13868412
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2008 7 7 2 13844914
2009 1 1 2 6437611
2010 0 0 4 56330
2011 2 2 3 1456 929
2012+ 9 8 11 1250303

+:Jan. 2012 — Nov. 2012

The average distance of railway crossings is 1430 meters on the 434.7 kilometres long
network, and 89 217 trains has travelled on the examined network per year. There are
87 station and 217 line crossings of the railway crossings.

Analyzing the accidents we mattes following major statements:
The following conventions should be taken into account.
x the accidents happened mainlysecured railway crossings.

X the most serious accidents happened @ssings which have small or average
traffic

X the essential reason of accidents (9% mes from the violation of Road
Traffic Regulations

X more and more frequently the accideats caused by improper behaviour
X the accidents also happened degieelocomotive’s sound signal
X the property damages comes from aatisiénave significantly increased

x the technological developments coutdsignificantly reduce the number of
accidents

x peaks and troughs can be observed in the changes of the accident numbers
X property damages have increased in more modern railway crossings.

Analyzing the accidents had confirmed mdne necessity of raising awareness in
every age groups of the society.

3. The Examination of the Practicable Model Versions

In this chapter we introduce two modelling techniques which had been considered
suitable by the working committee estabéd within the project's framework for
determining the hazard raking of the railwagssings. Speakirgpout the content and
the actuality of the reachable data ecessary, regardless of the suitable modelling
technique’s type. The source of these datdhe National Transport Authority, the
Track Facilities Department of the MAWZrt., the Magyar K@dat Nonprofit Zrt.
(Hungarian Public Road Non-profit Ltd.)né the recordings of the railway companies.
The railway companies are registering evevgnt which happens in a railway crossing,
whether it is an accident comes with peedomjury or an accident which causes
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property damage. The ranking practice of the past years met incomplete, wrong, old or
non-recorded data. According to the experts’ concordant opinion, a central database
would be needed which should be based onto the road crossings’ GPS coordinates
assigned to the sum of digitally recorded data of the given railway crossing. Controlling
the updates of databases would lead to further improvement.

3.1.,The GySEV model” [1]

The model made available by GySEV generates a ranking which shows the railway
crossings’ degree of traffic safety riskngpared to each other. In this model the
maximum given score of the certain railway crossings is determined. This maximum
score will be distributed among the crogs’ specific factors. These factors are:

x the numbers and results of accidents in the crossing
x the road and rail traffic of the railway crossing
x the safety equipment installed in the crossing

x  other characteristics (Fig. 1).

Recognizability,
viability, geometry

M Traffic signs

Security
method
15%

Accident
situation

30%

s
Traffic e
Other danger
obstruction enhancing factors
25%

2%

Figure 1.
Percentage Distribution of Maximum Assignable Scores by Indicator Groups [1]

The ranking system uses correlatiamshe case of every factor.
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3.1.1. Accidental status

The assignable score contains events irrdileay crossing from the past ten years.
The events (accidents) which happened more than five years ago are counted with 50%

relevance.

_Lurr g gaa49; 1)

Zcwn
where:
S. accidental status
Ne : corrected number of events
Vmax Mmaximum value
Value: a) if there arendny established crosswalks:
Ne = number of hits by car + 0.3*(number of pedestrians and cyclists hit)
b) if there are any established crosswalks:

Ne = number of hits by car

3.1.2. Traffic status

In the railway companies’ traffic records the number and the division by type and
time period of the trains were travelled ancertain railway line within 24 hours are
recorded. Knowing the examined road crossing’s railway gauge number the daily
traffic can be extrapolated to the crossing.

) L w E}j'X'lIJ'RE EHX (2)

Zewn 5940EHNK>94U0F
where:
S: traffic status
ADT: Average Daily Traffic

It's value: in E/day unit of measurement, the maximum value means the maximum
value of the numerator.

ti: average interference time
Nt number of trains
B: bus traffic

It's value:
a) 1, if there is any bus traffic
b) O, if there is no bus traffic
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3.1.3. Traffic Management Charaderistics and Other Hazard-enhancing Factors

The 'railway speed limit’ in context (3) is taking account of four speed rates. Among
the 'other hazard-enhamgj factors’ the score calculation is based on:
x the type of the road whethe railway crossing is situated (territorial nature)
x public lightning, the existence of separated sidewalk footpath

the existence of crossroads within Bters where the vehicles come from the
railway crossing has no priority, and the security track is missing

rk L E E pm_bEt Epm_bE ” fE (3)

where:

p_gj

Cm: traffic management characteristic

SM: Security Method

SlL.i: Railway Speed Limit

Sliead RoOadway Speed Limit

R,: Recognizability, viability, geometry, angle of crossing
Soad ROad Signs

Sb:Signboards

Fn: Other hazard-enhancing factors

3.2.Conceptual model

If we examine the railway crossing as a given physical object, then we mean the
concept of system as a model which can be described using physical variables. The
contents of these physical variables also can be heterogeneous such as a combination of
physical, chemical or enomical characteristics. A part tbfe variables are given, these
are the inputs or excitations. A common attribution of the other group of variables is the
aim that we want to determine their behavidthese are the outputs or outlets. We can
speak about a third group of variables which is responsible for describing the
connection or connections between inputs and outputs. In that case it is true that we
describe an object by a system. In other words the system is the model of a given
physical object.

Basically two main types of models can be distributed in conjunction with the type of
processes we want to map. The geometrical, physical and mathematical models are
belong to material models. The so-called mental models are functioning by the logical
connections established by people, regarding to their methods and forms they are
subjective, regarding to their content®yhare objective. The so-called conceptual
model [2] also can be classified as a mentatiel. This modelling method is applicable
when a given problem’s possible solution is requiring the creation of different scenarios.
In our case each scenarios are equivalettigchazard raking of the railway crossings.
This procedure can be particularly suitalih the case of railway crossings, because
some parts of the inputs are very hard — or impossible — to express in monetary terms. In
the case of railway crossindgse possible inputs are involving a quite wide range.
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Narrowing the input's range is necessaapd only those inputs can be taken into
account which can basicallinfluence the expected tput. During the modelling
process the railway crossing can be crea®d replica which contains the essential
features of the examined system.

3.2.1.The Model Creation Process

The first step of model creation is the detmation of the inputs which are suitable

for describing the railway crossing as a system and the necessary narrowing of the
inputs’ range is also must be performed — in such a way we described it in the previous
chapter. The exact definition of the certain inputs are also belong to the first steps. The
main groups of inputs can be the following:

x the environment of the railway crossing

x the security method of the railway crossing

x the accidental status of the railway crossing

x the traffic data of the railway crossing

x the way of traffic management and fi@arrangement in the railway crossing.

After that we can determine the most favourablg.(Z and the worst (£n) values of
the specific inputs. Using the most favourable, the worst and the effective input values
we can generate the input score (4) which can be given for certain inputs.

ZL\sF%ed HIsFiph Hsrr (4)
cWnf c_d_ cWn_
where:
Z:(.y__ ....‘”(.%0 ._',,:I:”

Zy: the effective value of the input (théh-input within the x-th input group)

For setting up the hazard ranking the determination of the total score per crossing is
necessary, according to the aggregation of the input indicators (5).

Z.LAjggvH g (5)
where:
Al,e: the aggregated value of the inputs
lix: the score of the i-th input

Wei: the preference weight of the i-th input from the perspective of the given
expert group

In the conceptual model the preference ghieiof the inputs is determined by an
expert group, the aggregated value can be understood as the total score of the road
crossing. The higher value means a higher hazard rate.
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4. The Establishment of the Hazard Raking with the Usage of Evaluation
Matrix

After the examination of the potentially attractive models we described in the
previous chapter, a so-called Evaluationtfiawas created. Considering practical and
theoretical aspects it can be stated that the Evaluation Matrix is a flexible method which
provides in every case of railway csosys a useful solution and a basis for
reconstruction cataloguesrfailway crossings.

4.1. The Structure of the Evaluation Matrix

The Evaluation Matrix is based on the simplest data sorting procedure; on the sorting by
magnitude. The elements of the sample are correspondinge taaillvay crossings
involved to the examination. The scores given for crossing features are summarised by
crossings, and the received amount is beimgddy their size. The resulting sequence

is the ranking and the scome®an the rank numbers.

The Evaluation Matrix separates three main input groups (Fig. 2):
X accidents
x traffic status
x traffic management characteristics

INPUTS

Accidents Traffic status Traffic management
characteristics

- within 5 years - average traffic - security

- railway’s fault - seasonality - speed
- recognisability,
viability, geometric
- road markings
- road signs
- public lightning
- visibility triangle

Il

The variables describing connections between inputs and outputs

1l

OUTPU T (The ranking number of the railway crossing)

Figure 2. The Input System of the Evaluation Matrix
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The main contents of the input groups are essentially equal to the groups discussed in
the case of the 'GySEV model’, but also thare some significant differences. In the
score values' calculation extra score® ajiven for the conditions which are the
railways’ fault. The past five years are thesis of the calculation when we calculate the
accidental status’ score values. The seasoaffictigrowth in the crossing is taken into
account in the traffic status input group. The Evaluation Matrix Edksiwith the daily
average roadway and railway traffic. i$helement allows the easier practical
application of the matrix. The Government Regulation No. 20 of 1984 about 'the traffic
control of roads and the placement of road sings’- which is still in force — is mentioning
the 'standard railway crossing’s traffic’. @Heature of traffic standard had been built
into the model with the existence or thenrexistence of the seasal traffic growth.
Contrary to the government regulation, teerage daily railway traffic isn’t counting
with that trains only which are 'passing through the crossing by schedule’. In relation to
speeds, the basis of the calculations is the highest allowed speed (80 km/h) of regional
railway lines; therefore only two speed greupad been determined. The highest road
speed allowed in a railway crossing is deil into four classes. New elements were
picked up into traffic management characteristics such as:

x the contrast effect of sunshine persists for several hours due to the crossing’s
location in the case of road traffic

x the ’Start of level (railway) crossing’ board is faded or damaged (even in a
single board’s case)

4.2. The Modelling Process

When the Evaluation Matrix was established, the input range was demarcated and the
certain inputs were defined on the first stage, and after that they were merged to input
groups. The Evaluation Matrix’s processiatgorithms are taking into account the
requirement of the simple, fast and reliaptactical application. The existence or non-
existence of any input elements can be evaluated by given scores. Scores can be given
to the railway crossing’s traffistatus by reference (6).

L pm_ tH p_gj (6)
where:
ADTad Daily Average Roadway Traffic
ADT.i: Daily Average Railway Traffic

If the value of NAF is below 800.00 then the score can be given for traffic status
will be allocated proportionally, but if NAF is more than 800.00 then the maximum
score number must be given. The outputs and the score values which can be given to
each input elements (inputayps) can be generated by the help of the processing
algorithms. After the model is designed, itlwe filled with values, and the feasibility
of the outputs will be checked (Figure 3).
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Figure 3: The Modelling Process

5. Describing the Crossing Designated for Reconstruction

The reason of designing the Evaluation Matrix we discussed in the previous chapter
was the fact that in many cases the railveagssings’ classification by conventional
examination elements was unable to gaerealistic hazard picture for the given
crossing (for example according to some studies and analyzes the serious accidents are
usually happening in crossings with smaller traffic [3]). There was a single score
number or value limit determined for the inputs (evaluation criteria) of the Evaluation
Matrix. The weighting of the given score value system is based on the concerning
standards, existing regulations and legislations [4] [5] [6] [7] [8].

In the determination of some input factors’ value system some results was also used
which had been calculated in previous work packages (as connection points) such as
AP3, traffic counts etc. Beside the aboveatiened, more important criteria elements,
which were used in previous evaluationdjestinput factors are parts of the matrix,
which are also must be followed (for example consumer questionnaires, observations
and expectations raised by opinions —as input factors).

According to the aggregation of each inpléments’ score value, every crossings got
a kind of so-called ’hazard total score’. Bas® this score in tens of the examined
crossings’ safety the crossing which hasrtist score number is the 'most dangerous’,
and the crossing which has the lowest score is the 'most secure’. However it is very
important to highlight that every of the selected 28 (23+5) crossings in the project are
suitable for the currently existing provisions and regulations by the special authorities’
classification.
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5.1. The 'Hazard Ranking’' of the Examined Crossings and the Most Dangerous
Crossing

From the examined crossings (GySEMlway lines) - according to the hazard
ranking was established by the results of the crossings’ evaluation matrix - the most
score value (1574 points) and 'the most dangerous crossing’ title was given to the
AS765 railway crossing on the Line No. 8. (the 'most secure’ crossing is the AS759 on
the Line No. 15, which had got 306 point$he life-likeness of the theoretic criteria
system developed by the working group was justified by the unfortunate fact that there
were two accidents on that crossing in the padft years, and one of them had a fatal
outcome. At the same time it is important to remember that in its current state the
crossing is suitable for every regulatory requirements and regulations, just as we
mentioned it above (the last special authority traversal was on 24th July, 2013) [9]

5.2. The Security Features of the Crossing

In relation to the safety features of thessing - based on each output’s scores - the
following statements can be determined:

x'Accidents’ input: from the inputs — as one of the most significant examined
aspects - the examined crossing {A5) had got the maximum score (800
points; two or more accidents within 2ars) in terms of accidental scores.

X'Traffic status’ input: the traffic status iterms of input factors (daily average
railway/roadway traffic, @asonal traffic growth etc.) can be considered average
or slightly below it compared with thehsr examined crossings (total score: 184
points).

X'Traffic Management Characteristics”: In terms of traffic management
characteristics the crossing is the Hifmost dangerous from the examined
crossings based on the amount of eagfutifactors’ scorgtotal score: 590
points).

From the matrix’s columns which are containing the total scores ("Ranking by total
scores’) it can be obviously determined that with its 1574 points (which is the aofiount
each inputs’ scores) this crossing is thestraiangerous not only from the selected 23
GYSEV crossings, but from all of theaxined ones (GySEV + Raaberbahn).

5.3. Establishment of the Crossing No. AS765, Environmental Characteristics,
Accidental Statistics

The crossing selected for reconstruction is situated in the level junction of the No.
8526 public road’s 1 + 534 km gaufee link road of Kophaza — Balf — Ferékos)
and the No 8. GySEV railway line's 765 + 94 gauge (GPS coordinates: N47, 38' 25,1";
E16, 39'40,9).

5.3.1.Traffic Management and Environmental Characteristics

The railway and roadway characteristics of the No. AS765 agssicording to the
condition-measuring before the reconstruction proposal:
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xRailway:

X

The crossing is equipped with fouorasts and a light barrier, and it is
operating automatically by the train (omnidirectional)

x  there is no pedestrian passage or built traffic safety island

X  One track; the path’s speed is max. 100 km/h

X  The pavement of the railway crossing is STRAIL

x Roadway:

x  number of lanes: 2x1

x ’'Start of level (railway) crossing’ signboard in the crossing (‘St.
Andrew’s cross’)

X 'Level (railway) crossing' predictor and additional boards from both
directions (repeated on the leftd right travel directions)

x  the allowed speed of the public road is 90 km/h (public domain), speed
limit before the crossing (40 km/h) positioned on the triband predictor
board from both directions

x  ’'Dangerous bend’ predictor board from both directions

X Road bike passage to the public rbedore the crossing (from Kophaza)

X  connecting dirt roads (within 22 meters) from both directions

x  the crossing angle is 90°

x  the visibility triangle is reduced

5.3.2.Accidental Statistics

The accidental statistic of the crossimy terms of the past 12 years can be
summarized in the following:

x 30/08/2002 - fatal accident, 2 people
x 19/09/2009 - slight injuries, 1 person
X 29/06/2013 - slight injuries, 1 person
x 16/07/2013 - fatal accident, 2 people

6. Proposals for the Reconstruction

From the actions aimed to improve the safety of railway level crossings the barrier-
mounting program and the LED-program had got big boost in Hungary after 2003.
According to experts’ staments the LED reduces tpossibility of accidents with
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50%, and the barrier + LED construction reduces it with 85%. Beyond all of that it is
advisable to examine the possibility optteying further safety-enhancing actions.

6.1. Safety-enhancing Actions from the Recent Past

Because of the accidents from the past few years in the crossing designated for
reconstruction (which were too frequentngumared to the traffic conditions — two
accidents, one of them is fatal within a moirt the summer of 2013), there were more
authority traversals in the near past. [9] [10]. Each time on these site inspections it was
determined that the crossing is suitable for all of the concerning regulations and
legislations.

As a result of these traversals different safety-enhancing actions had been
implemented (replacement ofetlworn predictors, wood fetig, thinning of vegetation
on account of better visibility, placement of predictor boards to the connecting
municipal roads, reducing the distance tetw 'striped’ predictor boards and placing
them to the same axis lirmd the same distance fronettoadway, the replacement of
the railway light signalling device to LED optics etc.).

Despite all of these actions the accidergatistics confirms that the crossing is
remained extremely dangerous. The rating of the Evaluation Matrix also refers to this
fact.

Considering these facts we can determira thrther changes and modifications are
required in the crossing in order to ingeahe safety and to reduce the emergency
phase — also from the railway and the roadway part.

6.2. Further Security-Enhancing  Suggestions for Modifications and
Improvements

The preparation of a reconstruction concept is also a part of the SIEBaBWe project’s
working package, which is intended to taking action recommendations in order to
increase the safety of the jebt classified as the mostazardous from the 23 (+5)
examined crossings. For this purpose tba&tners involved to the established
professional working group measured the potentially attractive opportunities on a
common traversal, and they wked out proposals together. The accepted draft proposal
has affect on the railway infrastructwaed also on the roadway infrastructure.

6.2.1. Proposals for Railways

Based on the current railway infrastructure the following modifications and additions
had been recommended:

x the installation of a half-barrier indtcrossing and the necessary replacement of
its signalling masts within the prescribed distance [11] as its consequence
(comment: this installation is a part of the medium-term development program of
GySEV) /Figure 1, points marked with (a)/

x the moving of the additional light signalling mast to the prescribed [11]
maximum allowable 8 meters distance frtime path axes (Képhaza side, mast
marked with 'D’), and its rotation to theppropriate direction (viewing angle) in
order to the better visibility and the earliest perceptibility for the road traffic (a
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hazardous road bend with small radmsving to the left, with the crossing
immediately on the end of the curvE)gure 1, point marked with (b)/

the moving (increasing) to the appriate distance of the barrier-actuator
equipment’'s so-called interlocking system’s exposure points to ensure the
prescribed pre-flashing and pre-closingdi This action’s necessity is justified

by the requirement of ensuring the prescribed value which had been changed due
to the supplement of the half-barriel][LThe current distance of the exposure
points (light assisted security only) and the required values calculated with the
supplement of the half-barrier are shown on Table 3.

Table 3. Determining the Installation Distance of the Exposure Points [11]

Currently Calculated Core data
AS 765
Middle | 765+48 AZ. A2 receiver A:)ngle Joo 2
transmitter °) Bt
-2080,0 Number
A2 | 777+11] 756+31,0 756+13,d of 4| |Ly |6,01
Masts
A4 Barrier | Yes| | ™" [29.4
(c)
Al Road
-1993.0 A3 transmitter Al receiver | Width 6| | tmin 33
(m)
Track
Al | 754+72| 774+65,0 774+83,d Speed | 100| |lpen. | 917
(km/h)

b:: Safety distance (m)

Iv: the length of the endangered road section (m)
tmin (C.): minimal pre-closing time / calculated/ (sec)
tmin: Minimal pre-closing time (sec)

lben: €XpOSure distance (m)

6.2.2. Proposals for Roadways

The following recommendations had beeaceld into the roadway’s modifications
package as the part of the reconstruction concept:

X The curve widening of the public road No. 8526 in the road bend before the
crossing on the Kdphaza side. This widening is necessary because long vehicles
(for example hinged buses) are also travelling on this section of the public road,
and a possible bidirectional encountertba given place in the same time could
cause a dangerous situation (particulagigarding to the relative short distance

of the unloading section before the bend). It is also confirmed by the fragmented
and dimpled roadside we experienced during the site visit. /Figure 4, point
marked with (1)/
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Putting the roadway’s Ferro-concrete crash barriers and the concerned mast to
the same line in the crossing while the prescribed distance is maintained [6].
These crash barriers can be exchangigd guardrails where necessary. In case

of exchange the incorporation of reflective prism elements onto the barrier would
be advisable for better visibility. /Figure 4, point marked with (3)/

Establishing ribbed transversal shaker lanes (single, double and triband) on the
pavement (in vivid yellow colour) in the travel direction's band from both
directions (‘hazardous area predicting' lines). For the better visibility it is
advisable to place reflective prisms on thaksr lanes' edge as well as the fixing

of modern and cost effective solar poeeiflashing prisms. The application of

these elements are highly increase the visibility and it has a powerful awareness
raising role - mainly in darkness or angpbad or restricted visibility conditions
(Nowadays these latter accessories are more and more often used in those areas
which are particularly dangerous in ternof public road traffic). /Figure 4,

points marked with (2)/

Moving the striped predictor boards which are indicating the railway crossings
(single, double or triband boards) to the possible prescribed [4] minimum
distance still fits to the given circumstances. This modification is necessary
because according to previoeiperiences the settlement structure and the traffic
conditions and habits have similar features than populated areas have, in spite of
the rural classification of this public road section. /Figure 4, points marked with
(6)/

Moving (from both directions) the Speed Limit board (40 km) to the single band
predictor board (because diie reasons mentioned the previous section)
[Figure 4, points marked with (6)/

Placing a 'board indicates the bend's curve' (red herringbone-like herding boards
with yellow framework) directly to the start of the road bend /Figure 4, points
marked with (7)/

Placing 'no overtaking', 'no turning' and 'mandatory driving direction' boards on
the public road and on the connectingt doads because of the barrage line
[Figure 4 points marked with (4)(5)(9)/

Moving the bicycle path's current exit lane (aimed to the public road) from
Képhaza preferably to a destination whicliagher from the assing in order to
reduce the concentrated emergency situation. More variants are emerging in
relation to the exit lane (adjusted to the traffic and usage habits): on one hand
the placement of the exit lane to tkgisting opposite-directional connection
point from Balf (passed through the public road), and on the other hand the
restructuring of the current vectoring point in the bend and its 'shifting' towards
the connecting dirt road. /Figure 4, points marked with (8)/

The placement of an informative, awagss raising board or poster, which has
appropriate hazard warningnéh awareness raising affect with its concentrated
message-bearing graphical and image-dbasdements on every traveller who
uses the railway crossing. /Figure 4 points marked with (11)/
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X The equalization of the road surfaceseledifference, its minimization between
the road surface and the crossingsrface (STRAIL) with the proper
modification of the connecting public rdadgurface (‘trimming") /Figure 4, point
marked with (12)/

X The replacement of the 'level crossinghwhalf barrier and light barrier ahead
board on the triband predictor board /Figure 4, points marked with (10)/.

Javasolt valtoztatisok:
(koziat)
@) Ivkorrekeid
Bordas razésavok, fényvisszaverd

@ vagy vitloge prizmavai
(g) Tereld - rivezets korlit egyvonalba
@ helyezise
(@ "Kotslozd haladasi irany” (jobbra)
@ tibla kinelyezése
(G [Baira kanyarodni s tabla

© kinelyezése
(§) Savos elsjelzs tablak sthelyezése
(7 Utkanyarulati ivet mutaté (halszalkis)
' ablak (vagy tablak) kibelyezése
parit korabbi kivezetése a
a

@ “Fél- és fénysorompoval biztositott
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{3 Seintkiisnbsbg kisgyenitéss
(aszfat | STRAIL)

JELMAGYARAZAT:
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megleleld sz6gbe forgatisa

Figure 4:
The Site Plan of the Crossing No. AS765 and the Railway-Roadway Connection

For the implementation of the listed proposals the preparation of a preliminary plan is
required both from the railway and the roadway side.

6.3. Preliminary Cost Estimation and Time Schedule Plan

From the alternatives of the reconstrustimoncept the preliminary cost estimation -
which contains the planning and the implementation costs in relation to the finally
accepted modification proposals - will be penfied by the projegpartner (GySEV)
within their respective powers.

The expected realization time of tlaecepted reconstruction concept's complex
implementation will be the end of the year 2015, depending on the availability of the
sources.
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Conclusion

Considering the expected effects in relatiorthe reconstruction at first we have to
take into account the fact that based on siegisstudies the crossing's supplement with
a half-barrier is significantlyncreases the safety in the given crossing [3] [13]. In
addition we can speak about a financially beneficial investment, which can be justified
by economical calculations [13]. However the other modifications and additions
proposed in the project are providing more information to the user of the crossing: in
one hand the traveller will become more aware of the hazardous zone's approaching, on
the other hand these information are helgimgonscious formation of the necessary
and desired traffic behaviour, therefore thance of occurring accidents will be further
reduced. This latter conclusion indicatdte renewal of the program series called
ILCAD (International Level Crossing Awareness Day), which is organised annually
from 2009 with the coordination of the International Union of Railways (UIC) and with
the support of the European Commission (EC) and the United Nations Economic
Commission for Europe (UNECE). The slogan of the ILCAD is: 'Act safely at level
crossings'. The main goal of this interoatl conference series is the same as the
project SIEBaBWE's main objective; tdfertively increase the safety of the level
roadway-railway crossings, to reduce the namiif accidents and in long term to reach
the totally accident-free traffic.

References

[1] Tigyi Sz, Gabor M: The Safety Statakthe Railways in Hungary and the
Development of Their Hazard Ranking..)ARODOSZ Conference, Kolozsvar 12—
14 November 2010.

[2] Pokoradi L: Modelling Sysims and Processes. Gam Publishe Debrecen,
2008.

[3] Konrad Gy: Accidents and Railway Gsings Operated on the lines of GYSEV
Zrt. GYSEV Zrt., Study on 15/05/2013

[4] Government Regulation 20/1984 (XI.21)

[5] Standard of KPMSZ. Kk No. 108-73 and It's Modification (E 07MSZ.-07 Kk.108-
73 M/1983)

[6] Road Standards No. UT2-1.201

[7] Road Standards No. UT2-1.225

[8] Technical Guidance of M No. D54. (Technical Data and Regulations of
Construction and Track Maintenance I-Il.)

[91 Memorandum of Police Headquarters, Gioson-Sopron Country, Law
Enforcement Department, Case No.: 0800/4088-7/2013.),, Gp/07/2013.

[10] Report, No. NKH KUI KU/VF/1853/0/2009 Report and the Associated Report,
Sopron, 16/11/2009.

[11] ‘Light Barrier Requirements’ EO7 MSZ.-07 Kk.108-73 M/1983 Standard and It's
Additional Modification

[12] Traffic Safety 02/2011, NKH, 2011.

[13] Tremmer T: A sorompo megvéd a halaltdl. Naplé Online, veol.hu
[Last visited: 19/05/2014]

112



Technica DOI: 10.14513/actatechjaur.v8.n2.332

/T Acta Vol. 8, No. 2, pp. 113-130, 2015
H;/» Jaurinensis Available online at acta.sze.hu

+LVWRULFDO "HYHORSPHQW DQG
6WUXFWXUHYV RI ,Q HDUWK (PEH

' % R]VDN\

6]pFKHQ\L ,VWYiQ 8QLYHUVLW\
'HSDUWPHQW R $QE KA WHFADQIHEB QVWUXFWLRQ

(J\HWHP WpuU *\ U

( PDLO ER]JVDN\#V]H KX

$EVWUDFW (DUWK KRXVHV KDYH EHMNQIRW DGARQR QDO
WKHLU WKUHH GLITHUHQW W\SHV W@ LKL & RRRHNHV
ZHUH VHSDUDWHG GXULQJ WKH HDUSNKXUM® R\
WKH V LQ WKH 86$ EXW VSUHDG R QDOUWX WH L
VKHOWHUHG KRXVHV EHFDPH SRSXODUDQRZDGI
EHQHILWY HQYLURQPHQWDOO\ IULHQDQGVIRPSEF
SURWHFWLRQ  8QI|RIWHX QLRPHO\G LWIOKE\Y YX® W D J H \
SUHMXGLFHV KLJK EXLOGLQJ FRVWRR P/SSHFALIDVOHE
GHVLJQ DQG FRQVWUXFWLRQ 6HYHHQWLGDWLR)
DUH H[WUHPHO\ LPSRUWDQW IRU LQIHBK K R® E F
FRQYHQWLRQDO ORDGV DQG ODQG\KRDSH W1 \UR DB\
VXSSRUWLQJ VWUXFONRU HYW 7BR U GKLDYE UR QEDP S ¢
WKHUPDO LQVXODWLRQ SUREOHPV QMKIOH GVWEK'
KDYH SOHDVDQW DQG FRPIRUWDEOH LQGRRU DW

Keywords: in-earth embedding, earth-sheltering, special building structures

,QWURGXFWLRQ

,Q HDUWK HPEHGGHG KRXVHV DUH QRWE XHFEIQW VIR @F
WUDGLWLRQ FDQ EH WUDFHG EDFN LWHKREXWOUHS W RG DM XU
GHYHORSHG VR IDU WKDW LW LV QRHOHQHBUBKIGFB\FDQ |
D NH\ HOHPHQW RI WKH VXVWDLQDEQW GHLNORSPHRIME K
EH DEOH WR VROYH WKH DHVWKHWQFZDQY®& WEHLORQBNO
VPDUW HQHUJ\ FRONXRISWQAWR\ DY LWEK HRYYWDREGBPH QEW
FRQVLGHUDWLRQ LQ WKH VDPH WLPH

7KLV SDSHU VKRZV WKH KLVWRULFDOWXU FIIRIE W GSHVG RK F
IURP DQFLHQW WLPHV WR PRGHUQ HWK M K FOUVE KLLRASHRFUA
VSHFLILF GHVLJQ DVSHFWV DGYDQM VDR DG GQG UV EXY |
W LQWURGXFHV WKH VSHFLDO VX®SRIUWRRY L QIWDQE WKK
LQVXODWLQJ SUREOHPV RI WKHP
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7KH +LVWRULFDO $UFKHW\SHV Rl ,Q HDUWK (PEHCGC

5HVLGHQWLDO EXLOGLQJV WKDW ZHUG HP KXEB B8 G/ KB o
,Q WKH EHJLQQLQJ SHRSOH XVHG Q@W XEMYOHO \X/IHSH
SURWHFWLRQ DJDLQVW HOHPHQWVY DQ®EAWGWRQEBBC
KDELWDWLRQ IRU WKHPVHOYHV ZLWRFWKWMKHQRZHHRBBE
UHVLGHQF\ ZLWK WBWLIHRRZIOIODRRMNVWUXFWLRQ DFWLYL

$W ILUVW QDW XBRQVRDUXHWLIRAV ZIBUWHK X\HF® P K HRS R T
EXLOGLQJ PDWHULDO VXFK DV ZRRG WRB NIMREMH )V RRA
DOORZHG DUWLILFLDO FDYHV ZHUEBHDEDGILWR WRR®VZ: V@
VRLO FRQGLWLRQV DOORZHG LQ JURXQG SLWKHHG ERX\
ZHUH HQWLUHO\ RU SDUWLDOO\ IRUBKE LEQWRK M KH. GIH |
> @> @ 7KH URRIV RI SLW KRXVHV @HZLRRSURED®WOYH
FRYHUHG ZLWK HDUWK

Figure 1: Draft of a half-pitted house [6]

7KLV DQFLHQW W\SH RI UHVLGHQWLDR®HKREHVAD XDV B
FRQVWUXFWLRQ ZDV HDV\ DQG FKHDSDWRBGZLIQW HWD \LXA
SOHDVDQWO\ FRRQ® W®E RRP FBU PIDQYCYSW R WHF N B GPDIDL
DGGLWLRQ LW ZDV KDUG WR EXUQWGRYRNG XU®QJ D SRW

7KH 7\SHV RK,(PHBPE®WHG +RXVHV

7KUHH W\SHV RI LQ HDUWK HPEHGGHGXWRXVHW \ZKDW
FDOOHG FD YKL & RXK/RIX XLR) BDRGV Bl W )LLLI

Figure 2: Types of in-earth embedded houses: cave house, in-hill house and atrium
house [4]
7KH &DYH +RXVH

7KH EDVLF FRQFHSW HRIKRRQHP BRPHNDI UR®DW KK DG CFIHY
7KH FDYH GZHOOLKDVLEDQ @ K EXED W\SR § DQ.D WIHW KDY R
IDFDGH 7KH RWKHU IDFDGHV VLGH HDAONKD QM URRU O
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IUHHVW DUFKLW HMR® XV B OF KR\UPLQJI DWIR WPK R | KDL QFRRLVEGH
SODQ LV DYDLODEDHOBQ® WLWXYWXOHYHO OD\RXW

,Q PLQLQJ DUHDV HYHU\ FLWL]RDWH[®PBIOE LY WKIF
RI ODWHUD )LJ WID@® % RMKMK MDY VK D\ ZHOJH. G HF @DW H G
RI WKH :RUOG +HULWDJH LQ E\ 81(6&2 * Z& UH) L\QRFDHE
FLWLHV RI HJ 7URR WKH /RLUH 9PRXOWKHWPD GEBLOQS
WKH SRSXODW LR @ RXWHO KRIO/MRZGI G DY R WKH URFN

Figure 3: Cave dwellings called "Sassi” in Matera (Southern Italy) [19]

7KH XQGHUJURXQG FLWLHV LQ WKH DWWR RHO&DEORG
ZRUOGZLGH ,Q WKH UHODWLYHO\ IHDFMODEOZH ¥ R OWKDHX
WKH HDUO\ &KULVWLDQV 7KH PRVW DIDIRB XIVU HQ. D VPN (
'"HULQNX\X DQG WKH IRUWUHVV RI 8FIL\WIHDU6LPQGRY D
,UDQ *RQGUDQL 3DNLVWDQ LQ IVGIXYHEID® SDRDUQEKI
LQ WKH &DXFDVXV *HRUJLD $UPHQLD

$ORQJ WKH <DQJW]H 5LYHU &KLQD ZH QFID/QFKMH IV Q/RP

ORHVV ZDOO ,Q &KRGRYH RARPOINGK DY H EEGWE DOHVG HR/ S|
E\ WKH SRRUHU FODVVHV )LJ 18DVY®\LQ FDYELRRXYF
DORQJ WKH ULYHU > @
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yLJ A<DRGRQJ" FDYH GZHOOLQJVLF¥W L&KALR D RH V@ /

RI URFN FXW FDYH GZHOOLQJV DUH LORRAD WH GRIUQV W K HU
7KH EHVW NQRZQ UHJLRQ DPRQJ WKHWBIDUN L&R Q/RKWID GHRV
6DQWD &ODUD &DQ\RQ 1HZ OH[LFR LW WO SQHW HRG B
GZHOOLQJV DUH WKH QHDUO\ \H D U&RR DIGX DX DXDH RUARDY L
WKDW ZHUH EDXJIDKX FED WK HQ G LDQV

$W SUHVHQW PDQF BHIRIYH OQY®JVQIFRX@WWIKHYI U FD-
NQRZQ H[DPSOH LVHORIFWW R IG %DHDGL DMKDI) DV KOHD @ H P EZHKU V
7HOOHP WULEH EX\\O®HP HFGRW SFO HIWRHKN N XW FDYH GZHOO

0DQ\ FDYH KRXVHV HUWFMWHWEXVULQQFHHWOIRFDWHG LQ + X(

DUHDV VXFK DV *HUHFVH 5HJLRQ 1RUWKHUQ ORXQWL
6RNRUy +LOOV 7ROQD +LOOV 7ZR BEL @ DMNVIHD R IF D/ KH
IRU KRXVLQJ KHUPLW FDYHV DQG DWWXM FILOWR\ O RRJHP
ORHVV RU YROFDQLF WXII

%HVW NQRZQ KHUP DW H DWKHV 6 DLD W | WHK® U D&/DHY HW KX €
ORXQWDLQV WKH KHUPLWDJHV DW 6WRXQWORQO TV Wk
KHUPLWDJHV DW OiWUDYHUHEpPO\ 6]HQWN-HDWN.ILQ 7K
IDNH %DODWRQ > @

Figure 5: Hermitages in Hungary. 1: Tihany; 2: Saint Michael’s mountain; 3:
Méartaverebély-Szentkut; 4: Saint lvan CabeMariaremete; 6: Bathory Cave; 7:
Budadrs; 8: Jakab Hill [9]
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Figure 6: Hermitage in Matraverebély-Szentk(t (self-made photo)
ODQ PDGH FDYH GZHOOLQJV )LJ HHBHSRSXOIDMWAE. DOV

ZLWK WKH HDUWK PLQLQJ TXDUUH GZPQGLQUYLENBDWR
1yJUiG DQG %RUVRG $ED~M =HPSOpQ BRK\QHWU F X MG HQWR
PDLQO\ FUHDWHG IRU WKH SRRUV LQ &VRIUMBKHU BDWID
GZHOOLQJV LQ 6]JRPRO\D QHDU OH] NJ[YHVG DUH VWLOO

,Q +HYHV &RXQW)\ GIHUW DEX®D WMHYBWD® BDMHFB®EHDQ
YROFDQLF WXMWFH®RPXWKKM KH PDMRULW\ Rl WKH SRSXOTC
OLYHG LQ FDYH GZHOOLQJYV DQG HYH@ K @ SDKMWPHYWV
UHJLVWHUHG ,Q HJHUV]RBYN PQ QN KR GHZ WREAPQBY YW K D W
EXLOW LQ WK MHWXWEOHIWKKH 0DQ\ RI WKHP DUH QRZ XQ

7KH FDYH GZHOOLQJYV DQG ZLQH FHIOD® UWQ @R U B DANXWI C
1XPHURXV ZLQH FHOODUV ZHUH XVH® OV R3AHED WXIUKR >
LQ 6LURN DQG 2VWRURYV > @

BHYHUDO QRWLILF WY HRWWX UV RPRH @\ BR @ MPKH/ WFRDQH UR
FDYH KRXVHV LQ %XGD ORXQWDLQV R| SMIRIE GRS RO DR
LQ VXFK KRXVHV > @ ,Q WKH V L QF DoWHG IKIFRAWV DD & Hk
UHJLVWHUHG PDQ\ RI WKHP ZHUH XOHMKEY UNVL@HQWL

,Q WKH DUHD RI 7UDQVGDQXELD ZH FBRW LIQIBNARD Q RAHD/Y/I
LQ 8SSHU %DODWRDODWRENB®H\LHE®:Q 6D WFRNRYUF
+LOOV HJ 3DQQRQKDOPD 1\~O 'DQZBN\5HXQINV]HNFV
DQG LQ 7ROQD +L@OVUHIY] PN i ®]RUD
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Cave dwellings cut to loess wall {1: Sokord Hills, 2: Upper Balaton Region, 3:

Danube Region, 4: Tolna Hills)

Rock-cut cave dwellings {5: Borzsony Mounlains, 6: Gerecse Region, 7: Buda
Mountains)

Cave dwellings cut to volcanic tuff (8: Nograd County, 9: Northem Mounaiins,
Heves and Borsod-Abaij-Zemplén County, 10: Zemplén Mountains)

Figure 7: Cave dwellings in Hungary (self-made figure)

7KH ,Q KLOO +RXVH

7KH SLW KRXVHV DUH FRQVLGHUHG \DV AWMKKH IDAJRKRHMW R
DQFLHQW W\SH RI HDUWK KRXVHV ZWINGWXDINO XY GAHHIUHH P |
VWRQH RU ZRRG DQG WKH URRI ZDV FRYHUHG ZLWK HDU

,Q KLOO KRXVHV FDQ EH IRUPHG W\SIIFQD ®\URDV | OTKV
DUFKLWHFWXUDO GHVLJQ RULHQWDWLRQ DQG VXUIDFH
WKH FDVH RI WKH FDYH KRXVHV ,W RROK DSISHD W KDXW I\
LI UHTXLUHG DGGLWLRQDO RSHQLQYW WL EHWILREO ARG
PD\ EH PRUH EHQHILFLDO WKDQ WKIE FDYW KRX VY WROQ @/
VLQJOH VWRU\ IORRU SODQ LV DYDL®IDBEOHDDQKEHIGW KK
DQFLHQW PRUH WKDQ \HDU ROG UDM KRLOH KRKVW M
2UNQH\ ,VODQG B6FRWODQG )LJ > @

Figure 8: The ancients earth houses of Skara Brae (Orkney Island, Scotland) [22]
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7KLV W\SH RI KRXVLQJ ZDV DOVR X\RHUGV B G® HWL F BV LEQ C
1IDYDMR ,QGLDQV 8WDK 86$% 7KLV WUBRBIWQRQBQHLUMDY
VKDSHG OLNH VSKHULFDO GRPH ZLWK B WEUD Q@R F6 ORI K
WKH JURXQG SODQ LV RUGLQDU\ URXH G VR W LFREG\U RAL \WH
FRYHULQJ ,Q &DOLIRUQLD 6WDWH BEO®HD YLRQOROOWRS
XVHG E\ WKH QDWLYH ,QGLDQV

o ST
L \ i ¥

Figure 9: A Navajo “Hogan” [18]

'KLOH LQ KLOO KRXVHR UXRMED /RIG &8 Q@mEKEFRH BIK FE® LZR- DMK
WR SURWHFWLRQYWHVXRPHDJ KHDW LQ HULRSHLD QD U\
HPEHGGHG KRXVHY DQG HDUWK FRY HWA X XQMWGUDN B!
$ODVND 6FDQGLQDE¥KD ,6&HDPDQWD VHOM O GRIXKROHD Z
EXLOW LQ HDUWK HPEHGGHG DQG VRLO YHIHWDWLRQ FF

7KH $WULXP +RXVH

$Q DWULXP KRXVH FDQ EH EXLOW X@GHDDORXQMQIGQ U
FRYHULQJ DUH P D ®HiIRVR{D BW W K HK FROUWHK R4 QEDW N HX\W Ki<H
WZR KRXVLQJ W\SHV HVSHFLDOOD QRV) ZWQWKHPWP HF &R &G C
EXLOGLQJ KDV D MW $SD@® LRV WX AFEHWE \D YW X0\ VRB S
UHVLGHQWLDO URRPV DURXQG LW [ROH GURDGSH @ DOIDUR X &
FRPSOHWHO\ ORFN WKH RXWVLGH ZRULE® HR R\Q OV KZH WIKR
VNVOLJKW ZLQGRZV DQG RSHQLQJV WR WKH LQQHU FRXU

‘H FDQ PHHW ZLWK WKH DQFLHQW W\S®HRQ DWULKXE
HPEHGGLQJ LQWR HDUWK LV PRUH WO\SGEDE (QVINR UMK
NQRZQ H[DPSOH RI DWULXP KRXVHV ZHDWPRWDQGXQHIL
yLJ > @ $OWKRXJIK SULPDULO\KIHQ WHRPGHIG KM R W8 URX
ROG GD\V DV DQ H[FHOOHQW KLGLQJWSKOHD FHQ KA H \' XZAHLE
FRQVWUXFWLRQ DW ILUVW DSSUR[K URX®@GZ\LIGIMSKH G KG
GXJ 7KHQ VWDUWLQJ IURP WKH VLGH ZDOO RXQMKXHDSLW
EXLOGLQJ 6LPLODUO\ EXLOGLQJV FACHP EGLHRX Q® RQFWMK
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Figure 8: The courtyard of an atrium house is Matmata (Tunisia) [10]

7KH ORGHUQLVW (DUWK $UFKLWHFWXUH

7KH URRWYV RI PRIGMHRWEKKNWHWRD Q UHHHV IRX @ ® GLHQUW KDHU ER |
LQ WKH HDUO\ WK FHQWXU\ ,Q PPHO®RMMHESX WLBULQFL
KLV ZRUN HQWLWOHG )LYH 3RLQWY RI D 1HZ $UFKLWHFW

“Buildings should stand on pillars accordingly not to take place in nature, and allow
vegetation below. Roofs should be flat and they need to be installed with vegetation.”

7KHVH UXOHV KH DSSOLHG IRU WKH GHKWL3$QHRILPDOC
DUFKLWHFW ) / :ULBRW EH FRQVL&GHWYWHRGEG RV PRSEBINK
DUFKLWHFWXUH 2DMRRYV KIRWNRMVW WKRXMHO O0LLGDIT D3/XIE
BSHQQV\OYDQLD 86% WKDW ZDV GHVLIJQEGVIKRU ( VWDXIPI

'"HVLJQLQJ WKLV EXLOGLQJ WKH SOUSRYRIR) W&HE DRDMK
FORVH DV SRVVLEOH ,W FDPH W UXWHIIWDK QV B ® DVKWH B
RI VWUHDP WKURXJK WKH KRXVH > @

+RZHYHU WKH ZRUNV RI WKHVH RXWWW B QRELO\J KD LXK
RI WKH FDPSDLJQ WKDW ZH FDOO PK&HRIL @ DBUM R AL Bk
WKLV QHZ DUFKLWHFWXUDO WUHQGRZIHVUKIHE RW K E IQQW/KKH)

ODOFROP :HOOV LV VRPHWLPRY RRGHUQGHHD D W
VKHOWHUHG DUFKLWHPWXUHU Q+ LVQILL&B QWL OHEPXH. B G LG
EXLOW LQ &KHUU\ +6P A QAHZIHNUVH\@8
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Figure 11: The earth house of Malcom Wells in Cherry Hill (New Jersey, USA) [5]

+H IRXQG PDQ\ IROORZHUV DIVWHYHRKOH RIHO ORLWY H
WKH DPRXQW RI IRVVLO IXHOV DUH BRQYKEOSVRIXRQ DEDB(
OHYHO RI JUHHQKRXVH JDV HPLVV IDRXBGV F QKD H HAKOW@W |

6LQFH WKHQ ORWYV RI GHVLJQHUV SDBF &DWHRWWKE B
WKHLU DFWLYLWLHV ,Q WKH 8QLWHE\ .RDQ HORRV K/ IDH) FPKRLV
ZDV $ 4XDUPE\ ZKR GHVLJQHG WKH |INWVWQPRGHIUED ¢
+XGGHUVILHOG QHDU 3HDN 'LVWULFRYW 1DDWR K D BOIUW
WKH $PHULFDQ 0 OXHQQLQJ WKH $UNKIQWHQEDRQ
OLONRYLi DQG IW MW BRLVV ZKRIBOWR QHRXVHV V

9HWVFKTV XQLTXH DUFKLWHFWXRJDWKGHVWIQ H \R D $V
DQG $UW 1RXYHDX ,WV IDPRXV +XQJD UM Q DIRVIDIR DIDEV
.RYiFV )LJ > @ > @

Figure 12: In-hill house planned by Zs. HeggdB ny, Hungary, 2007) [8] [17]

7KH '"HVLJQ $VSHFWV RI ,Q HDUWK (PEHGGHG +RX}

2QH Rl WKH PRVW LPSRUWDQW DVSBFWEY DVVWHH $§a@Q W
WHUUDLQ D FDYH GZHOOLQJ LV DGRLXWIHE OV PRUKLPRQIKF
RQ D IODW WHUUDLQ > @
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7KH GLUHFWLRQ RGENWWRSPQQ LYJDBMRIHPEH B QH® KXV
OLPLWHG ZD\V RI IDFDGH RSHQLQJV DIIQHLV RIXG\HOHU QR V
GZHOOLQJV RQ WKH QRUWKHUQ KHPLVISKWWUIPVK)QRPIW
VRXWK DQG LW LV HDVLHU WR HQ¥V OUM LI RXSIKFE D WX @D

,PSRUWDQW LQIOXHQFLQJ IDFWRU RIWGRYERDGLW LR
GRPLQDWLQJ LQ WKH FRXQWU\ ,Q 6FWQGE@DYIGD WK
PD[LPL]DWLRQ RI ZLQWHU VXQVKLQ H XWLHILJD ISRIR WK
DIJDLQVW VXPPHU VXQVKLQH DQG WKH VKLHOGLQJ LV SU

7KH DYHUDJH UDLQIDOO DQG DLU KA RLU GV L \38 MIDYRL G
RULHQWDWLRQ RI DQ HDUWK KRXVR VK HULRXY GHWHBW
2Q WKH QRUWKHUQ KHPLVSKHUH FROGGZQAWW K ZHNVWG V
IDFDGHV VKRXOG QR WKEW IRESQUO H @

W LV HVVHQWLDO WR KDYH UHJDUH®WLD OV KR L\R SO FESRI
SD\ UHVSHFW WR DUH GHQVLW)\ ZDWHWLRQUPXDELWLWS
VRLO LV UHODWLYHO\ OLJKW OHVW JWKDWV ORZ JIRW MR
HURVLRQ OHDGV HDVLO\ WKH XQQHFPRMDW X WHD LH) ZHDRME
ULVN RI IURVW KDV JRRG WKHUPIGH QWX E DD UWRR T XDHQ

8QIRUWXQDWHO\ WKHVH QHHGV RIWRQ @G DG WR FBD

DGYDQWDJH WKDW LW KDV OHVV SRWH@WXDDWREBRMHITRY
WKH VDPH WLPH ZDWHU SHUPHDELOURD (R PRWLR QW ORG
RI IURVW DUH PRUH GDQJHURXYV

7KH OHYHO RI JUR )G ZB 3/RIWWIDWQ WOMRE HYQ JIHSH D\W H @
ILQG DQ DUHD ZKHUH PRLVWXUH FDQR®WHN RYPE®Z DD
SUHVVXUH PXVW EH DFFRXQWHG GXUBBG \ZEW HUN QX F\
LQFUHDVHG DWWHQWLRQ ,W LV UHFRWRH B GLHG WKRH R/
SRVVLEOH ZD\ WR HWFRIISHVWDXFWXRM ZLW KL% ODQDN DD
ODQGVFDSH SODQQLQJ D EXLOGLQUPRXW DQ DSSURSULI

7KH $GYDQWDJHV RI ,Q HDUWK (PEHGGHG +RXVHV

,Q HDUWK HPEHG G HXGN KIR XASHH\F LLDHDS DGV I H A/DHEWVAHX WIKG! \WK
QRW RQO\ DHVWKHWLF DSSHDUDQFNXEWWL\WRED ADMUEK
EHFDXVH Rl WKHLG ORQ JHQ LRR RIS @ >

&RPSDUHG WR FRQYHQWLRQDO EXLOGLQJV HDUWK
VXUURXQGLQJV $ QLFHO\ GHVLJQHGLHRBQWMKQKR LM HE @
DOZD\V EHHQ WKHUH EHFDXVH RI LW UJIRIZJIEXHDWDXS D
EH GHYHORSHG RQ WKH EXLOGLQJ VIDWKH BOUWK\PK®RP HN
UHVLGHQWY 8QOLNH WUDGLWLRQDOIEXRIOE LIJE BXKLD
VORSLQJ WHUUDLQ > @

%HFDXVH RI WKH WX REN VHOH W R RFIRBHGUAERNG KBRW XK HH P P
OHVV H[SRVHG WR HQYLURQPHQWMDQ HHFDAKW K RN HWVEB HV
FRYHULQJ DQ LQ HDUWK HPEHGGHG KR XD/GHGNIHM F- RVIRKOHV K
VORZHU 7KLV WKHUPDO ODJ SURYLIGHWL @R Z $WH PFHY DL
WKURXJK HDUWK FRYHUHG ZDOOV HQA QRIRGW XQHDAOLOQ

122



D. Bozsaky — Acta Technica Jaurinensis, Vol. 8, No. 2, pp. 113-130, 2015

RXW VR TXLFNO\ &RQVHTXHQWO\ HQHI®GH 6 RKRX\PHEW LR G
ORZHU WKDQ WUDGLWLRQDO EXLOGLQJV

(DUWK FRYHULQJ RUR DUGHE VSWU RI\WHE WRH RZQOM WKNH ¥R/
KXUULFDQHV W R UIQD\G RIHWH ANV W EQ FIHH DAVDXUMAR FHR M_HF
SURWHFWLRQ 7KLV LV ZK\ HDUWK HREHGIHG/ KB XD MR Q)

1RW WR IRUJHW HLWKHU WKH H[FHROOHDWWMRX® G LQV
WKLFN HDUWK FRYHULQJ LV DEOH WRZDEVRYUED WKW QLU
FRPSOHWHO\ LVRODWHG IURP WKH QKYURXYFSDOHVIX\DRIJE

,OOXPLQDWLRQ DQG YHQWLODWLRQ SWREQHPWFWQRE
VPDUW XWLOL]DWLRQ RI IDFDGHV :DWKLQ KHD lK\W R SH RE H
KRXVH FDQ EH OLJKWHU DQG PRUH DLU\ OLNH D WUDGL\

7KH 'LVDGYDQWDJHV RI ,Q HDUWK (PEHGGHG +RX)

W LV D IDOVH EHOLHI WKDW XQGHURY FRQOG OO GD P
WR WKLV PLVFRQFHISWURQGPROW BHEWREBOMN® \Z IRV KL QV K E
KRXVLQJ WKDW EORFNV WKHP WR VSUHDG ZLGHO\ > @

7KH\ DUH GHVLJQHG ZLWK JUHDW FDOHGMNILQOERQGG
FRQVWUXFWLRQ EXLOGLQJ PDWHU HNQYQHQGGRXM G RQV
WKHVH FRPSHWHQFHV WKH LQWHULRWWKOHPE WG GRIGDEXT
FDQ EH UHDOO\ XQSOHDVDQW

,QDGHTXDWH YHQWLODWLRQ FDQ DEXNBIXWHK HK X RLGRR\
SUREOHPV WKDW FDQ EH VROYHG RQQFEQ GDWRLOO
HTXLSPHQW :URQJ RULHQWDWLRQ XQ\W/ L[RAS ZRGH B Z&WHO k
VRODU DFFHVV WURXEOHYV

ODLQWHQDQFH FRVWV RI DQ LQ HDUWXFHKPERGHEH @ KX
WUDGLWLRQDO EXLOGLQJ DQ H[FHSWLRQ RI RQH SRLQW

6SHFLDO DWWHQWLRQ VKRXOG EH GHDQ% DRWG WWRH FIK\R R/
TXDOLW\ RI VRLO XVHG IRU URRI FIRW QUIE®Y VDSHFLD @ H
VHH D ZHOO NHSW YHJHWDWLRQ

$QRWKHU GLVDGY DWW CSIRWMLQIW IVD € ADWEDL W DRIQV H HG |

SUREOHPV ZLWK WKH GDPS FRXUVH GDQVEMWEHWRBBHIC
KLIJK FRVWV 8QIRUWXQDWHO\ WK IEERG \WHYX BN DRQ RO
FDQ EH PXFK PRUH B[SRQ YV HQK MR REXW & B LRRIUVEHFD X
SODQQLQJ WKH EHWWHU EXLOGLQJFFXWBWHD6RD¥MAL
VWDQGDUGYV

W FDQ IULJKWHQ D ORW RI LQY HVADRIWY DNV WHKWHSHIFOD®
SD\EDFN RI FRQVWUXFWLRQ FRVWY GXULQJ WKH RSHUD'

'LVDGYDQWDJH LV WKDW PRVW RI WKRQ BWHDUWBWKVKRWX
DUWLILFLDO FRQAUMWHE D VEIODDS/WRFILRE XFWRR @ KHQRYR C
HOQOYLURQPHQWDO SROOXWLRQ DQOVRFREARQ®DJI H[GIHWL

123



D. Bozsaky — Acta Technica Jaurinensis, Vol. 8, No. 2, pp. 113-130, 2015

WR WKHVH OHVV HQYLURQPHQWDOODHAMGHGQGD\ (FRWE L
ZDWHUSURRILQJ HDUWK DQG DGREH EULFNYV

$OWKRXJK LW FDQ EH H[SHFWHG DUXRICL\88DBYW XRIDWRM >
HDUWK KRXVHV £ PDLQO\ GXH WR VWUXEWXUX®D FRQWV V
EXW WKHUHIRUH WKHVH KRXVHV DUH PRUH GLIILFXOW W

$PRQJ GLVDGYDQWDJHV VKRXOG EH PHBMLIRD DG WWHKIHD
DQG GHVLJQ VS H HLQWRD WLIRKFW L&YXHL B G I/ OFFR.Q@W DLLKDJI XQ@RD W
SDVVDJH IRU HDUWK KRXVHV EMRIOHYH® §HO R WH
URRPV LQWHQGHG IRU SHUPDQHQWDWHRXWHADAN FDQ EH

BUEDQ DUFKLWHFWXUBDOW KV KIR XW3HIVZ ® DR GIOXLEMV V H K|
EXLOGLQJ LQVWUXFWLRQV RI UHVIQWYQEWRHG\G SAZQVFI
GHYHORSPHQW PHWKRG FDQ KDUGO\ EH REVHUYHG E\ F

$OVR UDLVH TXHVWLRQV ZKHWKHU RIUQ QD V¥ DRD @ @ HI
GHQVHO\ EXLOW LQ DQG H[SRVHG \WRWKWPYR MLWDD L D D!
HFR EXLOGLQJ GHVLJQ LV PRVW QHHGHG

7KH SHFXOLDULWLHYV RI WKH %XLOGLM@IG6WUXFWX
+RXVHV

%XLOGLQJ LQ HDUWK HPEHGGHG KRXVHDYQBWGRQPRBIG
ODQGVFDSLQJ WKDQ D FRQYHQWLREVMD)OUEXILY GBRYW RKW E
RU VKHOO VWUXFWXUH EHFDXVH WHKLM VWUHXEWWUB JLVW
SUHVVXUH IRU WKH ZDOOV DQG URRUH ®DHB S D@IG WHOH. KIX
RI LOOXPLQDWLR®Q\SURKEW W PO DH BKGYRIR WHK IV W/UR)SF R/IXW H

W LV LPSRUWDQW WR HPSKDVL]HDW R LS\ FQ® H.IKSO B WA
RI LQVXODWLRQ WKHUPDO LQVXODWXBRWDRG BDWS U
EHFDXVH RI WKH XQXVXDOO\ DQGQUV@HJIXODU VXUIDFH\

7TKH 6 XSSRUWLQJ 6WUXFWXUHV RI ,Q HDUWK (PEHGGH

7KH FKRLFH RI VWUXFWXUH PDWHUW®IJ IGVHFDLQ OW BHI
FRQGLWLRQV DQG WKH H[WHQW RI EHGGLQJ LQWR HDUW

7KLFNHU OD\HU RI HDUWK QHFHVVLWXWHYV 5HLQRRUHA
FRQFUHWH LV WKH PRVW FRPPRQ PDWHWDDWHYREBI FIUHE
HPEHGGHG KRXVHV $OWKRXJK LW LV LGHRME ON KEHX IPARG/IY
PDWHULDO LWV VWUHQJWK GXUDE [EGHQWI IDVW) G RPS B UHIG/
PDWHULDOV

SUHIDEULFDWHG DQG PRQROLWKLFDE®HQ IR WRMHGX FR@ B
Rl UHLQIRUFHG FRQFUHWH FDQ EH BRPHLQHRUEHSGKFRQ
ZDOOV DQG ZRRG URRI VWUXFWXUH

6WHHO VWUXFWXUH DW V&Y RARMIFHD YHMEUWMAW KR KXVERI
UHODWLYHO\ VPDOO VWUXFWXUDO VHOI ZHLJKW DQG K
PDLQ GLVDGYDQWDJH LV SRRU ILUARWHANRWIMWVRDOQFH DQG V
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5DUHO\ PDVRQU\ VWUXFWXUH VWRE@H XWHGENEBDW REWM |}

ORDG DQG VWUHVVHV LW VKRXOG BHHDGWUWQRW R B QUAKSL
FRQFUHWH VWUXFWXUHV $V WKH UHLIRIRR FRHGPBER QRWI
VWUXFWXUHV LV DHOVRRYISKHULFW OL\GERRJGIOH QU LHRQ Pk
FKHDSHU 6PDOO EHEBHRW RUGO IZR W KVBWDLENO R DH/E&R @D IUHAW
%,2(&2 EULFNV DUH WKH PRVW SRSXODU )LJ > @

Figure 13: Masonry structure of the earth house in Tokol (Hungary) [17]

‘RRG LV DOVR DQ RUGLQDU\ VWUXFWLXRDP ® |EX MDICALEHIUP
VWUXFWXUH FDQ H®YDWRQHQW I @ OMBROQVUFH REXH/F DXV K
QDWXUDO RULJLQV )LJ 6XSSRUNWLRY SIRZHW RH DW
FRQFUHWH FRQVWUXFWLRQ VR LW GDW LIRS DW FID\E IOGHNMV
PRLVWXUH KHDW H J ILUH DQG SHVWYV LQO¥VMHEFGHG UR
DIJDLQVW WKHP ZLWK ZRRG SUHVHUYDWLYHY DGGLWLYH

Figure 14: Wood structure of the Navajo Hogan (Utah, USA) [20]

BWHHO DQG UHLQIRUFHG FRQFUHW HDV SQDX\FWLXADHO 6 D QF
VKHOO VWUXFWXBBFISUW | UV W RUAWKG PEIRXEO N FYWXHIHKHO L
7KHQ D ILQH ZRYHQ VWHHO PHVK LVUDW® DWFKGHG J H W
FRQFUHWH OD\HU )LJ
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7KH VSDFH EHWZHHQ WKH WZR VKR WWHKRFHUFRIHW HQW X\
JHVV WKHUPDO EULGJH TXLFN FRGDWQWXB QG RQ GRAHALE
IRUPZRUNY DUH LWV PDLQ EHQHILWV )LJ

Figure 15: Supporting structure of an in-hill house (Egerszalék, Hungary) [21]

ground of the outer shot
skin {fine-weaved steel net}

outer steel net fastened on the
frame strcuture

primary steel frame strcuture

outer shot-concrete skin

inner steel net fastened on the
frame structure

ground of the inner shot-concrete
{fine-weaved steel net)

Figure 16: The stratification of the plasticallgrmed shell structure (self-made figure)

7KH BUREOHPV ZLWK RDRQ BHDRRVKQPEHGGHG +RXVHV

$V DQ\ VWUXFWXUH FRQWDFWLQJWWW K FRHGG MWK HK RV
QHHGYV SURWHFWLR@M I DHBPWUQY VR RRUFWWOR H J UHHQ QOIRUWRD!
FROQVWUXFWLRQV WKH SURWHFWLRQRR®N PLSY SUKXRER/IWQ O

$W ORZHU GDPS SURRILQJ UHTXLUHPRIKMAL OZK\HQU R QXL
WKH VXSSRUWL QB DWQNB KX FADXMH) WW KEWOF RHQF UADNHH U BWR.U H
FDQ XVH ZDWHW\WRDIWWHS OQY WU RO &R X \WHIX FW & U HR/l WV &H

,Q DOO UHVLGHQWLDO EXLOGLQJV WLBW G O OIRPSM LSRIHHDYH
GDPS SURRILQJ WHFKQRORJLHYV DUH PRREWDRH WVXH F
LPSRUWDQW GDPS SURRI PHPEUDQH LQYRRDWLHPEW D
'XULQJ WKHLU SUHSDUDWLRQ V\QWW K VELFXR BBDHDQIEG\E K
PLWXUH LV FDUULHG XS WR D SROVHWKSHFQWD B RV B Q BK
DUH VWLFNDEOH WR RXWHU ZDOOV VZQIREMNX @IVGH @K
VWUXFWXUHV QUXORQHDXLWKR LW > @> @
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B8VHDEOH SODVWLF ®DHRS SORRDUH PREKORKIOGDRWH
SROVHWK\OHQH DQG SRO\YLQ\O FKORKHDS D3PG GRXHUMDEEULL
89 UDGLDWLRQ FDQ GDPDJH WKHP VB (OIFRHFRPHD W PP BIRSW |
IURP GHJUDGDWLRQ GXH WR VRODUFRPBRQW®\L R H.G/ KM
PDWHULDOV DUH SRO\LVREXWK\OHQH S3J,B6S\ OSIR®\ FK G
(3'0 SODVWLF GDPSEURRHNQJI(3PH PP HP E U DHIHND WKHDG H
SURWHFWLRQ DJDLQVW URRWY ERW SWKHW \D Ul X HDUY HOD
ELWH LW WKURXJK 30DVWLF ZDWGPRISQRRIOPD WHILHQPOW\
WKH\ DUH SHWUROHXP SURGXFWYV

7KH RWKHU LPSRUWDQW JURXS RI GDPBX®DRRIRBDWH
WHFKQRORJ\ PHDQV WKDW WKH OLTXIGG ¥B5WHMUBUR RUX
RQ WKH VXUIDFH WR EH LQVXODWHGQ 3 IRHPLE GLOHQJ LW

&RDWLQJV DUH HDVLO\ SUDFWLFDEDHY R B WH R O W WH\
EH HDVLO\ GDPDJHG DQG WKHLU LP SXDHMPIHGMOD WDREO DQ
ZHDWKHU VR DWWHQWLRQ WR ZHDQKUDORR QGHKMLBRQN
SODFHV ZKHUH LPSEBRPHR®HD W QR & ORI \GRHR QR MWL RS RAHVG
FRDWLQJ LQVXODWLRQV DUH ELWXPLQRXV HPXOVLRQ D

6RPHWLPHY EHQWRQLWH GDPS SURRILIQG GRIFEF XR X \QHA»
%WHQWRQLWH LV FOD\ PLQHUDO IURDPUAKG ZK ILEX DO BIW L
WKH RXWHU VLGH RI WKH ZDOO 7KHU IKUH KIDWHHOL XWH
GLIILFXOW LQVWDOODWLRQ 7KHURQLY DOVR EHQWRQLW

7KH 7TKHUPDO ,QVXODWLRQ RI ,Q HDUWK (PEHGGHG +F

7KHUPDO LQVXODWLRQ TXDOLW\ RI HILQW KR QV PR LWS\HX
FRQWHQW GHQVLW\ DQG FRPSRXQG W HWPQIH G REHOXE

© P. ZKLFK LV PXFK ORZHU WKDM WK KN KK PRF/D
FRPPRQ EXLOGLQJ LQVXODWLRQ P DVOBDWLIRIY P BbW WU+ DXQ
WKLFNQHVV Rl HDUWK FRYHULQJ LV PXFK ®BBDNXVH LRV |
ODUJH PDVV DQG WKHUPDO ODJ LW RXWHLO MW HAPRS HUL
FKDQJHV VR LW FDQ SURYH DGHTXQDWLID QVE X U® G DQS U R
EHQHILFLDO HIIHFW WKHUPDO LQVX®DRRQ ORHVINQ HHH
QHHGV WR EH SDLG D VLQ D FRQYHQWLRQDO EXLOGLQJ

7KH HDUWK VKHOWHULQJ DFWV SRR/ILW KWHBX DOSR@ WK b
SURWHFWLRQ IURP WKH VRODU UDDBWDRQRRY %K H HRGKFH
RI WKH URRI DQG E\ LQFUHDVLQJ \®WHiLUL QUK ARI@ VO LAEDXY
FRROLQJ RI WKH VRRFH\Q BHIOR 2/ X\PHI BIUBIQE HV R | WWKKHH LLL
GXULQJ WKH ZLQWHU 'XH WR WK FRN A UIHDIVWHD R
HQHUJ\ FRQVXPSWLRQ > @

2Q EDVLV RI UHVHDUFKHV WKH VXUJD¥DHMUWH\P DHFERWE U
WKH GLITHUHQW NLU@RZ HRU YWHH R'W B WD RIXK H HV PHHTHWX ZK GF |
FRYHUHG E\ WKLFNHVEDWNRQUBEBG KHHKAK DQHVERF¥FHWYH(
VSDUVH UHG YHJHWDWLRQ RU RQOHVH[WH URDIOQV XW KBIF)
WKH HDUWK FRYHULQJ DUH KHDWHEHOQHVE WK B Q MOUDHEU
WKH SODQWHG URRI\O BIWG/XFH WK H NKWEE\W HAK\N LHW W I/
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KHDWLQJ DQG FRROLQJ ORDGV DUH \CKRZHWHIUQ QU KH @X
JUHDWHVW HQHUJWHVAIKR.MH \ HDXU B O DRGH @ HOH WEKOHD F B V H
LQVXODWHG EXLOGLQJV ZKLFK LQREBDYB @ DWRD S S D!
7KH WRWDO HQHUJ\ VDYLQJ FRQVXP SMEL ERL DG LRDIWH YR
IURP  WLOO ZLWK RU ZLWKRXW DRI YHDIUFW & FFRRYRHDUL IQG
WKH HQHUJ\ VDYLQJV RI ZHOO LQVXODWHG EXLOGLQJV :

6HYHUDO EXLOGLQJYV KDYH EHHQ EXIDOAW HDQ WK H REYDHAL

LWVHOI VXIILFLHQWPDQGA QRXDG®GHMGQVIKPB \HRZHDNH B X W K L'
DOORZHG EHWZHHQ VSHFLILF FOLPDWLWDWRQGOWRRWY
DSSURSULDWH LQGRRU DLU WHPSHUMNRQV HZ IPRIQRRW HE
WKHUPDO LQVXODWLRQ

%DVLFDOO\ WZR W\SHV Rl WKHUPD REQ@YRQDWLWREA WOII
LQVXODWLRQ RXWVLGH RI WKH ZDW RUKHJ R R MOQUID MH.REIU ¢
FRQVLGHUHG DV VKE® K BB WDKFWL QRIQ\DIWDO RIZ\M 6 U WIRO X V
SXUSRVH ZKLFK @RIQW XQRMNVQ QY HD FMDQ W \PRQ & WX LSHH bl PID
WKLV SXUSRVH WKHUH DUH VRPH SODMWL P VIRHD[RV WLQW
SRO\WW\UHQH IRDP > @

$QRWKHU ZD\ RI LQVXODWLRQ LV WKNKRG VIWKHURD
LQVXODWLRQ SURGXFWYV VXFK DUHFSREDXQOWK@\QWHXLR D
HDVLO\ EH LQVXODWHG ,Q RUGHU WR\HNWB HPX Z\WW WEHHU RDY HDJ
LwW

&RQFOXVLRQV

5HVLGHQWLDO EXLOGLQJV HPEHGGH® IMXW R WIDWW K1 DY
FDYHV LQ KLOOVLGH FXW FDYH GZH\O DHQ BVWXHGDIUF K H R
HDUWK KRXVHV W KB WLRRIGMWXY H FDQYE \D WX P LIQRKVOI®

%DVLF SULQFLSOHV RI PRGHUQ HDUWXKMUFKUW MF\PRU
DUFKLWHFWV LQ WKH V VXFK DX HHU&POBX VLGHID DRY GL
HPEHGGHG KRXVHV FDPH WR IRUZDUG WRB\ DIWHQ W/HKH \
WKH HQYLURQPHQWBPLRXQ\G MHOAKULIW HFRWXWHHU ERIF BRA PR
NQRZOHGJH ZKLFK JUHDWO\ FRQWULEXWHRBI WR HMHY\D
HPEHGGHG KRXVHV H J WKH H[FH OHOQHQUN \I| EW QVR PASKAH R
SURWHFWLRQ RI L QISR Q@ \VOL YH[QWH Y 8D BH HHFWLW R B RIH QR
ZLQG DQG WKH IOXFWXDWLRQ RI WHHP SHOMHWIXWY R, Q ®R
EXLOGLQJ PRUH WKRURXJKO\ H[DPLQW& WIWL G VLIV Q HRT
FRQYHQWLRQDO UHVLGHQWLDO EXLOGLQJV

$V DQ H[DPSOH SDUWLFXODU DWWHRSKIRF® & KRE& DD B/H
VRLO FKDUDFWHULVWLFV ,Q DG @WHL R QF MVRROW®& LW N Q/KH
EXLOGLQJ FRQVWUXFWLRQ DQG EXROGRQVYLIXN\WLKN WRU
OLIJKWQLQJ VRODU YHQWLODWLR® P /& K SPHIFXION D T XU
ZLWK WKH HDUWK
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7KH FRUUHFW RULHQWDWLRQ WKHDQ@® RWKEODHD BHWL R
PDWHULDOV DUH WKH HVVHQWLDOHNVAHQWGREXL OEGHRDIX ¥
HDVLO\ QDUURZ GOEGSWEBBUNIBQE RRY XX DNEDBM@HVIIRRR K X

JRU VXSSRUWLQJ WKH VWUXFWXUH RUIMKHOO WKV HREW(
WKH PRVW VXLWDEOH 6WUXFWXUDO RRODAMHWLIHD OEXKW H¥F
PDWHULDOV VWHHREHZRRGG WOURDQHUDENVYXDWH F&WRP
LPSRUWDQW LVVXHY DUH GDPS SURRILQJ DQG WKHUPDC

(DUWK FRYHULQJ KDV SRVLWLYH HMWKNFWKRQR XWEGRRWU R
IURP VRODU UDGLDWLRQ DQG UHGXFHVDWWHK FRGRRLU
GHFUHDVHV WKHUPDO ORVVHV LQ ZLQWHLY XEG 2V UPDLY
HQHUJ\ FRQVXPSWLRQ :LWKRXW H[VGUPRWRHQ P DRDGV XD

ORZHU WKDQ LQ FDVH RI D QRQ LIZGWX WKW & GL @ XALOID\C
LQVXODWHG EXLOGLQJV 6RPHWLPHWUD WRBGPDQGL QP!
QHHGHG ,W FDQ EBIXGRIGY SO VW KUH@HVIRIIFP | R D PRRQ R/ S
RU EUXVKHG LQVXODWLRQ PDWHULDOV VXFK DV SRO\XL

%HFDXVH RI WKHLUHONVD GYDQWKLIHYERKN. ARG L\QA DRIRG/MIM
UHJXODWLRQV VWULFW GHVLJQ D VH HERW © WL Q HHODDUMLKY HH
QRZDGD\V %XW DV WKH\ VSUHDG ZLOM®\ G\DUN DHI® FR
ZHDU DZD\ 60RZPLQWKIDF DMV EMPFRHFRSHMOD UV R BDBHH
DUFKLWHFWY KDYH WR GHVLJQ PRUH DQGWRKRIU H W WHHD U\

SHIHUHQFHV

> @ $0 7THPHHPL $$ +DUULV '- $ JXMETHEQIOQMYRRU BB U MA
VKHOWHUHG PDVV KRXVLQJ LQ KRWJDWROFOLPRRWH V
SS

@ %DWiU $ 7KH 'HQOULEOW URPEX RIEXEOLVKHU

@ %LFD 6 5RVLX:KDOW GROUDYF W H IRWRILAAD OH % QLHD GAL G
ODWHUYS®BY( :6($6 ,QWHUQDIWURQBEB BRR +HDW 7UDQV
7KHUPDO (QJLQHHULQJ DQG (QYLURQPHQW ORVFRZ
SS

@ %R]JVDN\ ' ,Q HD BAAKL GRHEHGLEDHD YDXULIODEY. Q D\D J LU+ X G

VvV Vv

\

eStW LSDU 9RO 1R SS
> @ %UDKDP : ODOFRP :HOOV ROOLDPEUDKDP
7HFKQRORJ\ DQG 'HVLJIQ
KWWS ZLOOLDPEUDKDP QHW "S GRZQORDGHG

\%

@ 'iP/ ,Q HDUWK (PEHGGHG 5HV L GHRUNFIKD O BRW B GiH G

$01|0OG LQ +XQJDULDQ $ Q\tUHJ\KiJLHYyVD $QGUIiV 0-
-y¥OGUIV 0~]HXKIIDtUHISS

@ )DMV]L % 'LVFRYHULQJ 7XQLVLD ,QGHSHQGHQWO\

OWLNDODX] KX 7X@H]LOQIDVYPQUHQIHGH]QL 7XQp]LiW

VIHSWHPEHU

KWWS ZZZ XWLNDODXREXSLQGH[ SERZQORDGHG

\%
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@ +HJHG&V =V ,Q KLOO +RXVHV LS#WQR&YEVINWIDUL

KWWS PDJ\DUHSLWRPXYHV]HW PP DDW KX KX SDKRC
LG
GRZQORDGHG

@ OHGQ\IQV]N\ 0 &DYH KRXVHV LQ +KRGH U % X@D-SHYIN

@ 1LDFKRX $ 3DSDNRQVWDQWLQRXV $DIIWDPRXDNR
* $QDO\VLV Rl WKH HDUWK FRYHU LQDWILKRHQ RD Q@ VBW RIS
SHUIRUPDQFH (QHUJ\ DQG %XLOGLQJV 9RO 1R

@ 2UWXWD\ *\ HG &\FORSDHGLD R k@ QXQUIDIUQ D'W K
$NDGpPLDL .LDGY %XGDSHVW

@ 2UWXWD\ *\ HG &\FORSDHGLD+XIQIPQLDQLDQ (WK
$NDGpPLDL .LDGy 9RO %XGDSHVW

@ 5R\' 5 (DUWK 6KHOWHUHG +RXVI8Q GHRIZ WRRX @& LHRE H
1HZ 6RFLHW\ 3XEOLVKHUV *DEULROD ,VODQG &DQDG
@ <RQJ: ,QVLGH WK H%OHIOORZFRPV&KL @R QIR YWV DWIE R
WKH <HOORZ HDUWK -XO\

KWWS ZZZ EHLIDQ FRP SRVWFDUGV SDJH KWPO
@ $QRQ $Q LQWW R GHKFVOIRHU WERIWHHD I8 I HEOUN MULIVEJ (D U

$VVRFLDWLRQ $Q LQWURGXFWLRQ WR HDUWK VKHOW!]
KWWS ZZZ EHVD XN RUJ LQWUR KWPO GRZQORDGHG
@ $QORQ %XLOGLQJ (DUWK 6KHOWHWUHG HRPGNQ \LIDWDk
&RPPHUFLDO OXOWL )DPLO\ &RQVWUXFWLRQ

KWWS ZZZ HDUWKVKHOWHUHGKRPH FRP LQGH[ KWP
@ $QRQ =VROW +HJHG&V LQ +XQJDULDQ

e0 pStWpPV]HW KX J¢HSN QH\WMNO@ Tt WP WtY+OL pStWpV]HN
KWWS HORHSLWHV]HW KX KX HSXOHSW WK \H SINWKHNIH G
]JVROW

GRZQORDGHG

@ $QRQ +RJDQ 'ZHRBO L@ DONDR % H U WO B NM\H B RXKW KH U C
VWRULHV DERXW VRXWKHUQ 8WDK +RJDQ * 7KH 1DYD
KWWS ZZZ VR XWDK FRP IHDWXUH KRJDQ KRPHSDJH
@ $QRQ ODWHUD :LNLSHGLD + WKH IUHH HQF\FORSH
KWWS HQ ZLNLSHGLD RUJ ZLNL ODWHUD GRZQORDG
@ $QRQ 1DWLYH $PHULFDQ 6KHOWHUV = 6RXWKZHVW
8QLYHUVLW\ (PXVHXP 3UHKLVWRU\ 6HWWOHPHQWYV 6R
KWWS ZZZ PQVX HGX HPXVHXP SUHKKXMWRW \KWPVOW O |
GRZQORDGHG

@ $QRQ )UHH IRUPHG +RXVHV 8QGRBV KK (PQGVK LQ
KWWS NRRV KX VIDEDGIRUPBIMX VIHQGYLFVK
@ $QRQ 2UNQH)\ V 8QGHUJURXQG (DMRWK (KORMVK ¥ RXWH
KWWS ZZZ RUNQH\MDUWWR RRAVMMUGRZQORDGHG
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6WDWH 6SDFH (VWLPDWLRQ IRU D¢
SFWXDWRU 9DOYH XVLQJ ([WHQGH

=V +RUYIiIWK

BURGXFWLRQ 30DQQLQJ 9 (QJLQHYV
$8', +XQJDULD ORWRU .IW *\ U .DUGIQ XWFEC
JVROW KRUYDWK#DXGL KX

$EVWUDFW 7KLW ID S/MUD G HV ¥ %D ¥ HQ HIY OVH. P\ WR R B F KU
DFWXDWRU YDOYH XVLQJ H[WHQGHG MDPMWRILO
PRGHO LQFOXGHV D 7XVWLQTV 1ULMNHRQ RRGHHO L
UHSUHVHQWY DQ DFFXUDWH PRGHOH®RQGIHY UL E
HOHFWURPHFKDQLF®W DFRWMDWRH N DOWKH HPTR G W
ZHUH FRQYHUWHG LQWR D WLPH U/HWIFRIHWWLHR Q7 R
WKUHH VWDWHY QDPHO\ WKH PRW FOW 6 XSJRMQW R
%RWK WKH DFWXDWRU PRGHO DQG WKH Q.) DOJ
0$7/$%S 7KH PHDVXUHWH®DMWDIRQ MXIXHG DQH St
1IDWLRQDO ,QVWUXPHQWYV &RPSDFW5,2 MRQWHP
VKRXOG EH WR WDNH D FRQFOXVLRQ WRWH XFK
HVWLPDWLRQ RI W KHU®KWUPRG H/ \Z BP\RWE 8 GX VRIU W
IXUWKHU GHYHORSLQJ WKH IDXOW GBRW¥*IWLRQ
YDOYH

Keywords: extended Kalman filter, electromechanical actuator valve, state space
estimation, Tustin’s friction model

,QWURGXFWLRQ

3URFHVVLQJ LQWHJIUDWIPG N OHFMWRNRRHXEKQ ® W DG WRIDW
IXQGDPHQWDO SDUW RI DXWRPRWLY H[LYW\K RF OMKH P L W\
PHWKRGRORJ\ RI VWDWH VSDFH HVWIRRDWMKHR QLEBBRRH \
GLDJQRVLV DQG FRQG tMQRDD PR WKEHE R H WX B RHRAK\D C
FRVW VXFK DV WKH HOHFWURPHFKD2QLWKG WWHRW VKD (
VWUXFWXUH LV FRPSOH[ DQG WKH\ KDIFRHP SIR QHIQ@W W L Y k
PHDVXUHPHQW RI @BWYM MEBFYXWDW FXVYHB R AL WA U I$WRWX WH.
RIWHQ SK\WLFDOO\ QRW SRVVLEOH RUVDBQOWKMWLRY
H[SHQVLYH

$ W\SLFDO FDVH LQ PRVW G\QDPLFDO IVVVWHPLYWZ LW K
YHFWRU FDQ QRW EHVPHDMXXYBWLRQWD VXLWDEOH DSE
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YHFWRU LV QHHGHG 7KH H[WHQGHG ODO¥\DHG | WRRIU |
SHUIRUPLQJ VWDWH HVWLPDWLRQ RQ QRQOLQHDU G\QD
7KLV SDSHU GLVFXVVHV D VWDWH KSR [H/ \I E VDD MRR
XVLQJ H[WHQGHG .DOPDQ ILOWHU (.PQ $£RXNMWIQWBETV Q UR
SURSRVHG DFWXDWRU YDOYH PRGHO ZWIKKW LD O2XG HI
UHSUHVHQWYV DQ D@ FEXQIDMMU RR & A OMIQRYAD OR D FB\HX\CPM R B L
IULFWLRQ SKHQRFMRRBQE HW DLW B HFIH D(F F X BiD WIHU PLR GIH O
SODQW ,Q WKLV ZRUN , KDYH XVHGHM RRW R Ul FEX WWKHQ W
DQJXODU YHORFLW\ DQG SRVLWLRQ

JRU PRGHOOLQJ DQG FRQWURO RI HOMFIWHR XNFIGD ©DR
GLIIHUHQW REVHUYHU FRQFHSWV $ QRQOLQHDU 9DULD
WKURWWOH VI\VWHPV LV SUHVHQWIRGH REV@ USBESHIR Y [
SRVLWLRQ FRQWURO Rl WKHVH DFWXDOWRBHVF $QEBG ALY
IXHQEHUJHU REVHUYHU IRU VHQVRULERQLWWRHPYJ $QRD
VWXG\ > @ LV DERXW XVLQJ WKH FIORB 'l& CR WR UR T KAk
FRPPRQ DSSURDFKHVY DUH XVLQJ H{IWABGQGWEGDOPPQ QLIQ
8.) >@ 7KHVH WZR PHWKRGV DUH \SWHJRUDE®IR VRR N
SURFHVV QRQOLQHDULWLHY DUH WWKHR QB D@ & \GRHPH &I
> @ XVHG WKH (.) IRU SDUDPHW\WWRRB D ® lYPDWH REQ
UHVHDUFK > @ HIWHQGHG LW WR IDXOW GHWHFWLRQ

7KH WKURWWOH YDOYH LV D W\SHLRV D\Q CHEOWDFQ\FUHRSP HE |
DSSOLFDWLRQV RI FRPEXVWLRQ HQKDEMW RQW WRIE L UBX
YDULDEOH WXUELQH JHRPHWU\ HFW

7KH SUHVHQWHG SDSMHH FIRQNEWW R PR FKID@Y.IF DR GHKQ |
LQWURGXFHG LQ 6HFWLRQ , 6HFWHRWH,Q GNGDDRXD QVK
BHFWLRQ ,,, VKRZV WKH H[SHULPHQ,W DSU WHNVXW®W W R B C
REWDLQHG UHVXOWYV

%DVLF ORGHO RI DQ (OHFWURPHFKDQLFDO 7KURV

7KH HOHFWURPHFKDQLFDO WKURWEZOH YWOION HH QILUQH |
FDU ,W FRQVLVWYV Rl IROORZLQJ ¥YBWWJ '& RER\RW OHH
VHQVRU IRU YDOYH SRVLWLRQ $ ELSRPDU FKRSI3HH R/X
WKURWWOH SODWH WUDQVPLWWYV QVIRH \WRW RWK VR WO
JLYHQ WR WKH (&8 (QJLQH &RQWURK® 8H. WQ HYJ ULH W I8 \WWV Y
SODWH LQ LWV GHIDXOW SRVLWLR®@OR RIS KB PKH U H KE
HQJLQH FDQ RSHUDWH DW PLQLPXP SRZHU

throttle potentiometer
-}‘D“’

- supply
DC motor | voFtage

I
]

P
Q
0
P
m
Q
an

Figure 1. The scheme of the electromechanical actuator [8]
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ORGHO (TXDWLRBWWRRPHEFKBIQLFDO 7TKURWWOH 9DOYH

7KH UHODWLRQ EHW4AHHG LEXAXWH QW OWDQHWXH DUPDW
GHVFULEHG DV

o Ri LY knz
dt
ZKHWHY WKH LEAXFWRBFRHHVLVWDQFH Ko QL W KVHK HD W BB K W
YROW D JHnARQWW B QWDdis WIKMLBQIAGDU YHORFLW\ Rl WKI

7KH WKURWWOH YDOYHV DUH XVXD®OU HJITX LS SHIBWZLIQN K
YDOYH ZKHQ WKH DQJXODU SRVLWR QSRY LW HDQV KAKUH WHKE
RWKHU LV DFWLQJ ZKHQ WKH DQJX®DUIPE KRWPHWLFRY LW L\R
RXU DSSURDFK ZH KDYH FRQVLGHUH® PMHKDSW WXH WWARI §
7KH VLJQDO RI WKH VSULQJ SUHWH QWGLRJI WRUFVKXH YL OQ
WKH DQJXODU SRVLWLRQ RI WKH WKWRPVHWOKH WQIWPISHKI
SRVWLRQ DW DQJXODU SRVLWLRQ LEQJ] MURU TXKH LWHG B 8 V
WKH )LJ

0,5
0,4 /
0,3
0,2
0,1
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0,1 102
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0,3
0,4

-5--12,5-20-27,5-35-42;5-50-57,5-65-72,5-80-87 .5

SpringTorque(N)

ﬁ’*s‘

Angularposition (°)

Figure 2. Nonlinear spring torque

7KH PRWLRQ (TXDWLRQV RI WKH WKDRWWPBQSPID VGH VU

Jdd—tZ Ki M,sign &7 M, M
ZKH8HV WKH DQJXODU SRVLWLR®Q WK MW KR WXWRMMHO K ISD
VKDIW ZKLFK LV FRPSRVHG RMJL GHQWWM \R ID WKRIU BX ARG
SUHVWUHVVHG WESHRRWHYLWBRKY PRWRU WRUTXH FRQVWD

"KHQ WKH 6WULEHFN HIIHAMMRRSHAOY DW RO
TXVWLQTY PRGHO 7KH 7XVWLQYY PRGHO LV GHILQHG DV

M, M, 0, M.e"dgnx kM

o
Ya
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ZKHUH
Mi GHQRWHV WKH VWDWLF DJIWRURQ VRRUWKH FRXORPE
VIVWHRY WKH VW i FOMISRIG! Y R QR WK/ HWYHKHO RWILWE HF N Y H
GHQRWHYV D OLQHRULVSLISRY EWR RUMBLIRAARM Y RW IULFWLR

Table 1. EMA parameters

Parameter Values Units
R 2KP
L +
-2 9V UDG
- 1P $
J GCfY
n
/& 1P
/4 1P
c 1P UD|G
6 1PV UDG
| = 1P
Ve UDG VIHF

7DEOH VKRZV WKH YDOXHV Rl WKH RRE&# Rt $MUDPHWH
¢ DUH SURYLGHG EMWK&RPWQRIIDEWBHA GF SDKB PHWIDWQ
LGHQWLILHG ZLW K GWKHWZ HIOFD \M DR AV & BIRV W O WL IF VO RZD @&/
YLVFRXV IULFWLR QIR ARHMVM FL  VHH H J

'LVFUHWHDEW DODWB HG RI WKH (OHFWHIRPONFKIDQLFDO 7K

$ GLVFUHWH VWDWH VSDFH PRGHO RI WKH VA\VWHP L)
.DOPDQ ILOWHU +HQFH DW ILUVW RXWVHNV VBEAHD A/RIQ M HXIDWHIC

WLPH GLVFUHWH
'LWK KDYLQJ VA\VWHP DQG PHD WK)UIHP®H QW VGRILIFWAHL ¥ B ©A\U
FRQWLQXRXV VWDIWB OSEQHBWROHODMRFDQ EH ZULWWHQ

Xt AXt BUt w \W

Zt CXt vt

ZKHX[tH LV WKH VWDWH YHEWRUWK® [V\VWBWBLQ YV @V KAD W
LQSXW PDWEL[LVQOWKS RXWSXW(@PRLWULKH RGSXW YHFWR
Z() LV WKH RXWSXW(ty HEWARAH VAV[WHP QRLVHSUHYHQWQ G
PHDVXUHPWI®WPQR

7R JHW D GLVFUHWHOVWDWBY N SOVHG PRIEG H VPHRUZAED U
DSSUR[LPDWLRQ W R UHAD/MRAXIOMHV E KNLIKK JLYHQ E\
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X k X k

ZKHWYHY WKH VDPKSDY @QIMNHEH D QH[W VWHS RI WKH LWHL
8VLQJ WKH (TXDWLRQ DQG DSSO\LQWKIHVGWRFWHW H
VSDFH PRGHO LV > @

X k Xk GUK W N
Zk HXk VKk

ZLWKk TA
Gk TB
Wk Twk
V k vk

ZKHUHY WKH GLVFUH\GHJWMSUMHVRMH @BWW UWKH GIL VRUHWGV L ¢
IRU WKH GLVFUHWWK) RIXRSSXHY HRDWMAMI W K H V8K R E WV VWEKRHL
PHDVXUHPHQW QRLVH ,W LV DVVXPHSH®W DR ISR FHO M
RW(kK) DY@® DUH UHVSHFWLYHO\ XQFRUUHODWHG DQG ZK

7TKXV
W|N Qk DQGIN Rk

ZKHQW D®E®) DUH NQRZQ FRY DUWRQFGEP DWWSH AW LRIH O\

J)LQDOO\ ZH GHILQH WKH QRLVH FRYDULDQFH PDWULFHV

EWkKW k™ Qk i | Y,
i zj

EV kV k™ Rk i |] Y,
i zj

8VLQJ WKH IRUZDUG GLIIHUHQFH DSSORIQRDMWN RQR (TN
FRQWLQXRXV VWDWH VSDFH PRGHOVWRIYW L\RSDFH PWRBH
HOHFWURPHFKDQLFDO WKURWWOH YDOYH LV JLYHQ E\
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R K
X k x k —x k —=x kT — UKk w k
L T L J-L I

nK, K c
X k —tx k x k 2 x k — x kT
J t J I\] s

2
MTsignxk[jl\/L M, Mce‘é‘ sign x k T
M M Av k

Stop

x k x KT x k wKk

ZKHYWK LV WKH VWDWH YD UL DBEPD HVI DU VRRDMRH YAXWLLDHEGDWM
VSHHG RI WikK) WK URKHNVOWDWH Y D U WD B hiv, | FOUW KV WRAM W C
VI\VWHP QRLVIHLMOMK®H §WRSOLQJ WLPH

$SSO\LQJ ([ WHQGHG .DOPDQ )LOWHU WR 6WDWH |
(OHFWURPHFKDQLFDO 7KURWWOH 9DOYH

(IWHQGHG .DOPDQ )LOWHU

7R SHUIRUP VWDWH HVWLPDWLRQ RQ H)W®& QG®HED LD G RQ
ILOWHU LV D YHU\ FRPPRQO\ XVHG WRR RV H & H R WSHDQ®H
DQG VWDWH HVWLPDWLRQ LW LV D PRGIL | DIO® DR UIR GRW M\
RSWLPDO VWDWH HVWLPDWLRQ SURFHDY GRB GIHLNWREC
.l WKH SURFHVV PRGHO LV QRQOLQHD BR @M HQ XOIDPDM\QX IS
WKH OLQHIURNDWLWRH PRVW: iGH FRIQ W KUH NA\Y WRIFPH | X Q F V
:?:G:IRU WKH PHDVXUHPHQW IXQFWLRQ DV VKRZQ RQ WK

$ 7D\ORU DSSUR[LPDWLRQ RI WKH VI\VO@HB MYQIWH RHV W
2G:DQG DQ DSSUR[LPDWLRQ RI WKH PHD W QUHAHQMGI X @/
HV W L# Doy H

7KH QRQOLQHEH RRGHG FBQWHG ZLWK

X k f Xk Uk WKk
Zk hXk Vk

ZKHWBK:G4a GoDQ®k:Go DUH WKH QRQOLQHDU V\VWHP I
IXQFWLRQV UHVSHFWLYHO\

7KH OLQHDUL]DWLRQ LV PDGH XVLQJ WKH PRVW UHFHQ
WKH XQUHILQHG HVWLPDWH IRU WKH HY\W WAPW HX QR W L\
PHDVXUHPHQW IXQFWLRQ
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7TKHUHIRUH GRLQJ D OLQHDU 7D\BRG aAVHOUDWVDRSSU
RSHUDWL®G ; DPRALGDNRG0 DW WKH RSHH DN DQE SRIQRWLQJ V
KLIJIKHU OHYHOWKHUPLQHDGBGIWHG IRUP LV

X k kXK Uk WKk

Yk HKkXKkK VKk

ZKHUH
W X k Uk
—x e
W X k
"R e
Uk fXkUHK k R k ) ¢
Yk Zk hX k HkX k ©

$W VWHS N D UHIRBQHGYHYR. RO WE W : SUH/GD BW DKIBW
k+1, EDVHG RQ WKH SODQWY PRGHOHG G\QDPLFV

7KH ILYH .DOPDQ ILOWHULQJ HTXDWYRQV FDQ EH VXPP
(VWLPDWLRQ HTXDWLRQV
Kk P kH *HP kH Rk,
Xk Rk Z® WX kY, o
Pk | KkHP k

SUHGLFWLRQ HTXDWLRQV

k Ok )BU k O
P k J Qk 3 N

7KH (.) LV D UHFXUVLYH DOJRULWKIXZGWWH YW RRBU
PHDVXUHPHQW XSGDWH LV VKRZQ LQ WKH )LIJXUH
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—
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Linearise state |_ Compute
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A

Figure 3. Flowchart of the recursive extended Kalman filter [6]

2EVHUYDELOLW\ 7THVW

,Q VWDWH HVWLPDWLRQ RI G\QDPLF WKWWRHPWW RESRW
UHTXLUHPHQWYV @ WKW\ VWWR 7K HBE QUDAW HWLFD® ELHW K
RI WKH REVHUYDELOLW\ PDWULFHVG DQP B W@&R O RWK HR U\ W
QRQOLQHDU REVHUYDELOLW\ LV PRUM YPER®QMWADMWH & L
GHSHQGHQW RQ WKIKUEK GHDLEBWLYBWLYH RI D VEDOD!
ILHOG :H FDQ GHILQH WKH /LH I6 BUWXDWHWIHRWW R DY
f GHQRWHG
W LV JLYHQ E\

L, h —fx
W

7KH H[DPLQDWLRQ RI WKH REVHUYDELOLW\ LVLYRW GL
SUHVHQWHG LQ > @ 7KH WKHRU\ RV\WW H PRE VW WGYLIVEF XY
> @

6WDWH (VWLPDMALRQRIRWFWEKGLFEDO\7WKRWWOH 9DOYH

$V DERYH PHQWLRQHG WKH H[WHQ ®MG .W&BBE& MVODWHH

HOHFWURPHFKDQLFDO WKURWWOH YROX®D W IYMHWR\F P\R
YDOYH DQJXODU SRVLWLRQ ,Q RUGMNDWLR @SSO\ WKHPX
EH FDOFXODWMG! RKMW SXWFRDWUL[ LV

a (o]

« »
H

« »
g 7,
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7TKH RXWSXW (TXDWLRQ LV

Zk HXk Vk

a oy k oy R 0
_ « »_« » L« »
=k « » X« k N I(« »

& 778 «k A, ke, ?1,

Z K HW(K), Vo(k), Vs(k) DUH WKH PHDVXUHPHQW QRLVH HOHPHQW

-XVW DV QH[W VWHS VKRXOG EH WXWLQDFREL PR2W WK
WKH | XS@RMW LRQQRW DEOH WR WDNH WKH GHG LB WHYR E
TKHUHIRUH ZH XVH WKH ISR PIXWLRQ

7KH OLQHDUL]HG -DFREL V\VWHP PDWUL[ LV

WX k. K)ok K )

« »

R N :
s k) ok LA )

ZKHUH WKH HOHPHQWYV RI WKH PDWUL[ DUH

) nieT,
J
Xest
) &S Ts Mc Ms Mc e Z
J JS Xest
) S Mg
J JS Xest
) D! )

ZKHX¢st GHQRWHY D YHFWRU WKDW LQF®DEGHY WKH HVWL

W LV DVVXPHG WOOCHV \R K W K 19 LAWLIBVB BYZD K DD OHNI®RE Q¥ D |
+HQFH WKHH. @ HFWRQ D\WQOBWVKH L QHMW.DW L VQR G DRI\ FH
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x k > @

a o

« »
« »
«

S %

7KH VA\VWHP QRLVH FRYDULDQFH PDWUYIDUDRGFWKRD WH
ZKHUH VHW E\ WULDO DQG HUURU

a (o]
« »
Q k « »
« D
S i
aX (o]
« »
R k « »
« D
3 X 9

OHDVXUHG VLJQDODFRRBUY B FG L ZIKIUAHKQ DRI W K IS LPHVDHAXW H €
FRYDULDQFH PDWUR[QI$E DERK HD @ HQWMDLU YHORFLW\ ZDV
RI WKH DQJXODY BRARHR R DWKIIR GVBKRRHGRD® RI WKH
YHORFLW\ EHRBRHHQRWVKDV JRW DLELJ YDOXH LQ WKH P

8QGHU QRUPDO FRQ\GLLPVDIMRHG/ANMBRV W KHH EW FER QY HU JH V
VIVWHP VWXORVHXFHFDWRDOO HOHPHQ VEK) R L Q/& HE W) RNHLOEDXVD
VPDOO
7KH UHVLGXDO YHFWRU FDQ EH GHVFULEHG

HK Zk HP k

W FDXVHV D IDXOW KHQFH RQH RW ®@ 8 WHKW\ WW WP PECDAJH
YHFWRU GLYHUJHVYWD®RM WHKIHD I A WYBEFOW R UKZAHL O B VLL@GRWDHDD \

([SHULPHQWDO 5HVXOWYV

,Q WKH IROORZLQJ WKH GLVFUHWH WWHOMNH AS® AH W R
YDOYH ZDV XVHG EOWKH WORO PIVQ/ LR DWW KHK A RWRWH A X\
YDOYH DQJXODU YBORRWWLRG DEJIEKBOVLFKRD VKIRZQWU |
FROODERUDWH ZLWK WKH H[SHULPHRWBO GRW DV KFR WK/
.DOPDQ ILOWHU DSXRUHGVK® DIHSPRPS 7KHSHULPHQWDC
PHDVXUHPHQWY ZHUH PDGH XVLQJ 1IDWLR@DOWVHPVWHKP
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DFWXDWRU ZDV H[FLAABGDWKIUIRXKKYIXDDH E DQHSR B ONAV X
RI 9

Figure 4. Experimental setup

,QSXW VLJQDO IRU WKH SDUDPHWHUUHVWH® BM RR Q +7 [Du
DPSOLWXGH RI 9 7KH PHDVXUHG GIDUDSPRWRWRFXZK
UHFRUGHG ZLWK VDRSOLKQH \EOFRHF R| GRHJLBBD@WRIO W KW
VKRZQ RQ WKH )LWKURGNLWBPH WBREAY H LAWDK DERWY HDRIESS\H C
WKH DQJXODU YHGRALDON BIOWWH WERYVGE HIHQ H@W EXW D@/
PHDVXUHG YDOXHV RI WKH DQJXODU YSHRORMLIMRQL V4 MQAH
WKDW ZKHUH PHDVXUHG

7KH PHDVXUHG GDWHD (ZP W K VAN E P DWW HW K HWK KHU HDHS &
ZRUNV LWHUDWLY HD WHGD QDY XORHY HA L TF\R P SRE\M G L DIH
VLPXODWLRQ RI WKH $FWXDWRU PRGHO
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Figure 5. Block diagram of the experimental setup

7KH LQLWLDO VWDWHNVY BBWRQ D .G VEMHHHH VY HI\R LD W PRI Q W
LQ FKDSWHU

7KH JUDSKV LQ WKH )LIXUHV HAK R E WWAKK A L IR X'@ D AWOHW
W FDQ EH VHHQ RVKXODME RKBWIHH ¥ MOXYRA EMKKHWHKLHP XUV 8 G
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Figure 6. Experimental results measuredastimated states of the throttle valve
blue line: measured state, red dashed line : estimated state,
left: motor currentmiddle : angular velocity, rightangular position of the valve
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Figure 7. Comparison measured andirested states of the throttle valve
blue line: measured state, red dashed line : estimated state,
left: motor currentmiddle : angular velocity, rightangular position of the valve
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EHIRUH DQG LW ZDV WKMFRYWHEB® LWR& DWH OW KHW D @D
VLIQLILFDQWO\ DIIHFWHG $ EHVW IRX\O EW WG HFQU Y\HO\H
REWDLQHG E\ WDRH®JIJDVQS WH DIDQRMOHAULQ FKIOBIMHWKH U
VLIQDO RI WKHKHJHP@WRUDBG DQJXODVHSRVLWKBRY WWHFB)
PRWRU FXUUHQW LV GLIITHUHQW |URHPUMDIRQ W KBW RFIDWY KE
SDUDPHWHUV ,Q VSLWH RI WKHP WH®W . D GI& W DFODW HIVC
SRVLWLRQ VXFFHVVIXO

elA]

i
1 o 0.5 1
1lel tis]

Figure 8. Residue computed during EKF iterations
blue line: motor current, cian dhed line : angular pason of the valve

&RQFOXVLRQ

7KH VWDWH VSDFH HVWLPDWLRQ IR YIHQ XWQ BB WH] R/
.DOPDQ ILOWHU (.LQLWIGILW FBDSHLGG2KQ FIFSWIKDWAHR/U WPKRH
IULFWLRQ PRGHO @QRQPK QHFOXGIHIM F DW VIHV VDK H V) VD RIT »
DQ DFFXUDWH PRGHO RI WKH SODQWKH7KHM ZDWVRR § WHIS\
WKH VWDWH HTXDWLRQV RI WKH DFWKD®® RWK IR R(G)H @ DLV
FRQVWUXFWHG DQG XVHG WR HVW PRODN HV WH LPHRHW R W CFW
YDOYH DQJXODU YHODIRRFQ W\$ | VDG VB RIYF WKW B H VFFRIG. B &
(.) DOJRULWKP ZHUH LPSOHPHQWHG VY Q RMEKH 94998 X WKE T
IRU WKH (.) ZHUH SHUIRUPHG LQ 1DWLRQNOVVYQWRVUXPHQ

7KH FXUYH Rl WKH UHVLGXDO SURYHV WKDW WKH HVW
DQG YDOYH DQJXO NUWKRVEWDRRUMIMWAMBWHY YHU\ FOR

'LWK RXU H[DPLQDWLRQ ZH KDYH SUHR YHGD SBKRW FM KLH
DEOH WR HVWLPDWH MWG&HF W WRRHAK DAY 0 REKO Z DWW X DWW R
QR QO L QWDRFAHWIVH X 0 O\

143



Zs. Horvath — Acta Technica Jaurinensis, Vol. 8, No. 2, pp. 131-144, 2015

SHIHUHQFHV

> @ 1DNDQR . 6DZXW 8 +LJXFL . 2NDMUWFEDVYHGREHGQL
ORGH &RQWURO RI (OHFWURQLF 7KURW®W WO HF&\VWHPY
(QJ (OHFWURQLFV DQG &RPPXQLFDWLRQV 9RO 1
@ S5HLFKKDWRWIQQOHERE X®W R R WIWRIER\RU FORH EBB QLFD O
$FWXDWRU |IRU $XY/ORFRWLRQV :RUOG(®FDGHRURQ BFI
DQG 7THFKQRORJ\ 9RO

@ S5HLQHOW : /XQGTXLVW & 2EVHQY $RW LADVHIR OMQ V
BWHHULQJ 6\ ®®IPFX WL Q@RI RRIG)HQ O KBQ D J¥/UREWIK H
,)$& :RUOG &RQJUHVV 9RO 1R

> @ 3DGPDNXPDU 6 9LYHN $ .DOORO BV HU&RIRISDDDMG Y
YDXOW 'HW H W DR LD/QIGQ' RD URW,R UR URDGR $ BB GHQ F H
(QJLQHHULQJ DQG 7THFKQRORJ\ 9RO 1R

@ O9DADN 0 3HWURWIDMWH IMWILPDRRQRR 7RI UIRQV P\OGHHF Mo R (
,QGXVWULDO 7THFKQRORJ\ ,((( ,QWHUQDWLRQDO &RQI
@ :ULJKW * 3DUD®@ HRW BU+{8WDRDWIRAWRSERVMWQALRQDO
(IWHQGHG .DOPDQ )IZ®WWIM Q8IQ IOYHFUMEZ VY R& BONED W F

\

\Y

\%

\

\Y

@ <XYLQ $& )DXOMKH WOHRMWLIRRX } @ U DD I FV$HRIGHDGN R U
.DOPDQ )LOWHU 'REMRUD/QWKRY 6D BEMWFKHZDQ &D
@ *UHSO 5REGHD®LOJ ,GHQWLILFERWREQ QLFV ZRQRWWR
%RG\ 8VLQJ 'VSDFH 7TRROV 7HFKQLFDO &RPSXWLQJ 3
> @ /RK 51QRPKD 3\NR -6 (OMIEFWURQLF URORMWWOHP&RQW
ORGHOLQJ ,GHQWLILFDWLRQ DQG ORKHDL @D VHRO &R Q
1R SS
"2, HQJ
> @ +RUYiIWK =V OROQIUND *\ 'HVLJQOXFQYERPHFKREAEV
$FWXDWRU $FWD 7HFKQLFD -DXULQHQVLV 9RO 1R
‘2, DFWDWHFKMDXU Y Q
> @ 1RU +D]DGXUD kKB D PO (QDPRWKIRQR® IREWHUYHUV IR
DWWLWXGH HVW LPIDFHEQ DIV JY U R QIRNDNADHEH B Q DROWPIDWDK
,QWHUQDW LRIQ®FL HRX\LGIDR B R G %EOR OEDWLRQV
@ 6ORWLQH$SSOLHG BROWDR® UDOHJYLEHZRRG &OLI
1HZ -HUVH\ SS

\%

\%

144



~T: Acta Vol. 8, No. 2, pp. 145-152, 2015
JHH Technica DOI: 10.14513/actatechjaur.v8.n2.365
Y'& Jaurinensis Available online at acta.sze.hu

JWHUDWLYH &DOA6E U BWRRQDRVRU %
RQ *HQHWLF $OJRULWKP

7 THWWDRBDQ@QWILNYWDUS$D (OH G

%XGDSHVW 8QLYHUVLMQGR [ FRAFRBBFOR PR YWURO [RU
7UDQVSRUWDWLRQ DQG 9HKLFOH 6\WWHPV
BWRF]JHN XWFD %XGDSHVW +XQJDU\
3KRQH
H PDLO WH#MPWDPDEPM KX

6\VWHPV DQG &RQWURO /DERUDWRU\ BHOWH.BIQFK VYOQD/AG
$XWRPDWLRQ +XQJDULDQ $FDGHP\ RI 6FL
.HQGH XWFD %XGDSHVW +XQJDLU

%XGDSHVW 8QLYHUMLMN R [ F/RHE RISHRFOVRY P HHOKN. RO H
(OHPHQWY DQW WKHKWKXOH 6QDO\VLV

6WRF]JHN XWFD %XGDSHVW +XQJLC

$EVWUDFW ,Q WK R PSHKRWHHUN VE R R D 6 WH. B R SKIIBY HEHRHIP /)
LQ DOO HQJLQHHULQJ ILHOGV DQG KDV EHFR
$FFRUGLQJO\ VLPXODWLRQ SOD\V D IKQGDPH
HQJLQHHULQJ RIIHULQJ D EDVLV 180 LWH®WH WHDW
FRQWURO V\VWHPV $ UHOLDEOH VLPXODWRU LV
D JLYHQ WUDIILF QHWZRUN LI WKH BSYOLHG
FRQYHUJH WR WKH UHDO ZRUG VLWXDWLYREG 7K
EDVHG RQ WKH PL[H® & VAR BO S UL RD D QRS PSHIRSHIH
VLPXODWLRQ VHWWLQJV 7KH ODWWUWZDR@H |
$FFRUGLQJO\ WKH SDSHU SURSRVHWR FSURMDHIADHA
WUXH WR OLIH 9,66,0 VLPXODWLRQV 98B LV
PLFURVFRSLF WUDIILFHO/Q AVQIRYWQR W RIWZDUH D
HQJLQHHULQJ DQG VFLHQWLILF SUDFRMMILIR®YV
WHFKQLTXH ZLWK JHQHWLF DOJRULWSKR ®RSMH. P L
UHDOLVWLF WUDDVYARAQD® IQRWWRIQN EDU VSHHG (

Keywords: Vissim simulator, calibration, genetic algorithm

, QWURGXFWLRQ

7KH FRQWLQXRXV PDYQORISPHDAM BIQCRE®I® W\WDMHAV FLU
LQGLVSHQVDEOH GRB WEBDWKFA GEPOROBYP XSGCBWREQLDMS
WKH SUHFHGLQJ VWDJH RI VXFK HQJQPHSW LR LWBWHDL
WUDQVSRUWDWLRRXV\\GDMP\D OVR U H M G UXWHWRK HL Q GRYULP
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$V D FRQVHTXHQFH ZKHQ WUDIILF ¥W@URQMH WK 6 KWIH] @ |
VLPXODWRUV DQG PDWKHPDWLFDO RRWHPH]BWRERBGVRBN
WKH GHYHORSPHQ W DSOULFRGTHV VR QR QK BNKHH DW KAHH © OR S IRE HX
VLPXODWRUV LV LPSRUWDQW LQ ROGHW WRPBYRLEHMLGE
VHYHUDO DGYDQWDJHV Rl VLPXODWDRQHVLRX GD\RRUE
HUURQHRXV UHVXOMBE\S URS UAIDWHH RV L PIR@M DWKIR QV FVHHQADAL
$FFRUGLQJO\ FDOLEUDWLRQ RI VLPXPHWRRKY SBY B PRI\
KDYH EHHQ FRQGXFWHG LQ WKLV |ILR RS VBURYHGWEH H
LPSRUWDQW VHWWLQJV VXFK DV VPBIDWHHO/ WALIPW X U W L
UDWHV HWF 7KHVH SDUDPHWHUV BURKPRIN® @H PLFRRWF
WXQHG EDVHG RQ WKH UHVHDUFK UHVXOWV HJ > @> C

,Q WKLV SDSHU KRZHYHU ZH IRFXYFRQUFRSL W KB UFIDCE
WUDIILF GHPDQG ZKLFK LV RQH RI WKHWRYW Q PSR
PLFURVFRSLF VLPXODWLRQ ORUHRYBVHG RO IUMHL®IR
IORDWLQJ FDU GDWD )&' SDUWLFLSDRUNJI)&V LWHWY VRLF
FROOHFWHG IURP B0HHWKFD U3 6H U X EB BN IF M UDUWRH LVEBIHH G
DQG *36 SRVLWLRQ ORJV %HVLGH IPHWWRBNUW HRENGIO.
FOLHQW VLGH DV ZHOO DUH DOVSHBYD GODEO R | WWRUBR €
$QRWKHU HPHUJLQJ WHFKQRORJ\ LV HIGI SYBHHK\L IF Q W H3GH \B/ H
> @ ZKLFK LV DOUHDG\ DSSOLHG LQ IHZ FLWLHYV

$SSDUHQWO\ WK H) BOHIOV RR D B XRJ HW KR W WH KKGIR DRIV H
WR JDWKHU OLQN I EUDRH WD HNDRWZ RUINPS OB Z\H
7UDIILF IXQFWLRQDOLW\ Rl *RRJOH ODBH 7)l&H VRIRWPHDWV I
RI IOHHW PDQDJHPHQW FRPSDQLHV D®® QAR KLV/GHHI \G DVKE
VHUYLFH GHWHUP LGV EX SHH.E F 0PR MHFEURRR G HY NG L WS®ID)

Live traffic change Slow Fast
L =]

o ROTUN \’\

Figure 1. Google Map screenshot in Budapest

$V GHPRQVWUDWHG DERYH WKH WGADDMFLOBDHEDG RTKHE
WKH SUREOHP LV VRS 6UHDWH D KREMLD EOMHEGURQI )B.'PV
LQIRUPDWLRQ DQG HIFWVKRRW PHDVWWHRHR® "LVKERWR
VWUDLJKWIRUZDUG DV WKH WUDIIM EHH BBIQG UWR UQ HIG FRK
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VSHHG GDWD 1RWH WKDW D JLYHQ WSHWHED IFDR) LEXS X
ORUHRYHU LQ FDVH RI D ELJJHU W U\DHMHUQ B®WZHRRINQ ® |
KDV WR EH WDNHQ LQWR DFFRXQWLG@HDBWQF BQU®RE OMKPL
DQDO\WLFDO VROXWLRQ LV QRW SIRYN GE C$Hv DDV UW VLYVOK
UHDVRQV DQ RQOLQH DQG LWHUDWS$B LRHONVILRPUL W MH. IBQ

7KH SDSHU LV RUJDQL]HG DV IROORZF WULDINMWF WKHK DI
HQYLURQPHQW LV LOWURGXFHG 7KH® QWHKHHWEKIRRES RY HGH
J)LQDOO\ VXPPDU\ DQG HYDOXDWLRQ LV SURYLGHG

OLFURVFRSLF URDG WUDIILF VLPXODWLRQ ZLWK 9

5RDG WUDIILF VLPXODWLRQV FDQ EHUBWMPRE[HGORYHRL

WKH IRUPHU OHYHWOL EWGDDI\L FD LWR Q MRAIRBXFP SI\UP P HWRMJ V
WUDIILF IORZ W UDO JIHF VGUHMYH OV \© DRYHVH BHW R G HB®HQJ OHY
D KLIJK UHVROXWLRQ GHVFULSWLRQ RII ADOHAKX I L KLLFD F
ODFURVFRSLF PRGHOLQJ OHYHO FOHDUOOARRBXWD KMH RIX
GHPDQG WKHUHIRUH LW LV PDLQO\ RVBDG B® PD LMD JKH
PLFURVFRSLF PRGHOLQJ FRPHV LQWR SURPLQHQFH ZK
QHWZRUNV FRYHULQJ D IHZ LQWHWHFWORQUYHGBGQHER WI
SDUDPHWHUV WKH SURFHVV LV \HYIVHQMWPXIDOD W QRY KH
GHPDQGY DQG RULIJLQ GHVWLQDWLRBVGEDGMDVPRI DAUKH QRA
DYDLODEOH LQ PRVW FDVHV 7KHUMRUEKI SDQWARBW HJIH
VXJIJHVWHG VHH QH[W VHFWLRQ

8VHUV PD\ FKRRVH DPRQJ PDQ\ GLIIH¥HQW HIRDKEUWSDIL

WKHP LV FRPPHUFLDO VRIWZDUH $GGLVWDIRQDOOR RBBIL
GHYHORSHG E\ XQLYHUVLWLHV RU UKDMDDG K DIQYWD\IHW
GUDZEDFNV GHSHQGLQJ RQ WKH LQGXLY LSDXSHY GW R B QDES\
VLPXODWLRQ HQYLURQPHQW LV GHVLJQBP®/BG> @R EH
YXUWKHUPRUH WKH LQWHJUDWHG 9,6600 D 7G$PY FHIQ EIHG
> @ DV D VWDW HORIJW KRHJ COUGAY DVHAAHK® R LPXODWLRQ

9,66,0 LV D PLFURVFRSLF VLPXODWRUREDRHGHKQPDKHN |
JRDO RI WKH PLFURVFRSLF PRGHOLQJL 9V8ISRI@® DEIK W.WD
G\QDPLFV 7KXV WKH VLPXODWHG WU B H WD QO WZRU M LI
XVHV WKH VR FDOOHG SV\FKR SK\VLF®KG GRIUWIYHW CEMHK\C
':LHGHPDQQ > @ 9,66,0 LV ZLGHO\ XVHAEILRUHGUYEBHMH V.
SUDFWLFH DV ZHOO DV E\ UHVHDUFKRD® MRWDGHFH O RBS
RITHUV D XVHU |ULHQMGHU IDBBESKBFDWKURXJK RI ZKLFK |
JHRPHWU\ RI DQ\ W\SH Rl URDG QHWZRDNW DPS O/HW.
+RZHYHU IRU VHYHUDO SUREOHPV W WH H 8F DLWH Q RRAU \HJ [
ZKHQ WKH XVHU DLPV WR DFFHVV DQ® JP VEIHS ¥ O BX\O-D &
G\QDPLFDOO\ )RU WKLV HQG DQ DH&GGEWYR Q DROQ LW WHH U
&RPSRQHQW 2EMHFW ORGHO ZKLFK LV DRRPHWKQR
FRPPXQLFDWLRQ EHWZHHQ VRIWZDUH > U@ L\9LIDE Q/H HW ¢
PDQLSXODWH WK KN WD VRW WIKEBHX WGIW HRLGFDRO QRE M K AW I UG\ LVF
&20 EDVHG VLPXODWLRQ LV WR FUH DVWH DACKLH H& UK 1 O8LDHL
HYHQ WKH ZKROH SURFHVV Rl WKH VLPXODWLRQ

147



T. Tettamanti et al. — Acta Technica Jaurinensis, Vol. 8, No. 2, pp. 145-152, 2015
*HQHWLF DOJRULWKP EDVHG FDOLEUDWLRQ

7KH EDVLF SUREOHP DQG DVVXPSWLRQV

7KH EDVLF WDVN LV WR UHYHDO WUDRRAW HK@WEQGQJIL
QHWZRUN 7R DFKLHYH WKLV )&' EDWHG @ EHUDS & OV HHHEH.
D OLQON LV GHWHUPLQHG DV D URDGQWMNMUWHW WKL FEGIW Z0HH
PHDVXUHPHQW GDWD RJ DYBEWDH N WRXEBRMIXY@ EDIER I V-
PLFURVFRSLF SDUDPHWHUV VXFK DVHGDMWYXBH GE WKD E HR
FDOLEUDWHG EDVHG RQ DQ\ H[LVWLRRR PSDVUKR GRUF HY\DH
SHDO ZRUOG VLIJQDO VHWWLQJYV JHHBQHNVNRHRY ODW GF
WKH VLPXODWLRQ 7KH ZKROH SUREOHP LV GHSLFWHG L

Processing of Known
real-world FCD simulation parameters
el B B
/ y = \\
Average speed data | | L Traffic inflow
of road links A / entering the network
Al /
I
Traffic network

VISSIM

Genetic algorithm
to calibrate the traffic network

MATLAB

Figure 2. The basic calibration problem

 WHUDWLYH PHWKRG IRU FDOLEUDWLRQ

7KH WUDGLWLRQDO ]| PWWRK® GD S\SFO LRISWOANAKIE B33 URDW
+RZHYHU LI WKH R&MFNWL DHR WX @ B WH LDV ®53$ IUNRDW K YFD Q
XVHG ,Q RXU FDVH WKH REMHFWLWHY K @QHVUPR @ FHR QWKE
RI WKH 9,66,0 VLPXODWLRQ UXQ $ SIRW HIDOGL D/&R ONRD X
RSWLPL]DWLRQ SUREOHP DV D JHQHWLF DOJRULWKP *$

7KH LGHD RI XVLQJ VRIW FRPSXWLQJKBV@ ORW DVG\P K6
UHFRJQL]JHG +RZHYHU WKH DSSURDFKQK®DPY FRIQPR EH
SDUDPHWHUV ,Q > @ D *$ LV XVHG WRRBSWVPLH WHIK
VLPXODWRUV ,Q > @ WKH SDUDPHWFRKD QRIL X I& \RDW LR
9,66,0 DUH WXQHG XVLQJ WKH SDUW I7KGHWUIZD UIPF RS\ X P
3$5$0,&6 LV FDOLEUDWHG LQ > @ E\ KVMQLU DWH$VDS FUR
IRU SDUDPHWHU RSWLPL]DWLRQ XVLQUQD&®%% 6D SUR® F |
9,66,0 VLPXODWRUYV
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,Q RXU FRQWULEXWLRQ DQ LWHUDQVILWitpBHdtR B R/GRQY S|
RI WKH VLPXODWRU WKH DOJRULSWKHPGW VLR WWIR W.WAD ML
Vehicle Inputs LQ 9,66,0 %DVLFDOO\ GXULQJ WHKMWHFWDREUL
ZLQGRZ LV LWHUDWLYHO\ VLPXODWH G| MKHWRS\WN L2 QIE\
FULWHULD LV IXOILOOHG L H WRKHPXCDUDRH GRHPIRBW Bi
WKH UHDO ZRUOG )&' VSHHGV 7KH DSSWLFIG]DWWR® VLA
IROORZV

a Vi~ . rHAITAED . ~ . -
,:G;Ll'c§j 'GL%FE’iG_'&Gé’
V@s T 1
&”“G;LV WKH DYHUDJEHRVSHHGDRIHGLQUMRP )&' LQIRUPDW
G §"'"A%3:G;;.GHQRWHV WKH DYHEDIH RVGNIFG BRI BLQN, 6 6
SUHYLRXV VLPXODWIGRR:GNURBUHNVNGI@RMZ WKH DSSOLHC
SDUDPHWHU

BUDFWLFDOO\ WKH ILWQHVYV IXQERQREMHWHERBDQ LMHRXWB
UHDO ZRUOG VSHHNG RKH DER& FRNRICREVAWEHH $ QHIVYIHWE ) R U |
YHFWRU RI WUDIILF VSHHGV 7KH *$HDIPKHW LAPHWALPQ GORW L
WKH WHUPLQDWLRQ FULWBUQRRQRUV HBBRBWHGLI LWHUP
SDUDPHWHUY LV r\&KH W [LPDO DGPLVVLEOH UHODWLYH
VSHHG LV

7KH FRPSOHWH FDOLEUDWLRQ PHWKRG LV JLYHQ E\ )L
9,66,0 0$7/$% HQYLURQPHQW E\ XVLQJ &20 SURJUDPPLQ,

\ITEJ
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6WDUW 9,66,0 IQ
0$7/$% YLD 9,66,0

3UéU(;:U(§)l,3
5XQ VLPXODWLH
§AAK3GoAEE

5XQ *$ RSWLPL]EES
FDOLBGDINAV K F
IXQFWGRRIEJ

6WRUH WKH UH
RSWLPL]DWILIPRK VR
335@03@@.

Figure 3. Workflow of the iterative calibration of VISSIM simulator

([DPSOH IRU WKH FDOLEUDWLRQ

7R GHPRQVWUDWH WKH SURSRVHG FDQLISEOUHD WIDR/Q V
LQYHVWLIDWHG %DVHG RQ DYHUDJHOVBRUGGIX®QF\& DR\
L'DWD /WG D WHVW OLQN % XGDISHYDW HDEV | RNUWIR BRID® N

EHWZHHQ DQG 7KH FDOLEUDWLWRR P AWXRWBHKDN
WLPH DQG WHUPLQDWLRQ SDUDPHWHU 0
7KH YDULDWLRQ RI W:GHF DLQV & H \VREE VHUFWMIGR RQ )L J 7K

PD[LPXP UHODWLYH HUURU REWDLQHG K& XWLKQGI GALKIHH Ut
EHWZHHQ WKH OLQN VSHHG EDVHG DRWIHHUYWH G QG RWKW K
ZRUOG PHDQ VSHHGG ;DODZBWL FDWEDLQY XQGHU ZK
FRQVLGHUHGDF MOWDIAMITRQJFDOLEUDWLRQ
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Figure 4. Fitness function value during the calibration

6 XPPDU\

,Q RXU ZRUN D JHQHWLF DOJRULWKPIHDWHG FRW VEWUI
VLPXODWRUV UHSURGXFLQJ UHDOIUMWUHSVUBYIHIQW ABQE
GDWD 7KH WXQHG YDULDEOHV RI AVK®SYXMWAX RD WKRQ (CH.
7TKH REWDLQEGQOHWSARHIN YDOXHY VHKRBEOGDM Y WR WKH )

%\ XVLQJ UHDO ZRUOG IORDWLQJ FDWUWN DFI VA FECODDV I
SURSRVHG FDOLEUDWLRQ DOJRULWKKXQG®HHWIIGE LIHQ\WM QW
FRQGLWLRQV

7KH SURSRVHG PHWKRG ZDV GHPRQVWILDWWIGP KO R WLRL
IHYHUWKHOHVY LW LV HPSKDVL]HG GVKRW DMK HWWISH KF
PLFURVFRSLF WUDIILF VLPXODWRUYV

$FNQRZOHGJHPHQW

7KLV ZRUN LV FRQQHFWHG WR WKH VFLHQW BILRMHFR\ L
VXSSRUWHG E\ WKH +XQJDULDQ *RYHUQRMWEB®R SPHQMNI
$JHQF\ ILQDQFHG E\ WKH 5HVHDUFK DQ® @BFKRRGRJ\

& 219 6PDUWHU 7UD QWSR B WWKHR MEHFID U\
*RYHUQPHQW FR ILQDQFHG E\ WKH (XURBHOHBREOWD G L
VHW XVHG IRU WKH VLPXODWLRQ WHVWZKIIFK ENHIU BW
DFNQRZOHGJHG

SHIHUHQFHYV

> @ROXPELD 5LYHU &URVVLQJ 9,66,0 FO@ULEDNDWLRQ I
UHSRUW

> @DUN % 6FKQHHEHB$HB 6LPLEDWYR @R QRIEM® &DOLE
9DOLGDWLRQ &DVH6EWXGPWRWLRPORGCGBWHRU D &RRL
$FWXDWHG 6LJQDO BWWIQP5 HWUHDMYWEKRBIMWKBG -RXU
7TUDQVSRUWDWLRQ 5HVHDUFK %RDUG 9RO SS
>y

151



T. Tettamanti et al. — Acta Technica Jaurinensis, Vol. 8, No. 2, pp. 145-152, 2015

@XQKD $/ %HVVD -( -U 6HWWL -5 *HQBHWLRG@®IRUL
9HKLFOH 3HUIRUPD GER\WRREIHTV7RDOIWR BURX QO DWR U
$UWLILFLDO ,QWHOOLJHQFH /HFWXUH 1BWHV LQ &F

‘2, B

@ 7THWWDPDQWL SKROQUH D RFBEEDHE @ WUDIILF IORZ
HVWLPDWLRQ LQ XUEDQ URDG WUIILQE &R RPEHN
LQ &LYLO DQG (QYLURQPHQWDO (QJLQHHULQJ
@LQJ 2 )XVLQJ +HWHURJHQHRXV 7UD IKIHV 'RWDQ J3D U
'DWD 'DWD &RQVLVWHQ V8 K8 QAKHMLVILW\ RI 7HFKQR
@HWWDPDQWL 7 9D W R I, URLYG MREPHLE JF ROWHIRID &
9,66,0 0$7/$% VLPXODWLRQ HQYLURQPHRQWLBHULRG
(QILQHHULQJ 9RO SS

2, SS FL
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Abstract:  Live-line maintenance (LLM) has several technical and economic benefits.
Planned works can be executed without any consumer disturbance, while the
network is energized. Strict regulations regarding to the working method,
well-educated workers and well-considérsafety factors ensures the high
level of safety of this technology. Although statistics show that the number
of injuries is lower than in case of de-energized works, the unseen short- and
long term effects of electric and magndtelds also have to be taken into
consideration.

Keywords: live-line, mainteance, electric, field

1. The future of maintenance

Live-line maintenance can be referred as“theure of maintenance”. It is more and
more popular, because of its technical armhemic benefits and igreferred from both
the side of the Distribution/Transmisai System OperatofDSO/TSO) and the
consumers. This technology ensures planned reparation and maintenance works to be
executed while the network is energized. iNeed of switching-off increase consumer
satisfaction and is advantageous from the side of the operator as well [1].

1.1.Technical benefits

However most of the high voltage networks &yoped to ensure gper safety factors
of electrical energy distribution, there might be special conditions when switching-off a
given line leads to violate “rule-1-ni, wheren is the sum of the elements of the network
and m is the number of elements which arat of operation écause of a planned
maintenance. In case of the failure of a djielement, network shall still be operating
reliably.
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In case of switching-off a giveline for the purpose of de-energized work, current paths
increase; increased length and current alseases losses. Operation of circuit breakers,
disconnectors, etc. shortens the service period of the given equipment while degradation
increases.

1.2.Economic benefits

Economic losses caused by de-energized works and not occurring during any kind of
live-line work are the sum of the cost and fines of energy not served. Fines usually
consists predictable and non-predictable p&ts-predictable part (e.g. as a result of
rainstorms, icing, snow, etc.) cannot been foreseen. Cost of predictable part can be
minimized by keeping the length of de-energized periods as low as possible. Consumer
satisfaction as an indicator of service quatiy also be expressed as a financial quantity.

2. Live-line work related risks

Speaking about safety of any kind of livadiwork, the most important question is the
protection against electric shock. Depending on different technologies applied at different
voltage levels it can be executed by different ways: rated insulating materials (e.g.
blankets, gloves, rods, etc.) or air — as an insulator — can also be used. In case of high
voltage live-line maintenance barehand method is widely applied. The main principle of
this method is that keeping the proper distances prescribed can guarantee to avoid electric
shock caused by touching or approachspecific network elements with different
potentials. Safety distances include a flashover/breakdown component and an ergonomic
component (as a function of voltage level). Switching and lightning overvoltages are also
taken into consideration and worst-case sdeaare assumed. Because the most critical
cases regarding to transmitted power, voltage level, current load, etc. occur during high
voltage live-line maintenance the main topic of this paper is to focus on this field of LLM.
Regarding to power arcs — might be causealrasult of multiple failures — thermal effects
are the most critical. Electric shock alsoymi@ad to fatal injuries as well. The
examination of these dangersdahe analysis of the related risks is out of the scope of
this paper. The unseen — especially losmgrt — effects of extra-low frequency (ELF)
electric and magnetic fields is inspected instead.

3. Electric and magnetic field during high voltage LLM

Electric and magnetic fields together artenfreferred as “electromagnetic fields” but
from the aspect of the topic it is essentiatlarify the basic differences between electric,
magnetic and electromagnetic fields. Static electric/magnetic fields have two criteria to
meet: drift currents have to be negligilsempared to the total current density and the
length of the line cannot been in the sa@&esthan the wavelengtin case of typical
power lines with a frequency of 50 Hz, typical wavelength is 6000 km, which is
significantly longer than the length of any conventional AC power line regardless of
voltage level. Drift currents are determinieyg the material and frequency; in case of
aluminium-steel conductors with a typical conductivity of ¥, critical frequency can
be determined and is about'1Biz.
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Magnetic field

Electric field

Figure 1. Electromagnetic wave [2]

Both length- and material-related conditi@mws that in case of industrial frequency
and conventional material selection, none of the fields around power lines can be handled
as an electromagnetic field; electric and magrfetids — and the effects of them — have
to be taken into consideration separatehm each other. These properties are often
summarized by referring them as extra lfraquency (ELF) fields — usually below a
frequency of 100 kHz. Both electric and magnetic fields have several short- and long term
health effects above a givdimit. These limits are defined by the International
Commission on Non-lonizing Radiation ddction (ICNIRP). Because of the non-
ionizing nature of these kinds of exposures, exposure doses cannot been definad. Curre
values together with the previous limits (before 2010) are summarized in Table 1.

Table 1. Current and previous limits of ICNIRP regarding
to ELF electric and magnetic fields [3], [4], [5]

Electric field strength | Magnetic field strength limit

limit [kV/m] [uT]
SIS Currently Before 2010 | Currently
2010
Public (24 h/day) 5 5 100 200
Occupational (8h/day 10 10 500 1000
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4. ELF electric fields

4.1.Health effects of ELF electric fields

Short-term effects of ELF electric fieldsake the valid exposure limits are described
as a discharge on the skin of the human body which may make any activity requiring high
accuracy hard. This is the mai@ason of the application obnductive clothing in case
of barehand method. However electric fields themselves do not have any direct long-term
effects on the human body, drifurrents occurring as a rdisof the variation of electric
field has similar effects ahe above-the-limit magnetic fad categorized as possibly
carcinogenic to humans (2B) by the InternaéilbAgency for Research on Cancer (IARC)
of World Health Organization (WHO) [6].

4.2.Protection against ELF electric fields

A Faraday-cage is an enclosed metal serfdheoretically inside an ideal Faraday-
cage without any openings electric field strength is zero from outer source. Conductive
clothing worn by the workers during high voltage live-line maintenance as an essential
accessory of barehand method is acting ag@dBg-cage against ELF electric fields in
the vicinity of the phase conductors of high voltage power lines. Typically the material
of these clothing is a special mixture of a flame-retardant textile and conductive metal
threads which guarantee proper screening efficiency.

- . W
| NW SRR
m . AN = BN

Figure 2. Conductive clothing during an inspection in the High Voltage Laboratory of
Budapest University of Technology and Economics
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Effectiveness of a conductive clothing darrently determined by the ratio of two
currents. Capacitive currents flow through both in the conductive clothing and the
mannequin with a conductive sack placed in high electric field. There are several issues
[7] regarding to the current arrangement of the valid standard [8]. There might be practical
cases with above-the-limit electric fields ihsithe clothing, while the clothing pass the
current ratio-based inspectiontbe standard. Laboratory iresgiions with direct electric
field strength measurement in the High Voltage Laboratory of Budapest University of
Technology and Economics (BUTE) prove that inside a conductive clothing without any
face mesh ELF electric field strength mayabeve the current limitdefined by ICNIRP.
Results for electric field strength values at different voltage levels are shown B Fig.
The distance between the conductor andrthanequin was 30 cm, while the conductive
clothing was energized (practical caseratfte connection of the potential clamp).

Average electric field strength
as a function of voltage level
(30 cm, without face mesh)

200

150
100
0 - 10 k¥/m
75 KV 120 kK

25 KV 50 KV 100 KV

Voltage leve

Electricfield strangth [k\,/m]

Figure 3. Electric field strength inside the conductive clothing in front of worker’s face
without any face mesh; laboratory measurement results
(conductor-face distance: 30 cm)

As it can be seen in the Fig. 3, electricdiglas always higher than the current limit in
the front of the face of the worker — evertla lowest inspected voltage level (25 kV).
The same measurement have been repeatbd Bame arrangement, the only difference
was the application of a face mesh with an opening of 1.75 cm (commonly applied in
Hungary as a part of Dr. Béla Csikos’ teclugy of high voltage live-line maintenance).
Electric field strength results are shown in BigResults show that face mesh has reduced
the electric field strength below the valid limits. Fig. 5 shows that this shielding effect is
highly effective even in an extreme casedfistance of 1 cm between the face and the
conductor. It can be determined that facesimés an essential part of any kind of
conductive clothing [9-13]. Uisg a properly designed face mesh is always necessary to
ensure the proper level of protection of LLM personnel at any time of any kind of high
voltage live-line work. Finite element simulations have been executed to investigate
critical face mesh opening sizeafunction of voltage level.
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Averageelectricfield strength
asafunction of voltagelevel
(30cm,with facemesh)
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Figure 4. Electric field strength inside the conductive clothing in front of worker’s face
with a commonly used type of face mesh (Hungarian “Csikos”, average opening size:
1.75 cm; laboratory measurement results, conductor-face distance: 30 cm)

Averageelectricfield strength
asafunctionof voltagelevel
(1 cm,with facemesh)
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Figure 5. Electric field strength inside the conductive clothing in front of worker’s face
with a commonly used type of face mesh (Hungarian “Csikos”, average opening size:
1.75 cm; laboratory measurement results, conductor-face distance: 1 cm)

3D CAD model used for the calculations is shown in Fig. 6 (grounded structures e.g.
towers in the vicinity of the working site have also been modelled).
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Figure 6. 3D CAD model for finite element simulations

Typical arrangements have been inspectad/incases. The first case is the approach
of the phase conductor without the potential clamp being connected to the line (the
potential of the conductive clothing floats). Three different mesh designs have been
examined:

x A regular face mesh with an apeg of 1.94 cm (horizontal)
and 2.97 cm (vertical)

x A coarse face mesh with an opening of 6.82 cm (horizontal)
and 6.44 cm (vertical)

x  Conductive clothing without any face mesh.

During the examination of the approach of phase conductor, the distance between the
line and the face of the worker was 50 cm. The voltage level of the conductor was the
phase voltage of a 400 kV power line (about 231 kV). Electric field distribution is shown
in Fig. 7.

Figure 1. Electric field distribution during the approach of the conductor
(from left to right: with normal, coarse and without any face mesh)

Minimal, average and maximal electric fiedttength values are summarized in Table
2 and in Fig. 8.

159



G. Gocsei et al. — Acta Technica Jaurinensis, Vol. 8, No. 2, pp. 153-164, 2015

Table 2. Minimal, average and maximal electric field strength values for each cases
(conductor approach)

Electic field [kV/m] Normal face mesh| Coarse face mesh No face mesh
Minimum 0,62 1,49 6,38
Maximum 2,47 16,73 45,68

Average 1,59 6,75 24,89

50,00
'E' 45,00
3 40,00
£ 35,00
e
E 25,00 B Minimum
% 20,00 B Average
=
v 15,00 B Maximum
£ 10,00
& 500

0,00 —

Mormal face Coarse face Mo face mesh
mesh mesh

Figure 2. Values of electric field strethgduring the approach of the conductor

Fig. 9 shows the same cases during working at the potential of the phase conductor
(with the potential clamp being connected to the line). Distance between the conductor
and the face of the worker wa8 cm in this case. Electrield distribution is shown in
Figure 9.

Figure 3. Electric field distribution while the conductive clothing is energized
(from left to right: with normal, coarse and without any face mesh)
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Minimal, average and maximal values of electric field strength is shown in Table 3 and

in Fig. 10.

Table 3. Minimal, average and maximal electric field strength values for each cases
(energized clothing)

Electic field [kV/m] Normal face mesh Coarse face mesh No face mesh
Minimum 1,70 4,53 21,05
Maximum 8,06 41,03 112,93

Average 4,17 16,23 60,00

120,00
E
“:; 100,00
=
o=
E‘" 80,00
E 60,00 B Minimum
% B Average
& 4000 ,
_E Maximum
2 2000
s =

0,00 —
Mormal face Coarse face  No face mesh
mesh mesh

Figure 4. Values of electric field strength while the conductive clothing is energized

As it can be seen from the figures abdaee mesh has an essential shielding effect,
which is the key of the safe work from thepast of the protection against electric fields.
Another important moral of the simulations is that mesh distribution has a significant
effect on the minimal, average and maxirelglctric field strengtlvalues on the face of
the worker during high voltage LLM.

Other simulations were executed to detesnilre optimal size adpenings on the face
mesh. Electric field strength as a function of mesh opening radius can be seen in Fig. 11
(overview) and in Fig. 12 (in the range of 0-10 kV/m) for different nominal geltavels
(the distance between the conductor and the face was 10 cm).
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Maximalelectricfield strength
vs.meshopeningradius

__ 400

S

S 300

=,

< 200

2

@ 100 —

3 0

% 15 1,75 2 225 25 2,75 3 3,25 35 3,75 4 425 45 475 5

*E Radiusof facemeshopening[cm]

Q

W
——75kV ——110kV 132kV ——220kV ——380kV
—400kV 750kV 800kV 1200kV

Figure 51. Electric field strength as a function of the size of mesh openings (overview)
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Figure 62. Electric field strength as a function of the radius of mesh openings
(range of 0-10 kV/m)
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Besides the proper electric ddiag properties, other aspects have also to be taken into
consideration to design a face mesh, suchsdsility, ergonomics, or ventilation. In case
of decrease of personal comfort, fault rate of LLM personnel might increase. This is the
main reason why it is especially importantesign a face mesh which keeps the electric
field below the limits — even in critical oas— and guarantee proper ergonomic aspects
at the same time. As it can be seen from Flgand Fig. 12, face meshes with an opening
radius of 1.75 cm can guarantee thesedviteria to meet simultaneously: electric field
strength remains below 10 kV/m even in case of a voltage level of 1200 kV and based on
the practical experiences it does not hawe disadvantageous effect on the accuracy of
the work — even in case of long periods of activity in the vicinity of high voltage power
lines.

5. Summary

Electric fields can be shielded effectivéypractice during live-line maintenance with
conductive clothing acting as a Faraday-cHge- 16]. To guarantee the safety of the
workers strength of electric field has to be reduced below the current exposure limits
defined by ICNIRP at any time of the work. Measurements and simulations executed in
the High Voltage Laboratory of BUTE have proved that during normal working
conditions ELF electric fields might exceed their limits, even when a given clothing pass
the screening efficiency test of the valid standard. Suggestions have been made and are
under consideration by the committee of IEC for the revision of the current arrangement
to simulate worst-case scenarios in practice.

Only conductive clothing with a propertiesigned face mesh is effective enough to
reduce electric field strength. Protection of thee is essential and has to be ensured to
guarantee the safety of the work. Proper desigiices the electric field effectively, but
ensures proper ventilation and visibility as well. A practical recommendation for face
mesh opening radius has been defined in this paper.

Live-line maintenance is the future of maintenance: numerous planned activities can be
executed safely, economically and withouy aonsumer disturbance. Safety of LLM
personnel can be guaranteed by properly designed and frequently inspected live-line and
personal protective equipment. Safety of workers has always to be handled as a first
priority during any kind of work.
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6WXG\ RI ' DQGGVOUORWKRUQ 6XUIL
$QDO\WVLV RI 7TRRO ODWHULL

, *tDWRV +DUJUWBROHFNL

6]pFKHQ\L ,VWYiQ SQUWHRINQW\RIH DW H3J ZB 6K @FQR Q\FH
(J\HWHP VTXDUH  + *\ U +XQJDU\
3KRQH
H PDLO KDUJLWDL#V]H KX

6]pFKHQ\L ,VWYiQ 8QLYHUVLW\ 'HSDUWPHQW RI 9HI
(J)JHWHP VTXDUH  + *\ U +XQJDU\

$EVWUDFW 7KLV SDSHU LV GHDOL@MWZALWKY M HE\FEPISE
ZRUQ VXUIDFH D QDIDVDQLQRHWKHRISY RLRR & VRHOBN H
IRU WKH H[SHULPHQWYV 6SHFLPHQV ZHWH SURC
VLQWHULQJ IURP PHWDO SRZGHU DQGYEQFRQYF
HTXLYDOHQW FKHP LIFIDSIO A R QAMKIGIWD J K K DWIGFHHQ H G
WUHDWHG E\ QLWBERBDRWEN.GL\QLIQ D @MEXBVE\H § LZH U H
RQ GLVF W\SH WU REORIHWBO EHKKHD WLRDEY ZWDIVQBR P
GLIIHUHQW PHWKRGINQRO\YZRW Q NRXUWXIAHD PH RA DV K
GHWHUPLQHG E\ WRHRYXUIPRBVSXURIRWGWY DQG
YROXPH ZDV FDOFXODWHG E\ XVLQJ URWIRI$\V R
PHDVXUHPHQWYV

Keywords: worn surface analysis, focus variation microscope, maraging steel, heat
treatment

,QWURGXFWLRQ

'LUHFW PHWDO ODVHUEMDRW HW VDR WEIHQ U D/EH BK B RO R
%\ SURGXFLQJ WKH SDUW OD\HU E\ O DF\RIRS O PPAMADDOS I
FDQ EH PDGH LQ DWLHP®ID & LSYUHFOR LWHKL RIJS/BLOHLF® \R L RAGKY R1 '
WRROLQJ E\ SURGXFLQJ PROG LQVHBMDOR BRIRDN BB WLR
ZKLFK RIIHUV VR FDOOHG FRQIRUPDBORRRIOW R JY IDUFLXRIXA+
VHFWLRQV WKDW FDQ IROORZ WKH VXUIDFH RI WKH SDU

7KH LQFUHDVLQJ GHPDQG IRU WRRO RBBBQFDMWILRIQM (
LPSURYH WKH VXUIDFH SURSHUWLHNQ FMKXG KUB V LIV B B B H
ZHDU DQG FRUURVLRQ (IIHFWLWHWHWIRRVPRFKNXQLEBED KR
WUHDWPHQWYV RU 39' FRDWLQJV RU RRPEWGHQWWZR Fa
PRVW LPSRUWD QW WWHDLVMPRHQWW URFHD WQEXULVLQJ RU FLC
DQG QLWURFDUEXULVLQJ DUH DOVR EZQGIHEWXRE GPRQC
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,QFUHDVH LQ KDUGQHVV KDYLQJ O/RRIQU DEHWD VMR DM F
KLJK WHPSHUDWXUH DQG E\ SUHYHQWLQJ DGKHNLRQ D¢
RI ZRUNLQJ FRPSRQHQWY FDQ EH DFKLHYHG > @

&DMQHU HW DO SUHVHQWHG DQ RYHUW¥ICHZ QD PROG
PDQXIDFWXULQJ DQG IRFXVHV RQ WKE WHDW UMRH WWKDH
FKHPLFDO KHDW WUBDWERH®WM VQRUIUREQRUEXQYE]EQU EK
LPSURYH WKH ZHDU UHVLVWDQFH RRPBVDHQ MWKWMHHO/ '
ZDV JLYHQ E\ SODVPD QLWULGLQJ > @

‘HDU SURSHUWLHVY DUH YHU\ LPSRUWEE&W @QWIGUWW D\ LQ
WRRO DSSOLFDWLRQV :HDU UHVLVWDQFH RI WKH VX
SDUDPHWHUV HJ PDVV ORVV DV ZHQW ORVV ® D@G
DQDO\]LQJ WKH ZRWQrX\DOLWPMWLYR FKDMMOG\W WUKIH] DXRLU
PRUSKRORJ\ DQG WKXV WKH ZHDU PHPKIMQLMEO H B DPWR %
OLNH FRQYHQWLRQDO RSWLFDO PLFURWOLRIH H&MHUMK
PLFURVFRSH > @ DQG WK H WRHF D@ HP LGFLU RMUFHRG W VN %

3VIOODNL HW DO XVHG 6(0 QRW RWRHN IRRIUDXDOWDWB Vi
&9' GLDPRQG OLNH FDUERQ FRDWLQJNVDRG XOPR\H & WH DO
ZKLFK LV WKH YROXPH ORVV SHU XQGWQRI ®S\SWQD 8 &HORMD
P@ EDVHG RQ WKH YROXPH ORVVHV I8RB SEHQ RLEAX-ODND V
ZHDU WUDFNV > @

$/ %XNKDLWL HW DO GHWHUPLQHG WKH ZUPRIUL QRPN
,QILQLWH)REXV I$DVRRBIFURYG N HPPVDLAG G UBIPRWHU
RI WKH ZHDU WUDFN E\ XVLQJ WKH HTXDWLRQ
°® ®x

Yol —as
ZKHEAH1 LV WKH DSSOLHQ Q@RUPD W KIRIVRWD@GVOLGLQ.
YROXPH ORVV ZDV FDOFXODWHG E\ FNDWXUALQRQWKXWHD Y
ZHDU WUDFN DW IRXU LGAWIHWHDAOW SRL @WYV

.DUDPERLNL HW DO FDOFXODWHG JLDVW PIQYR PHKMH B F
PHDVXUHG FURVV VHFWLRQDO DUHDZWBQ ®&LUIMHRN @O G
PXOWL SO\LQJ WKH DYHUDJH WUDFNODOUBB E\F@WHRH>FRUF
P@ > @

:DQJ HW DO GHWHIUP LHDEU WM M S H PB\V F HOR/XW L Q J
DFFRUGLQJ WRIWRNDRQRRZL > @

éa
9 L¢U®B
,Q VRPH FDVHV WKBDXHBKDEBKWHLIRY HZHD\ UY FO@X\PW W-LF
> @ %UHVVDQ HRXDPXO IFW DY COIRVMG Y R OR®G HR EWW K HP BC
ORVW PDVV E\ WKH VDPSOH GHQVLMWOEJKW LRQWHDION B RH
WDNLQJ PHDVXUHPHQWY LQ WKUHH RRWDW DRONUWR GG Pl
PP @ XVLQJ WKH VRIWZDUH RI WKH SURILOHU > @
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$V LW FDQ EH FOHDUO\ VHHQ DIWH P DWQKHP IODWWR G WX
SDUDPHWHUYV IRU FKDUDFWHUL]DWISRHQY WYX HSHBDUQSURLS
WULERORJLFDO FKDUIDFWWWHHQ JP BXWEB QU RAQWV VDIHE ARIFESC
Rl GLIITHUHQW PHWKRGV ZKLFK FDQ EH XVHG IRU DQD
TXDOLI\NLQJ WKH ZHDU UHVLVWDQFHHQWWKG6/ePDB HDQ GO
%|KOHU : VDPSOHV ZLWK GLIITHUHQW VIXUMD HHU KDDJ €
QLWURFDUEXULVLQJ DQG QLWRUFDWEXILANGQJ ZLWK SR\

(ISHULPHQWDO

ODWHULDOV

)RU WKH H[SHULPHQWYVY 06 PDUDJLQJ VWHHO SR
'0/6 VIVWHPVY DQG : 905 a PDUDJKQ@HW R B G HKRIDH
KDYLQJ QHDUO\ WKH VDPH FKHPLFDO PRMIR Vb RWRQR/I \\
DUH LGHDO FRROGQ RS MBSRQFDWLRQV

Table 1. Chemical compositions of maraging steel tool materials
Material C Cr Ni Mn Si Al Co Mo Ti
06

6DPSOH SUHSDUDWLRQ

ODFKLQLQJ

JRU WKH H[SHULPHQWY GLVN VSHFLPH®@XLWFNYQHMVGR.ID |
PP ZHUH SURGXFHG E\ '0/6 WHFKQRORJ\ DER BF@O6W G WIDR
URG LQ FDVH RI : PDWHULDO $00 KNBBSDIHWKZWWH YU
FRQGLWLRQV DIWHH PDFBDRSQHV)ZHUWHO SROPVEHBPRQC
SDVWH EHIRUH KHDW WUHDWPHQWYV DOQ®G&G &KW XHWHH
QLWURFDUEXULVLQJ DQG R[\QLWULGH® JZHUW HIWH CBIRO KD k

Figure 1. The laser sintered samples (left), ground specimens (middle) and polished
sample (right)
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+HDW WUHDWPHQW

%XON DQG VXWHDMH XHPWWKRGY ZHUKHXVHE UMR JOWK L
KDUGQHVV RI WKH M WHHOXYHDQGUHYKDWDQFH RQ WKH VX

$JH KDUGHQLQJ ZKLFK LV WKH FRP FFROQ BHIDQN WWHEB OV
WKHUPRFKHPLFDO DWU & DW B R BDIMME XVIXGKQYJ ZHIQE B[S OWH
PDLQ SDUDPHWHUV Rl WKH KHDW WURDEBPH QW PHWKRG

Table 2. Heat treatment conditions

Heat treatment] Abbrev. Tempergture[ cy Atmosphere
Duration [h]
DJH KDUGHQLQJ + f& K
QLWURFDUEXULVLRP& & 1K 1 1+ &2
f K K 1 1+ &
R\QLWULGLQD %k ¥ S OWHU

DLU

7THVW DQG HYDOXDWLRQ PHWKRGY HTXLSPHQW

HDU WHVW

$EUDVLRQ UHVLVWDQFH ZDV GHWHUPLQH® HEV WDOQ R

H[SHULPHQWY DQ 8107

8QLYHUVDO QDWHRH )POIRUR W HD\Q

JLUFRQLXP R[LGH FHUDPLF EDOOV ZHWHVXW BGQBY WBHB Y

DSSOLHG

Figure 2. The pin (ball)-on disc type tribometer (UNMT-1 Universal nano & micro

tester)(left) and the test specimen after the wear test(right)
IROORZ

7KH WHVW SBS0ODR BWHW WHEGWPH B M ¥ HIHPK\H
X VOLGLQJ VSHHG PP V
x VHW IRUFH
X GXUDWLRQ
Xx URRP WHPSHUDWXUH DQG
x DWPRVSKHUH ODERUDWRU\ DLU

7KH WASLFDO FKDUDFWHULVWLFV RIHW KHQW UFLLEGRFOFRIM W1

IULFWLRQ FRHIDLWFH.B \R OOXPEH WKHERUQ VXUIDFH

1

PLQ

P WLPH PLQ

168



I. Hatos et al. — Acta Technica Jaurinensis, Vol. 8, No. 2, pp. 165-178, 2015

&KDUDFWHUL]JLQJ RI ZRUQ VXUIDFH E\ ' WHFKQLTXHYV

,Q SUHVHQW VWXG\ ZHDU UHVLVWDW FK ORU DFKH K H\DIG W
DUHD DQG ZHDU YROXPH 7KH DUHD ®HWIH H PIUMHG| BW P R/
QRQ FRQWDFW ' RSWWRD®AJVXUKBIFHHWKQWNXR | K\ K HV WA
SURFHVVHG DUH GDWD ILOHV KDYLKQH ¥XWDFHR EPF DWW LD
7KLV ILOH FRQWDLQV WKH GLDE[EWLIRQGR] WRKRIUGR @MD\OH
YHUWLFHV RI WKH WULDQJOHV IRUPLQJ WKH VXUIDFH

%DVLFDOO\ ZKLWH OLJKW ODVHU :/LFU®GWFRSH DR PHX\WU
YLVXDOL]H WKH VXWRIDRXW R$RH UDERQGHY WRZHR 2NHQHS X V H
RSWLFDO ' PHDVX$SHRROW ,QVVQYHRPH)R F X ¥ URRFIRSID CD @
/(,&$ '&0 ' VA\VWHP ZKLFK XQLWHV WKHWDR @ DRR\D RIFD
PLFURVFRS\ ZLWK LQWHUIHURPHWU\ E\ XVLQJ :// VRXUFI

7R GHWHUPLQH WKH ZHDU YROXPH *HRBDUQF GX\GLELIR W
IROORZLQJ VWHSV
$ 'LPDJH ZDVERUHDWKWEQJ WKH ZRUQHWXUIDFH RI
$ SODQH ZDV ILWWIBGVWRI BVKHH PHIDW XMKH ZHDU WU
7KH GDWD RI WK HQR H DDAXHJ H B MQMW WUHIBE WSHO® @ HW WV KA
WKH YROXPH DERY© D@ LBHORZWNKDKFNEH G IURP HD

&KDUDFWHUL]JMMXWURDFEZHREBQ ' SURILOHYV

7KH ZRUQ DUHD ZDV GHWHUPLQHG E\ WWURHWRH ZI8Q

WUDFNV $V LQ RXU BN HN RAUOHV Z ROAHMKIHI RH@W U H WRK W
JHQHUDWHG E\ WKH HGJH RI WKH ZRBG WWKBHEH WHKH XSQX
PHDVXUHPHQWNG® DB BHUWKH GLDPHWHU

JRU WKH H[SHULPHQWYV D 7D\ORU +REVRQVXUIDF®\V X
WRSRJUDSK\ LQVWUXPHQW ZDV XVHG EQWRERMK ERBRWK
PHWKRG PHDVXUHPHQWY FDQ EH FDUWKHGFR®WD FQ/ FPM
ZDV XVHG ZKHUH D GLDPRQG VW\OXW DQ:\P M UD HUNG
DFURVV WKH WHVW SDUW WR GHWHMNBEW FB UTLRMW MRFOAMVL Q1
FRRUGLQDWHVY WKH GLVSODFHPHQW ERUWKIN FRIDVIXQYL G
YDOXHVY UHVSHFEWLYHO\

%HFDXVH RI WKH ORIH HY0 PXWIWRQV WO RHFA YIVQ RH WILH
VRIWZDUH DQ RZQ VRIWZDUH ZDV GRMBUYURSHBHWR HYODA
GHWHUPLQH WKH ZRUQ DUHD

7KH HYDOXDWLRQ LQFOXGHV WKH IROORZLQJ VWHSYV
'DWD [] DUH SORWWHG DQG WKH@Q FRQQ@HRPWHEG
FXUYH
$ VWUDLJKW OLQBWL SIRWQYWE QHRDWKWKE ZHDU WU
7KH GDWD RI WKH PHDVXUHPHQW UD®@}HJ¥RBPWHE
ZLWK WKH ILWWHG VWUDLJKW OLQHH VWO WYH
VXEWUDFWHG IURP HDFK RWKHU
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7KH HYDOXDWLRQ SURFHVV LV LOOXVWUWWY G ES XDV VI
VKRZ WKH FRRUWHDADD WAN DWERMOGWILAORHD ERIA
SODFLQJ RQWR WR HGHY W.IDFIVWXW KK B/RIHQ @/VQHR UVZ KQ V H
SRVLWLRQ RI WKH OLQH LV VLJQLIVEDH R L\ KM HARPWQRY .
DUHD $IWHU SODFLWJ MWHOHG P I D R X @HERRHQF DV&FHX ORIMWH VW

DUHD

Figure 3. Screenshot of the own developeitware for determination the worn surface
area from the 2D profile measurement data

S5HVXOWYV

' $QDO\VLV
%DVHG RQ WKH UHVXOWHG WRSRJUNSE\ XPDQH\G RII KUK

HTXLSPHQW WKH OR®ORZVQIDOREH VWDWHG
X 2SWLFDO FRQIRFDO PLFURVFRSH S$®IFRQNH LR/UC
RSWLFDOO\ YD UL PEO®HRQX WIHH HLBE J L W L
X 6HWWLQJ SDUDPHWHUV RI RSWLFDQ WRQ R FIDOWR G
WKH QXPHULF VG H RUDOWWVHP HQW V

Figure 4. Worn surface topography of W722 materials by using Alicona microscope:
after age hardening
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Figure 5. Worn surface topography of W722 materials by using Alicona microscope:
after nitrocarburising

7KH UHVXOWHG LPDJHV RI WKH VXUIDNH RB®D &W.LQ/A
FRPELQHG PRGH RI :// LQWHUIHURPHWU®Q ZAHV K HHRX IIRF
YLIXUH
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Figure 6. Worn surface topography of W722 materials by using Leica microscope: (top)
after age hardening, (bottom) after nitrocarburising
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7KH ZHDU YROXPH RI WKH GLITHUHQW \UDMPVSXGDHAN ZIV / A
PHDVXUNPHQWY DQG WKH FRPSDULVRQ FDQ EH VHHQ RG

>

1 D06 m:

HDU YROXP@

+ 11
+HDW WUHDWPHQW

Figure 7. Worn surface volume calculated from 3D measurements data of MS1 and
W722 materials having different heat treatments (H-age-hardening, N-nitrocarburising,
ON-oxynitriding) by using Leica microscope

5HVXOWYV RI " PHDVXUHPHQWY VKRZ WKH VDPH WHQGI
VDPSOHV PDGH IURPDWRIGN. RO D Q& KWPPIHQW XUIDFH WUF

'"$QDO\WLV RI WKH ZRUQ VXUIDFH

7KH VXUIDFH RI WKH WHVW VSHFLPHQ Y HADH HAFD@QHGH
FDOFXODWH ZRUGHDBUDEBG IL\§ ZBEDSWHU

,Q JHQHUDOO\ WKH ZRUQ DUHD LV IQW KHWKKH NDOFFHH EAD-O@
WKH LPSHUIHFW VSHFLPHQ IL[DWLRDQKBIYGE WKSHIUUYHRNAA
RIWHQ QRW YLVLEOH WR WKH QDNHGXOW ERWR XK HH\[ FHDU
WKH UREXVWQHVYVY RI WKH SURFHVWEH WP DOXRHYW Q @G/L ¥
XQFHUWDLQWLHV

7R PDNH FRUUHFW HYDOXDWLRQ W KH PIHDSAXRISHPL-DOWHY @
WR EH GHWHUPLQHG DQG UG®MRNXGHMHBEHWRR
H[DPLQHG

,QIOXHQFH RI WKH QHPEHIWRI| PR DWKH DHF¥XOWF\ RI WKH

%DVHG RQ WKH ' PHDVXUHPHQWY D V@WHIL KDY L QUK M |
KLIKHVW GLIIHUHQURIN. GHW £ g HVOK WHKIHE S HR @ (DWW HFDR WWR  (
WKH RSWLPDO DSSRIRSWPHDWEKUGRABRNROW SIHRNXIGBM HED X |
VKRZV ' LPDJHV RZRAUWKWHNWHAMHDHGW B DFQHD QG D 3JRRG’
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Figure 8. 3D topography of the “worst” wear track used for the test series to determine
the optimal cross section profile number éorrect evaluation (left: MS1 after age
hardening) and a “good” sample having only slight differences between the profiles

measured in different cross sections (right: W722 after age hardening)

2Q WKH ZHDU WUDFN VKRZHG ELJ GUHFHWHRFWHD QQ RKY¥

YLVLEOH WR WKH QDNHG H\H VHH )HUXUFDUUBHGIRGW R
GLDPHWHU Rl WKH WQDFKH WZERMWQHLIKERXULQJ GLD
FURVV VHEFWLRQVRZHUR VF DQKHH GL JIX UH

Figure 9. The locations of the profile measurements along the worn trace

YRXU W\SH RI PHDY NV LGHI SQRGHWOFQXBERU GLIVHQBQM U
WR GHWHUPLQH WHKWKER VY DMGHL ® @G WL KWL R U BRFF N
FKDUDFWHUL]E® VDNVWKWSHRRAGRZLQJIV

X GDWD WR FRPSDUH PHDVXUHPHQWYV LRQWHLJIKYV
1R FKDUDFWHUL]JLQJ WKH IDXOW RI FKRRVLQ
X GDWD WR FRPSDUH DYHUDJH RI PIQD VX UHPHOHNWH
1R 1R 1R 1R FKDUDFWBUHNLRDRJI W

PHDVXUHPHRQWHD®RIPHWHU

X Gbwb WR FRPSDUH DYHUDJH RI PHDYIXUHPHQV
SHUSHQGLFXODU GLDPHWHUV 1R 1R

X GDWD DYHUDJH RI PHDVXUHPHQWY HUWURWV VH
EHWZHHQ WKH WZR QHLJKERXULQJ GLDPHWHUV 1R

7KH UHVXOWYV RI WIKWHHPHDHNKHGWHGWNY )LIXUH
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g OVLQJOH SURILOHV

@ © ODYHUDJH RI SURILOHYV
g o) @DYHUDJH RI SURILOHYV
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IXPEHU RI PHDVXUHPHQWY IRU FDOFXODWLRQ

Figure 10. Influence of the number of profile measurements on the accuracy of the
resulted worn area (material: MS1 after age hardening). Worn area values calculated
as 8 single measurements or as an average of 2, 4 or 8 data.

,Q WKH ILUVW FDVH KDYLQJ LQGKSHGOGEHQWHEDRDI) EZ}
EHWZHHQ WKH UHVXOWHG YDOXHV $VQIRPSIKF WRHIG WRKGHH S
FKDUDFWHUL]DWLRI@W I LW KAD B H DN & DREVRW B O PDQJIG RQIKIHGZ F
LV FDOFXODWHG DV DQ DYHUDJH RI WZR GDWD PRUH
JUH\ 7KH IRXU UHVXOWYVY GDUN JBEH UDVW D/QHAD LF® RBHH
'RLQJ SURILOH PHDWXZRI BHQWNQIBARRAWRH BRD O HMWHURHR
WR EH RSWLPDO IRU WKH SUHFLVH PKDWD\F WEHQRFNWS R
FDQQRW H QK DIFRHRW W HD FIFYOWD XDWLRQ

5HVXOWYVY RI ZRUQ VXUIDFH DQDO\VLV RI '0/6 DQG : PD

'RUQ WUDFHV RI VDP/SOMHYGPDURP E\ '0ZH U H Q18 DD/WHRIUHEEI H
ZRUQ DUHDV ZHUH BWUWBHURL PHH® \DW BFRIQW W HE WRORW K
WZR SHUSHQGLFXODU GLDPHWHUYVY UKH UHVXOWY DUH V

006 m:

:RUQ DUHD®>PP

+ 11
+HDW WUHDWPHQW

Figure 11.Worn surface area calculated from 2D measurements data of MS1 and W722
materials having different heat treatments

$V LW LV FOHDUO\ VHHQ WKH UHWOORIV DRHDWVXURRE
: PDWHULDO KDV EHWWHU ZHDU UHWH. WVH@MHP HQ WHD
SRVLWLYH HITHFWQ LHL RJIHGW BL QUKWLZRUQ DUHD
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&RPSDULVRQ WKH UHVXOWYVY RI 'DQG ' DQDO\VLV

'KHQ ' PHDVXUHPHQWY DUH FDUULBGHDXRI WHH RV

RU FDQ EH FDOFXOBIWRIG VRV HD ® HDYHKWBPHQWY ZKLOH
PHDVXUHPHQWY WKH ZKROH YROXPH RI7WKHVXR UIF W DD
YROXPH UHVXOWYV FDQ EH FRPSDUHGMIHUMRQIHIMDROXWV
FDVH WEH DJH KDUGHQHG 06 VSHFLPODQH ZFIVERMKH F WDH;
' PHDVXUHPHQWY DQG HDFK YDOXH @DYHUHDO®XWH G WKRX \
KDUGHQHG 06 PDWHULDO KDV WKH PDLYFMDODOKEDWRIYE
FKDUDFWHULV W LPHDVKUHEHRQWK D RFIPEKR 230 0L P
JLIXUH £

"UHVXOWV U

06 B+

' DQG

06 B+ B+ 06 B1 B1 06 B21 : B21

Figure 12. Comparison of related values of 2D and 3D measurements (the data are
related to the age hardened MS1 material in case of both test method)

,W LV FOHDUO\ VHHQ E\ WKH UHVXOWKN WXL BEEGRHV KR L
FRUUHFW FKDUDFWBULJBWLRW DRJ AWM KR DAKBI VYO MOHKKWL GQ |
FDQ EH VHHQ EHWZAHHX OVIXW HLEH MXFORAW KIH \GLOMAVY HQW W

7KH ZHDU YROXPH ZDV FDOFXODWHG EVXVYEGUDNKHR
PHDVXUHPHQWYV FQRV\5NHEMWQEQVXIDO® 5 LB RIEWAHRIMI H ¢
ZDV IRXQ@G EHWZHHQ WKH PHDVXUHG DQG FDOFXODWHG

>

OPHDVXUHG
BEFDOFXODWHG

‘HDU YROXP@

06 B+ 06 B1 06 B21 : B+ B1 : B21
Figure 13. Comparison of wear volume data of 3D measurements and calculated from
2D measurement results
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&RQFOXVLRQV

,Q RXU H[SHULPHQWY RQH WKH RWK® F KDQLEF WHH UR FOXW
PDUDJLQJ VWHHOV WR FRPSDUH W K\HJ HDIWPWQWYQ WD\ K
WKH ZHDU WHVWV ZHUH SURGXFHG EULO M6QBHIWRR GJR
PDGH RI : WRRO VWHHO ZLWK HTXLKB OWHIPVG GFH\H RZLHU
WHVWHG E\ EDOO RQDGWWRE HTUXLEBHQWQLYLQJ LIMYR
QLWURFDUEBRMN @] LADWKL R Q

7KH RWKHU DLP RI RXU H[SHULPHQWR/I ZDWHWJRH ¥ R® B/IVUC
IURP GDWD RI ' DQG WVPHIMXUWARPHIHWBOPQAREWHK HR R
PHDVXUHPHQWY LQ FDVH RI WKH XVHG ' PHWKRG

%DVHG RQ WKH UHVXOWV WKH IROORZLQJV FDQ EH FR(

Xx 3URILOH PHDVXUHPHQWY DORQJ WZR ISBIW SMQISEN)
HQVXUH JRRG DFFXDWER Q QZ W@V HDWRLDQWVIR HF KZDHJ D |
UHVLVWDQFH RI WKH VXUIDFH

X ,Q FRPSDULVRQ WKKD UEBWWUYWWAHFNVIXRFW V [RQ G H L R
PHDVXUHPHQWY WKH VDPH WHQGHQFLHY IREQGYH
EHWZHHQ WKH UH & DWKHIGD ¥ B OXGIF RR QWKP HIRHADKY RU
WKH HYDOXDWLRQ PHWKRGVY FDQ EH XVBGQ RU
FRPSDULVRQ RI WHKH VZHDW HG! EL \EDEB®HRIQ GLVF WU L

X 7KH ZHDU YROXPH GHWHUPLQHG E\ ' PWDR/Q WZH MHKQ
WKH UHVXOWV FDOFXODWHG IURP ' PHDVXUHPHQW

$FNQRZOHGJHPHQW

7KLV SDSHU ZDV VXSGRB\R YR B D E\5WKHB IRAKWEFK R ® Q UV K
$FDGHP\ Rl 6FLHQFHYRUKHSUHVHDRWG VL 6 DWKILW G IRXHU T
RI WKH 7E023 $ 219 S UR MUBIN VR IL QY KWK HH U
6]pFKHQ\L 30DQ TRIHWMKH.DNOIUYBRW HRQN KM VX SBRUMMH 6 QH\R
FR ILQDQFH® FES MDKHB(RFLDO )XQG

SHIHUHQFHV

> @X .0 <X .0 &KLX :. 9EDNVHIGOERQIRUPDO FRROLQJ FK|
JHQHUDWLRQ IRU UDSLG WRROLQJ BRPSXWHU $LGHC

2, M FDG

> @LFNHOV / &KDQQHOOLQJ TXDOLW\XRIFWRXQ QG 5 GO 5 B/
3RZGHU 5HSRUW 9RO 1R SS
2, 6

\Y

@XPDU 6 6HOHFWLYH /DVHU 6LQWHUL@WHOHDOM-QJ LQ
BURFHVVLQJ (GLWBWWDOKIDVKPIL 6D @EIM % (O¥HYLH!L
2[IRUG SS
'2, %
@HJKQL $( +DVKPL 06- 7KH HIIHFW RHFERIDNULQJ DQG
EHKDYLRXU RI WRRO O/DMHHWOLND OR BBEQRAYV VIR 7HEKQ

\Y
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SS
2, M MPDWSURWHF
@ DIWODQJ ) +DELEROODK]DGHK $ B6R®LVIMXGRPSRUD
GXSOH[ VXUIDBH WUWNYWHOMIDE E\ F@W RU QO P D
QLWULGLQJ DQG DOXPLQL]LQJ ODWHULDOV 'HVLJQ
2, M PDWGHYV
@DMQHU ) /DQGHN '6 XKHVDRY PRI 91 L FDQVWL R OW HRO \P XV E
LQ WKH PDQXIDFWX®IHR| PRWE GVDIDQYBRQG WHRKQROF
SS
@ XVVDLQ . 7DXTLU $ XO +DT .KDQ $RQQDWKHQFH RI
UHVLVWDQFH RI PDUDJLQJ VWHHO 9R@WHUQRW L REED O

'2, 6

@DUDPERLNL & 0 ORNLOD VW BGHBVLVOBLRUB X WQKH WK U I
WKH VOLGLQJ ZHDVUURHPLEXRUW JRIGQWRRO VWHRHOYN :HI
SS

‘2, M ZHDU

@DFTXHW 3 *Ré&4 EF]DN[®SHURRHQ@MWD @ ® K DRJDFRUH V HIO WG
VROXWLRQV IRU SODVWLF PRXOGLOQRONRROS/S $SSOLH

2, M DSVXVF

@QJ <; <DQ 0) /L % KDX@®JI/&6==KDQJ <; /%DRQ%B &KHQ
= /L 5: 6XUIDFH SRR DIOWRY /EWRIH@® BXQIOWDM FDUE X UL
SULRU WR ODVHU TXHQFKLQJ SURFHYV 2S®/LFV /DV

‘2, M RSWODVWHF

@UHVVDQ -' %DWWLBWPQYRY "SHUEOUBQ WORRHODWW HH C

$,6, 0 ' DQG FRDWHG ZLWK $0 2 E\ WKH 02&9" S

ODWHULDOV 3URFHVVLQJ 7THFKQRORJ\ 9RO 1R

2, M MPDWSURWHF

@RGJRUQLN % ODMGLF ) /HVNRYVHNDRJDEPD@MWURSHUY

RI WRRO VWHHOV WKURXJK FRPELQDWALBQIRMP®HHS F

QLWULGLQJ :HDU 9RO SS

"2, M ZHDU

@ %XNKDLWL 0$ $O KIQMDE +RITRD@E@ )7 ULFWROMRH LF D O

DQG PHFKDQLFDO $$RSHUWQ&Y @D @RNE BOH PXOWLOI

FRDWLQJV GHSRVLWHG RQ $,6, + KIPWH BREINH®RR 09R
SS

2, M DSVXVF

@®LRZ 3& *KDQL -$ PIODDPWOL506HODPDW 0% +DURQ &+4

&KDUDFWHUL]DWLRQ Rl 7L&1 DQG 7L&B SOLFMRDLRIQQ J'

&HUDPLFV ,QWHUQDWLRQDO 9RO 1R SS

"2, M FHUDPLQW

@DYDV & &RQGH $ )HUQIQGH] %- =XBELBRDWGB JD RER

LPSURYH ZHDU UH& LWAWHHJF H6 X U PIRPHDKDGREO &R D VB R@J V
1R Ss

"2, M VXUIFRDW
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Abstract:  The longitudinal behaviour of embedded rails significantly differs from
that of ballasted and slab track with direct rail fastening. As the ambient
temperature rises and falls, rails expand and contract, imposing stresses on
the channel and the embedding commh In this article the author
presented the creation of a method that makes the calculation and the
checking of embedded rails simpland becomes closer to everyday
engineering mentality. The author’s design process includes an analysis of
displacement and normal fas along the ralil axis.

Keywords: embedded rail, longitudinal behaviour, breathing length of ERS

1. Introduction

The dilatational behaviour of embedded rails significantly differs from that of
ballasted and slab track with direct rail fastening [1]. While the firstly flexible resistance
is typical of the order of ~10 mm displacement, in the second and the third cases after a
relatively small displacement”(2 mm) the linear flexible period is followed by an
ideally plastic period [2].

This latter behaviour can be modelled with software that enable non-linear calculation
(providing spring stiffness and limit forcejnd in practical calculation the flexible
period can be ignored and the plastic ballast resistance can be applied in well-known
formulas [3,4].

In Fig. 1 there are force-displacement dégs valid for ballasted tracks and slab
track with direct rail fastening according tungarian standariiSZ EN 1991-2:2006

[5].
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Figure 1. Value of shear resistance in casbalfasted tracks and slab track with direct
rail fastening [5]

Note: Fig. 1 is applied to 2 rails!

Table 1. Features of bilinear spring characteristics [6,7]

. Spring constant Limit force
Sign Name [KN/m/m] [kN/m]
A Rail fastening on loaded track 120,000 60
B Ballast resistance on loaded tragk 30,000 60
C Rail fastening on unloaded trac 80,000 40
D Ballast resistance on unloaded 10,000 20
track

The two different kinds of dilatational behaviour (flexible and plastic) show a
significant difference when the Figures of dilatational forces and rail end movements
are compared. The figuresash the behaviour of a 60Edail in case of a 45 °C-
temperature change. 10 [KN/m/rail] value dastic shear resistance was applied, and
the embedded rail with the value of 5,000 [kN/m/m/rail] was described. When the
length of the breathing period was e$sdied, 0.01 mm displacement as a limit
condition was set and not complete stillness [8].

The modulus of elasticity of the rail is 206,000 [N/fhnthe value of the linear heat
expansion factor is 1.2*10[1/°C].

Figures 2-5 describe the changes of dilatel forces and the evolving displacement
along the length of the rail.
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Figure 2. The change of dilatational force along the length of the rail in case of flexible
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Figure 3. The change of dilatational force along the length of the rail in case of
plastic shear resistance
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Figure 5. The displacement of the rail along the length of the rail in case of plastic
shear resistance

Based on the Figures 2-5 it can be stated that the hypothesis of the linear change of
the dilatational force in case of embedded raés not be applied as in the cases of
ballasted tracks and slab tracks with direail fastening, and the evolving rail end
movements are significantly smaller than theexpected in ballasted track and slab
track with direct rail fastening.

2. The analytical description of longitudinal behaviour

A method for the analytical description of longitudinal behaviour can be found in
Coenraad Esveld’s book titled Modern Railway Track [9].
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The occuring linear shear resistance described with the following formula
(Equation 1):

| ku, 1)
where:

2 flexible shear/sticking resistance [kN/m],
k: longitudinal spring constant [KN/m/m],
u: displacement [m].

The differential equation describing the analysed problem can be given with the
following formula (Equation 2):

du  k
— —u 0, 2
dé EA @)
where:
x: distance from the moving rail end [m];

E: modulus of elasticity of the rail material [KNgm

A: cross sectional area of the railqm

After solving the differential equation tHellowing equation (Equation 3) can be
received for the displacemenbaf the length of the rail (leaving out the deduction):

u(x) rD—;e R ()
k

where:
.. linear expansion coefficient of the rail material [1/°C],
ar: change of temperature [°C].

Formula is valid for normal force change:
N(X) rEADT1 e ® | (5)

In engineering practice the analysis of twotbrs is essential. The first one is the size
of the complete moving length of the rafl here is a rail fracture, the breathing length
is examined), the other one is the extent of the displacement of the moving rail end

(Umax).
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Determining the breathing length in a closed form is impossible on the basis of
Equation 5, the value of the maximum displacement can be counted from Equation 6:

Upax  UO) r— T rDT\/i

An Excel program was prepared on thesibaof the above calculation, which can
calculate and present the changes of the abfonce and displacements along the ralil
line graphically, and gives the complete moving length of the rail witkQu01 mm
limit displacement.

(6)

With the purpose of validation the resultstiof program was compared to the results
of a former FEM calculation [10] done &zéchenyi Istvan Uwersity. The used
material characteristics, spring constart aross sectional data were in Table 2.

Table 2. Input parameters of the model examined

Parameters Values Units
E 206,000 [N/mrf
A 7,247 [mnd]
. 1.2*10° [1/°C]
ar 45 [°C]
k 10 [KN/mm/m]

The results are summarized in Table 3.

Table 3. Results 1.

Parameters Value in [10] liteature Value after Z. Major
Nmax [kN] 806.16 806.16
umax [mm] 6.33 6.59

Z [m] ~60.00 79.50

There is only one significant difference in the breathing length among the results in
Table 3. The reason of this is that the technical literature estimated the limit of the
breathing length from a figure, it put it to where there is no substantial change in the
normal force along the length of the rail, while in the author's Excel program the
uim=0.01 mm limit displacement sets the liniiherefore the extent of the normal force
at 60 m in both cases was set. Ehigures are summarized in Table 4.

Table 4. Results Il.

Parameter Value in [10] liteature Value after Z. Major

N(60 m) [kN] 800.22 800.21

It can be seen that the rung of the normal force is the same in both cases so the
author’s Excel program can be udedpractical calculations, too.
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In connection with the methods above it céated that planning needs the purchase /
creation of a FEM program or the calculatiohrelatively complicated interrelations
has to be done.

Instead of the former interrelations the author is going to make a suggestion to apply a
calculation method which is simpler from an engineering point of view but provides
correct results.

3. Longitudinal behaviour from an engineering viewpoint

In the previous paragraph the analytical aspect of the dilatational behaviour of the rail
in embedded rail structures was decribed, on the basis of which the author deducted the
following interrelation (Equation 7):

Upax U0 r— T DT\/i @)

Instead of applying the Equation 7 a ,c"ssym factor for each rail system was
defined, and it is used to rewrite the correlation into the following formula (Equation 8):

Upax U(0) rc'T\/%, (8)

c VO EA. )

In the ,c” system factor the material feagarof the rail was contracted which can be
considered constant,(E), and the cross sectional areaath rail profile. (A). In this
form the relationship is simpler and the need for calculation is much lower. The
introduced correlation makeke calculation of the rail end movement clear and free
from the difficulties of transformation.

where:

To determine the factors the written Excel program was used. Table 5 shows an
example for ,c” system factors belonging to applied rail profiles. Due to content limit
all the calculated values will not be given. 12 rail profiles were examined while the
method was being created. (Besides flat bottom rails grooved rails were also examined
that are applied on light rail systems.)

Table 5. Values of ,c” system factors in case of 54E1 and 60EL1 rails

Rail profile ¢ [kNO5°C]
54E1 14.386
60E1 15.084

Note: During the calculation the modulus of elasticity of the rail material was
E=206,000 N/mrh The linear expansion coefficient wasl.2*10° [1/°C].
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Having done the validation exercise irtuwed earlier the result below was received
(Equation 10):

[1 [1 14.662 145
u u@© c¢'T,./— 14662145 6.5978 [m 10
max UO) k 10000 100 [mn{ (10)

which matches the author’s result.

In order to be able to determine the value of the complete moving length of the rail in
the relation of the longitudinal spring constant the power functions is determined
describing the change considering the 45 temperature change the following
formula (Equation 11):

zk) ak’ [n . (11)

The given general correlation by examining the results from the author's Excel
program was received. A powmction to the breathing length values determined at a
spring constant changing in each raystem was adapted, whose ,a” and ,b”
parameters are summarized in Table 6.

Fig. 6 shows the relation between the occuring breathing length values in the case of
54E1 rail and the longitudinal spring constant.

The applied formula provides the calculation of the breathing length in a closed form,
for which there has not been a possibility before.

Due to content limit all the calculated values will not be given. 12 rail profiles were
examined while the method was being created. (Besides flat bottom rails grooved rails
are also examined that arepipd on light rail systems.)

Table 6. Values of a and b factors of the power functions in case of 54E1 anch89E1 r

Rail profile a b
54E1 15,716 | —0.5763
60E1 16,598 | —0.5763
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Figure 6. Breathing length occuring in case of 54E1 rail in relation of the spring
constant (temperature change is 45 °C)

Doing the calculation the following result was received (Equation 12):

2(1000035GPB) 1605310000 ™ 7957 [m], (12)

which result matches the former result. (Table 2)

4. Summary

In this article the author presented the creation of a method that makes the oalculati

and the checking of embedded rails simpietl becomes closer to everyday engineering
mentality. The other great advantage of ¢heated method is that it does not require a
FEM program, it is time-savincompared to it, becaugeneeds no model-building.
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Abstract:  Designing a product-packaging system is a complex challenge for
engineers. Building a suitable armlistainable system the packaging
engineers have to take into consideration many aspects, demands and
requirements. To protect the product by packaging-system from physical
events during transportation, handling and warehousing the cushioning
has got a significant role, because this means the primary protection. This
paper aims to give a model help to decide the applicability of different
cushioning materials based on eith protective, sustainable and
economical attributions. This model ranks the different types of
packaging materials choosing the final optimal solution. Our study also
introduces a determinant, which is in connection with the mechanical
characteristic (cushion curve) of the material on different environmental
factors.

Keywords: packaging, cushioning, decision support model, product-package system,

1. Introduction

The aim of our paper is to present a model, which can be a support mechanism to
the packaging engineers. During a packaging designing process, a lot of parameter and
requirements have to be taking into comsadion, like product protection or logistic
environmental factors. It's well known that the primary protection of product can be
ensured by any kind of known or innovative cushioning solution. By the described
method in this paper, the decision can be performed in the early phase of designing
process, between different cushion materials using primary. Comparing the possible
versions by different aspects, engineers can decide which should be the best or
optimal material. This paper introduces a parameter to modify and enlarge the
equitation used in practice during testing and comparing cushion materials. This
parameter is in connection with mechanichbracteristic of material on different
environmental parameters, so the ranking and comparison going to be more realistic
for those cases where the material speciglysitive for relative humidity changes or
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temperature changes, and moisture canppeared in very chacteristics ways (like
transcontinental transports). The modslbatan compare the miinuously appearing
new, innovative and environmentally friendly materials.

In this paper a solution is given, which can support the development processes of a
product—packaging system. Groups were defined giving one of the most significant
influences during a designing process. Also a basic function is performed, which can
be a right solution, if the primary protection of product- cushioning systems should be
compared and ranked. By this model all the parameters of influence group can take
into account, except the behaviour of theechanical characteristic on different
environmental conditions. The basic model can be enough, when the materials non-
sensitive for humidity or the cushioning characteristic is not a major issue.

2. Model set-up and the its components

When a product’'s designing processes is investigated, many of methods can be
configured by former knowledge to makasier, more effective, make cheaper the
product itself [1]. These designing processes mainly investigate the product design.
Just some of the processes mention and work with the logistic and packaging aspects.
[2] [3] Beside that, these models are become more and more complex; none of them
deal with the packaging system as a complgstem to protect product. These models
are not able to give a help hand when the engineer have to choose the right, cost-
effective, optimal and mechanical suitable packaging protection system, like
cushioning. Nowadays, this decision is getting more and more important, as the
environmental regulations, waste requireteeget higher accent, and the material
science develops new materials, which are possible applicable for the packaging
industry.

The described method in this paper helps and supports the decision policy among
the possible suitable move-damping systems. By this, the possible cushion materials
can be re-parameterized or modifiedtlie consumer or the logistic environment
requires subsequently this. To build upe tmodel, at first, categories (parameter
groups) have to be grouped which influence the product package system. Fig. 1 shows
these groups.
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Figure 1. The Product - Package System

In the system, the groups mean the followings:

X

PPS: (Product Package System): Ebenplex system, which includes each
package components and product protect devices. The result and sum of sub
categories (described below) have he the maximum, as the result of
development.

S: (Supply): Category includes those information and parameters, which are
important during the supply and purchasing process of PPS components. In
case of this sub-category, thenmium (for examplecosts in EUR/ etc.)

of amounts is the most important 8nin).

Qi: (Quality): The quality parameters mean the most important factors in this
sub-category. The maximim of the criteria’'s (o max) is the most
important, like the percentage of fault free income packaging devices (%/
1000 pcs), etc.

Mi: (Manufacturing): Sum of paranes can be connected with the
producibleness. In this category the minimization of the valugs () is
the aim, like manufacturing time (pcs/miswitch over time (min/pcs), etc.

P: (Packaging): It contains the entire packaging system, built up around the
product. Maximizing the contains;(@max) of this sub category is the goal,
like resistance of package devicgmssing the functional requirements,
percentage of intact products, etc.

Li: (Logistics): Those parameters arethis sub category, which are able to
affect the effectiveness of tramsfation, handling and storage, like
stackability (kg/package), possibility of mechanical handling, etc. To
maximize the parameters is the goaldimax).
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x E: (Environment): This sub-category ntains the parameters, which are
important when the whole package is at the End-of-Life and becoming waste.
To minimize the factors (& min), like package waste per product (kg/pc) or
the degree of non-recyclable maadsiin the system, are the goals.

The contents of each sub-egbry can include many faws, so in the followings
they are not detailed as a complete list. They are important when the model going to
be improved in an exact task. The function (1) of the PPS is going to be the following,
based on the Fig. 1:

PPS=f(S,Q,E,L M,P) 1)

Building up a product package system banmodified by each sub categories. The
weight of the sub categories can be chdnigeeach designing task, so a weighting
coefficient has to be adopted.

For each of sub-categories the following coefficients (2) can be applied:

Smin Q M P L E
— —; A, —1a, — 8
as S aQ Qmax aM IVli i I:)max - Lmax - Ei
(2)
Based on the above written, the function (3) can be expressed for the value analysis:
PPS (&S aQ awM; ali aE) &R (3
Where:

S: the Supply, etc. sub category markings
as: the weight coefficient concernirtg the sub-category, like Supply)Setc.

As from the function can be seen, thé ablock is factored out, because the
protection of product is the major and primary task of a product package system. The
parameters, which are applied to the weighting coefficients, can be modified or
extended in order to fine the analysis. lingportant that the coefficients have to be
defined individually in each design development task. To verify the model test
calculations was performed. The bases of calculations were the values of three types
of different cushioning materials (Fig. 2).

Sample 1. Polyethylene Sample 2. Expanded Sample 3. Thermo-Plastic
Polystyrene Strach

Figure 2. Tested and compared cushions
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Two of them are common plastics foan{Polyethylene: PE and Expanded
Polystyrene: EPS), and the third one r&eav innovative and environmentally friendly
material (Thermo-Plastic Starch: TPS). Comparing these different material versions
the weighting values {aare same for each cushion, and the sub-category values are
pre-defined and based on previous investigations and researches. With the calculation
the types can be ranked and compared. Basehe results, it can be decided whether
the new environmentally friendly material capable to be a final cushioning material or
not. The comparison of the materials can be seen in Table 1.

Table 1. Calculating and comparison the materials by categories

S|a | Q|a|E|a| L |a|M|jav| P | a S:{Se v((a})l/g)es
PE | 4| 35| 8| 20| 5| 30 9| 3 5 25 10 0 507000 -91
EPS| 2 | 35| 7| 20| 7| 30 10 3 7 26 10 60 537000 -3,8
TPS| 9 | 354 8| 20f 1| 30 10 3 5 25 10 60 558000 0|0
Somin| Qomax| Eomin| Liomax | Momin | R omax

The last column of the Table 1 is ablesttow the rank and the differences between
the investigated materials. Actually, between the results, there are not so huge
differences.

3. Discussion of the modified model

When a new material appears, many suitability tests, verification processes and
investigations are required in order to be applied the given material in practice. It
means a long time, huge amount of measurements, and of course it is a very expensive
process. To make a decision about a meaterial, whether it is suitable or not,
information are required from two aspecthe first aspect is the information and
parameters written in the previous chapbgra basic comparison. The second one is a
knowledge about the given supply chain, where the possible material going to be
applied as a product protection system.

Many papers investigated those influential logistical and environmentally
parameters, which can have major influence on both product and packaging [4][5].
From two groups of logistic stresses, which are the mechanical and environmental
affects, | had to choose the affects, aaake the highest risk for the packaged
product. Investigating these, the shock/drop and the temperature/humidity stayed as
major effects.

There are papers, which investigatece tbushion characteristics of different
materials [6][7]. Several testing methods show relevant information, but one of the
most important is the “cushion curve” test method [8]. A classical cushion curve can
be seen on Fig. 4, when the material quality is tested in the function of thickness, drop
height and static stress [9] [10]. If the engineers want to know the all-possible
variation, it means a lot of tests and it requires a very long time. To solve this and to
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shorten the duration, the so-called Stress — Energy method can be a suitable solution
[11] [22].

The dynamic stress can be definedsis (G times static loading), and the dynamic
energy can be defined a#/t (static loading times drop height divided by cushion
thickness). Both of them have units of Pascal [kPa].

This method says that for any calculated ene@ygan be predicted. Predict&d
levels have to be compared (frdBs) to actualG levels from the cushion curve in
different combinations of, h andt. So,G levels can be predicted very accurately.

18t step: The maximum and minimum limits on the energy absorbed have to be set.
As Energy =sh/t, the minimum energy casponds to the smallestthe smallesh,
and the largedtthat data to be wanted for. The maximum energy corresponds to the
largests, the largesh, and the smallestthat data to be wanted for.

2" step:Divide the energy range in step first into about 5-10 approximately evenly
spaced points. If the range 5 to I®xais used, then test for energies in steps of about
20kPa So, 9 different energies could be chosen for equal to 20, 40,60. . . .. and 100
kPa

3 step: For each of the energy step haveb® chosen in the second step, select
five-six different combinations ofs), (h) and €) values that give this energy. Next,
minimum 6 drops have to be performed with cushion tester (or drop tester). For the
first drop, the cushion tester has to be set up for an equivalent free fall drop height of
400 millimeters, and a cushicample can be selected with an actual thickness of 10
mm Enough weight has to be added to the platen in order to achieve a static stress of
1 kPa and drop on the platen. The shocksputan be captured the peak acceleration
(G) by recording machine (in this way we apply HBM-Spider 8). These have to be
completed for the six drops corresponding to an energy dfP20 Now we can
summarize the experimental data in a table.

4" Step:Repeat step third for each of the ajies (doing on the six levels of the
total range) in the range chosen in secetep and construct the stress vs. energy
relationship shown below. The stress values listed are the means for the 5 replicates
tested for each energy class.

5t step (optionalFit an equation to the stres8)(vs. energy data. The relationship
between stress and energy can usually be described to a high degree of correlation by
the exponential relationship:
stress = aePener)
where(a,b) = constants specific to foam type and density are Z,71constant)
This regression can be used to best fit this equation to the data. The next step is to

plot dynamic stress versus dynamic energy, and apply a simple exponential curve fit
to the data points.
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Fig. 3 shows the applied instrumentations during the tests, which were are the
following:

r COMETECH QC-113BMrop tester (1)

r PCB piezoelectric tri-axial acesometer (range: 0 — 300g) (2)

r Hottinger-Baldwin Messtechnik SPIDER Analyser and Software Package
3

r Loads (4)

r Cushioning sample material (5)

@)

3)

(2) (4)

(5)

Figure 3. Measurement system for step 3 by drop test

By this 5 steps method, the points of the curve can be estimated considering the
different variables. This estimation method can be seen in the Fig. 4 and 5.
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Figure 4. The cushion curves of TPS material (with different thickness’)

Figure 5. The Stress energy model of TPS foam &b 23d 50%RH

It can be seen at first sight that an exponential function fits best to the measured
values, and this is proved by both industrial and research projects. In this calculation
the R also had showed that function assimilating to the measurements.

Nowadays, the continuous development and the environmental regulations more and
more prefer to use natural materials, like corrugated fiberboard, honeycomb or
innovative biodegradable materials as TPS foam is. The widely known problem with

these materials is the sensitivity for changes of relative changes means some kind of
mechanical progrty decrease.

To be able to apply these materials as a real packaging material on transportations
with different circumstancewhere the humidity and terapature values changes so
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fast, the equation (3) has to be modified. The modification is necessary to be able to
show the changes on those development projects, where a sensitive material has to be
compared with others. It can be seen from the basic equation (3) that the final value
affected majorly by the values of Packaging categot)y &, if the mechanical
behaviours of material on different environmental versions want to be taken into
consideration, the new modifying factor has to be grouped into this category. This
factor will be the modification factoD The D= f (R?), where R is the determinant,

and the Stress — Energy method will calculate the given function. A modification
factor should be found, which is able todify the full model and be able to show the
suitability and applicability too. The function of modification factor (eq. 4) is going to
be as follows:

U LS B— @)

= ;Q

,where 0<R”"1and R : 0, sotheD: -v. The connection can be seen on Fig.
5.

The power ofm (1 " m) counted withm=1. Other tasks, the m can be varied to any
other value in connection with the given sensitiveness of product, or any other special
characteristic. This can be seen on Fig. 6.

Figure 6. Connection ofRvhen m=1

According to the written above, thBis going to be implemented as a power of
Packaging category. So, thasic equation extended with going to be expressed as
follow (5):

PPS (&S aQ a,M, alL aE)a R’ (5

In the practice, it means the followingdost of cushion curve and Stress-energy
tests are performed on standard climate condition®8C(238%RH). To be able to
implement and investigate the humidity sensitiveness on materidisstagshas to be
add to the Stress — Energy method. This step is the investigation on variable
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environmental parameters, like different temperature and humidity values.
Theoretically, it means small change A Rilue in case of common plastics foams,
but for the natural and sensible materials can result significant decre&seaind?

Figure 7. The connection ofAnd D

It seems well on the Fig. 7 using the exponent, that how the decreaaftédis
the R. Consequently the modified and abate®Ras a great role for the final result
and can be decided its applicability.

4. Verification of the model

To be able to verify the model three tgpaf materials were chosen. These materials
have already been defined in the previchapter. The tests of Stress energy model
had been done on same density (25 Rpfoams. To investigate the behaviour éf R
the 6 steps method was performed each foam type with the following
environmental conditions in described Table 2. Table 3 contains the resuttaftéiR
performing all tests and calculations.

Table 2. Combinations of climate conditions

Versions | Temperature Relative
[°C] Humidity [%6]
1 23 50
2 30 65
3 30 90
4 40 65
5 40 90
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Table 3. Function of Rvalues on varied tempaure and relative humidity
combinations

Version | Temperature PC]/ | R?values in connection with°C and % RH
Relative Humidity EPS PE TPS
[%]
1 23/50 0,9536 0,9670 0,9360
2 30/65 0,9737 0,9771 0,8968
3 30/90 0,9345 0,9652 0,8882
4 40/65 0,9370 0,9663 0,7994
5 40/90 0,9397 0,9890 0,7812

More researchers have also written alibat the common plastic cushions haven't
showed major change for the temperature and humidity combinations [12] [13]. In
case of TPS, which is a humidity sensitive material, thevdRies showed critical
decrease. It means that the function fidss and the environmental factors affect
significant the cushion characteristic. Based on the previously written, the calculations
were accomplished, which isramarized in the Table 4.

Table 4. The cumulated values regardifignd environmental conditions

23°C/50%r.H

) . ., |Cumulated| * values
S|las|Qilag| Eila| Li]a |Mi|aw| P a R (m=1) P values (%)
PE 4135 8(20 5| 30 9 30 H 2bp 1o 40 0,947 -0,471 0,849 43067,86 -0,18
EPS 235 7{20 7| 3d 1¢ 30 4 2pb 10 0 0,95B6 -0,095 0,803 43148,62 0}00
TPS 9|35 8/20 1| 3q 1¢ 30 H 2pb ]lo g0 0,936 -0,132 0,737 41139,42 -4,65
40°C/65%r.H
) ] . |cumulated| * values
R P 0
Slas|Qfa|Ela|Li|a[Mlau| P|a (m=1) value (%)
PE 4135 8(20 5] 3q 9 30 H 2b 10 40 0,962 -0,022 05 48182,09,00
EPS 2135 7120 7| 3q 10 3 1 2p 40 40 0,93p5 -0,136 0,y32 39299,178,44
TPS 9351 8/ 20 1 3 1¢ 30 9 2p ]]0 40 0,8882 -0,238 0,79 3228P,083,00
40°C/90%r .H
) . . |cumulated| * values
R P 0
Slas|Qfag|Efa|Lifa|Mfaw]| P[a (m=1) value (%)
PE 4135 8(20 5/ 30 9 30 § 2p 10 40 0,949 -0,q22 0p5 48182,09,00
EPS 2135 7120 739 1¢ 30 4 2p 10 40 0,93p7 -0,124 0,51 40318,5%6,32
TPS 9351 8120 1 30 1¢ 3¢ 4 2p 10 40 0,7812 -0,499 0,817 17691,0663,28

It is clearly seen from the last colunof the Table 4 that the difference between
humidity sensitive material and the non-sensitive materials is getting more and more.
From this verification process, the following consequences can be drawn:

X The environmentally friendly TPS foarban be a good alternative for
replacing the common plastic foams, if the logistic flow happened on
controlled normal climate (cc: 23/50% RH)
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x If the climate parameters show high relative humidity during the
transportation, the sensitive materials are even less suitable, namely when the
mechanical characteristif a cushion gets high priority in the PPS.

X When the final aggregated value of a sensitive material is very low
comparing the others, the required packaging protection should be solved
with the modification of cushioning characteristic (thickness, etc.) or other
packaging technology solutions, like moisture resist outer packaging, etc.
Naturally, these modifications degle the other category values like
Logistics (L), Supply (9, etc.

5. Conclusion

For that cases, when the environmental conditions (temperature / humidity
combination) show extremely varies oetpossible applicable material is humidity
sensitive, like paper, paperboard, TPS,,atc the cushioning characteristic of the
packaging system is important, our extended and modified model can be applied. This
extended function takes into account the @ushg behaviour of material as well,
which is based on cushion curve tests and Stress-Energy calculations on different
environmental conditions.

The verifications of both models showed that these functions can be applicable in
practice and can give helping hand for the packaging engineer, to accelerate the
packaging development and designing processes.
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