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PREDGOVOR 

 
Opći trend razvoja i prestrukturiranja proizvodnje u tehnološki razvijenom svijetu sve se više zasniva 

na modernizaciji i reinženjeringu, čiji je temelj primjena novih tehnologija, fleksibilne automatizacije 

i organizacije, kompjuterski integrirane proizvodnje s osnovnim ciljem da se proizvodi kvalitetnije, 

jeftinije i brže. Na tragu tih spoznaja Naučno nastavno vijeće Mašinskog fakulteta Univerziteta u 

Bihaću odlučilo je da svake druge godine organizira međunarodni skup pod nazivom '' Revitalizacija i 

modernizacija proizvodnje''. Prvi skup RIM '97 organiziran je s ciljem sagledavanja i analize stanja u 

industriji nakon rata i stvaranja osnovnih pretpostavki za širu primjenu revitalizacije i modernizacije 

proizvodnje.  

 

Međunarodni skupovi RIM održavaju se pod motom:   

• Industrijska proizvodnja se realizira uz stalne i intenzivne promjene koje se sastoje u 

prilagođavanju novim okolnostima i zahtjevima tržišta. 

• Konkurentnost i promjena strukture proizvodnje, orijentacija prema tržištu, reinžinjering i 

revitalizacija poslovnih i proizvodnih procesa i sistema su imperativ opstanka poduzeća. 

• Revitalizacija i reinženjering proizvodnje su procesi neprekidnog inoviranja i unapređenja 

postojećih proizvoda, tehnologija, proizvodnih procesa i sistema od čije efikasnosti primjene 

ovisi opstanak proizvodno-poslovnih sistema. 

• Usvajanje koncepta industrije 4.0. 

 

Ovogodišnja trinaesta konferencija RIM 2021 održava se pod nazivom ''Razvoj i modernizacija 

proizvodnje'' sa tematskim područjima: 

 

A. Mašinsko inženjerstvo 

B. Dizajn i tehnologija drveta 

C. Elektrotehnika i računarstvo 

D. Tehnologije i konstrukcije u građevinarstvu 

E. Dizajn i tehnologije tekstila  

F. Pravno-ekonomska regulativa i standardizacija 

G.    Osiguranje kvaliteta, zaštita okoliša i održivi razvoj 

 

Na konferenciji sudjeluje 236 autora i koautora iz zemlje i inozemstva sa 136 radova. Očekuje se da će 

ovaj skup i prikazani radovi biti novi konkretni podsticaj i doprinos u transferu znanja i tehnologija i 

razvoju moderne proizvodnje, te da će ponuditi odgovore na niz pitanja kako usavršiti proizvodnju i 

poslovne sisteme učiniti profitabilnijim i efikasnijim na turbulentnom međunarodnom tržištu.  

 

Svim autorima radova, suorganizatorima, pokroviteljima, institucijama i svim drugima koji su 

pridonijeli održavanju ove Konferencije, organizator najtoplije zahvaljuje. 

 

 

              Dekan Tehničkog fakulteta                Predsjednik Organizacionog odbora 

 

  Prof. dr. Atif Hodžić                        Prof. dr. Fadil Islamović 

                                                        

 



 

 

 

PREFACE 

 
The general trend of development and restructuring of the manufacturing in the technologically 

developed world is increasingly based on modernization and reengineering, based on the application of 

new technologies, flexible automation and organization, computer-integrated manufacturing with the 

basic goal of producing better, cheaper and faster. Following these findings, the Scientific Teaching 

Council of the Faculty of Mechanical Engineering, University of Bihac decided to organize an 

international conference every second year called "Revitalization and modernization of the 

manufacturing". The first conference of RIM '97 was organized with the aim of reviewing and analyzing 

the situation in industry after the war and creating the basic preconditions for the wider application of 

revitalization and modernization of the manufacturing.  

 

RIM International Conferences have been held with the motto: 

• Industrial manufacturing has been realized with constant and intensive changes that consist 

of adapting to new circumstances and market requirements. 

• Competitiveness and change of the manufacturing structure, market orientation, 

reengineering and revitalization of business and manufacturing processes and systems are 

imperative for the survival of the company. 

• Revitalization and reengineering of the manufacturing are processes of continuous innovation 

and improvement of existing products, technologies, manufacturing processes and systems 

on the efficiency of which the survival of the manufacturing and business systems depends. 

• Application of the concept of industry 4.0. 

 

This year's thirteenth conference RIM 2021 is held under the title "Development and modernization of 

the manufacturing" with the following thematic areas: 

 

A. Mechanical Engineering 

B. Wood Design and Technologies 

C. Electrical Engineering and Computer Science 

D. Technologies and Structures in Civil Engineering 

E. Textile Design and Technologies 

F. Law-Economics regulations and standardization 

G. Quality Assurance, Environment Protection and Sustainable Development 

 

The conference is attended by 236 authors and co-authors from the country and abroad with 136 papers. 

It is expected that this set and presented papers will be a new concrete stimulus and contribution in the 

transfer of knowledge and technologies, development of the modern manufacturing and that it will offer 

answers to questions on how to improve the manufacturing making business systems more profitable 

and efficient in turbulent international market. 

 

The organizer would like to thank all the authors, co-organizers, sponsors, institutions and all others 

who contributed to the organization of the Conference. 

 

    Dean of the Faculty of Technical Engineering                  President of the Organisation Committee 

 

        Prof. dr. Atif Hodžić                               Prof. dr. Fadil Islamović 
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ABSTRACT:  
 

The importance of wood in the building sector is increasing. Predominantly wooden facades and 

cladding are exposed to a variety of degradation factors. To prevent wood decay, we need to select the 

appropriate wood species, protection or modification method. In order to assess the durability of 

different wood species, a model house was constructed in Ljubljana in October 2013. The wooden 

facade on the object has a protective and aesthetic function. It consists of 19 materials used for this 

and similar applications in this region. In addition to untreated wood (spruce, larch, beech, English 

oak, sweet chestnut, pine sapwood and heartwood, linden, ash), the materials were given four different 

treatments: Cu-ethanolamine (Silvanolin®), montan wax (Silvacera®), acrylic surface coating 

(Silvanol® Lazura B) and thermal modification (Silvapro®). The terrace boards were made of the same 

materials. Wood moisture sensors from Scanntronik (Germany) were installed on 120 positions in the 

model objects. The decay and moisture content of decking boards and cladding elements were regularly 

monitored. In addition, the positive effect of thermal modifications and water repellent treatments on 

the outdoor behaviour of the materials studied was revealed, as well as the synergistic effects between 

moisture performance and fungal durability. In the second year, the first signs of decay developed in 

the sapwood of spruce, beech and pine. After seven years of exposure, there was no decay on the 

cladding, while the decking boards were severely affected. This shows how important the construction 

details are. Spruce wood was completely degraded, followed by beech and Scots pine sapwood. At least 

minor decay occurred in all of the wood species except thermally modified wood, which was also 

treated with copper-based wood preservatives or wax. The results indicate that the best durability is 

found in wood species with good water exclusion efficiency and natural durability. 

 

Keywords: decay, durability, model house, moisture content, service life prediction, wood 
 

 

1. INTRODUCTION 
 

Wood is one of the most important constructions and building materials. Wood and derived materials 

are often used outdoors. Low maintenance costs, broad accessibility and relatively simple production 

and mounting contribute to the increasing popularity of wooden façades and decking. Furthermore, [22] 

showed that a wooden façade and decking are favourable in terms of greenhouse gas emissions, 

compared to other materials such as brick, fibre cement and steel. Similarly, as with other materials, 

wood in outdoor applications is exposed to weathering and a variety of degradation organisms. In the 

temperate climate zones, wood-inhabiting fungi are the predominant reason for replacement [1]. 

Various approaches are applied to prevent fungal decay: impregnation of wood with biocides, wood 

mailto:miha.humar@bf.uni-lj.si
mailto:bostjan.lesar@bf.uni-lj.si
mailto:davor.krzisnik@bf.uni-lj.si
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modification, protection by design, selection of naturally durable wood species and use of hydrophobic 

treatments [13,20]. Wooden façades and decking can be made of untreated wood, wood treated with 

biocides or modified wood [12]. 

There is rather a vast number of materials available for decking and cladding applications. Despite that, 

the selection of the most appropriate materials is still a challenging task. Selection mainly depends on 

the expected service life and price of the materials. Service life prediction of wood is challenging 

because the time during which a particular wooden structure will fulfil its function depends on a variety 

of factors, including the wood material used, the protection applied, and various climate-related 

parameters [14]. In addition to the material-inherent durability, the moisture and temperature conditions 

inside the wood, i.e., the material climate, are the most critical factors influencing the ability of fungi 

to decompose wood [1,4]. These factors are influenced by the design of the construction, the exposure 

conditions and local climatic conditions (microclimate). Therefore it is of great interest to monitor 

moisture content during exposure.   

Building information modelling (BIM) software packages nowadays require information about service 

life and maintenance intervals for materials used in the planning phase [18]. This information is required 

by the European Construction Products Regulations [8] and is needed for performance-based design 

[17]. The Eurocode [10] provides indicative design working lives of 10 years for temporary structures, 

50 years for building structures and 100 years for monumental building structures and bridges. These 

values are set for objects regardless of the materials used. The expected service life of wooden structures 

under the given exposure conditions is a crucial parameter in selecting materials for construction.  

To determine the technical and aesthetic service life of wood, a model house in Ljubljana was 

constructed. The decking and façade of the model house were made of various wood species, modified 

wood, wood treated with hydrophobic treatments and biocides. Within this contribution, we aimed to 

describe wood’s aesthetic and technical service life after eight years of exposure.  

 

2. MATERIAL AND METHODS 
 

The field trial is based on the testing of the façade and the decking of the wooden model house unit at 

the Department of Wood Science and Technology in Ljubljana, Slovenia (Figure 1). The average 

temperature in Ljubljana is 10.4 °C, the annual precipitation is 1290 mm, and the Scheffer Climate 

Index is 55.3. The model house was finished in October 2013. The materials listed in Table 1 were 

exposed on the façade and decking applications. The cross-section of the elements was 2.5 × 5.0 cm. 

The preparation of all the materials is described by Kržišnik et al. [16].  
 

 
Figure 1: Visual appearance of model house in Ljubljana in November 2013. 

 

The in-service testing started in October 2013, and the prime objective was to monitor the occurrence 

and development of decay (functional service life) and moisture performance. Decay was visually 

evaluated annually and rated (0—no attack; 1—slight attack; 2—moderate attack; 3—severe attack; 

4—failure) as prescribed by EN 252 [6]. Only the decay on decking specimens were considered within 

this study, as there was no decay on the cladding.  

At the house, a variety of continuous and non-continuous measurement techniques was performed. For 

moisture measurements, resistance sensors are applied to 150 positions and linked to Material Moisture 



Miha Humar, Boštjan Lesar, Davor Kržišnik - How to choose the best wood for decking and 

cladding?                                                                         

 

RIM 2021 4 

Gigamodule Universal Sensor (Scanntronik Mugrauer GmbH, Germany), enabling wood MC 

measurements between 6% and 60%. To transform electrical resistance determined by Material 

Moisture Gigamodule to moisture content, the methodology described by Brischke and Lampen [2] 

was used. For colour measurements, several times a year, the portable measuring device Colour 

Measuring Device EasyCo 566 (Erichsen, Germany) was used. Values of measured colours were 

expressed according to the CIE Lab system, the method created by the Commission International de 

l’Eclairage.  

 

Table 1: Nineteen different investigated wood species and wood-based materials. 
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Abbreviati

on 
PA PS PH LD FE FS CS Q TM NW CE AC 

PA PA            

PA–NW PA         NW   

PA–AC PA           AC 

PA–CE PA          CE  

PA–CE–

NW 
PA         NW CE  

PA–TM PA        TM    

PA–TM–

NW 
PA        TM NW   

PA–TM–

CE 
PA        TM  CE  

PS  PS           

PH   PH          

LD    LD         

LD–TM    LD     TM    

FE     FE        

FE–TM     FE    TM    

FS      FS       

FS–TM      FS   TM    

FS–TM–

NW 
     FS   TM NW   

CS       CS      

Q        Q     
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3. RESULTS AND DISCUSSION  

 

3.1. Colour changes 
 

In-service testing provided the most accurate information regarding the colour changes during 

weathering. The most important reason for seasonal fluctuations was related to fungal melanin, with its 

formation, on the one hand, being countered by bleaching on the other. Blue stain fungi grew on the 

surface during the wet autumn and winter months (Figure 2). In the summer months, melanin was at 

least partially bleached [21], which resulted in fluctuations of lightness (in the autumn and winter, the 

wood gets darker, and in summer, it turns back to lighter colours) (Figure 3). The extent of 

discolouration depended on microclimate conditions, the susceptibility of the material, UV radiation, 

etc. 

 

 
Figure 2: Development of the blue stain fungi on the surface of Norway spruce wood after 12 weeks 

of exposure as determined by Laser Scanning Confocal Microscopy.  

 

After seven years of weathering, the total colour difference was the highest on decking and lowest on 

the south-facing façade. Colour changes on the other three exposures (north, east, and west) were 

comparable. Furthermore, seasonal fluctuation in ΔE could be observed on all façades and decking, but 

mainly on the north-facing façade and on the deck. The horizontal position is the most exposed to sun 

radiation, as well as to precipitation, which assured conditions for colour changes in abiotic and biotic 

ways, in particular the formation of a grey colour, as well as the sequential formation of UV-induced 

free radicals, the degradation of lignin into quinones, the leaching of quinones [11], and the 

development of staining fungi [16]. 

In general, the most prominent colour difference was observed on the decking, with one exception, the 

thermally modified European larch (LD-TM), for which the ΔE was lowest on decking compared to 

other exposures. In addition, the colour changes of thermally modified Norway spruce (PA-TM) on 

decking were not the most prominent; on the east and west façade; the colour difference was more 

notable. Generally, there was no correlation between which orientation of the façade resulted in lower 

or higher colour changes. The prime reason for this was that the micro-positions of each material on 

respective façades differed, hence introducing an additional level of uncertainty. If individual materials 

were compared, it could be concluded that the lowest ΔE was observed on PA-TM-CE (copper-treated 

thermally-modified Norway spruce), followed by LD-TM (thermally-modified European larch) and 

PA-CE (copper-treated Norway spruce). On the other side, the highest ΔE was measured on Norway 

spruce (PA), followed by wax treated Norway spruce (PA-NW) and European larch (LD). The 

modifications in wood structure occurring at high temperature were accompanied by several favourable 

changes in physical structure, i.e., enhanced weather resistance and a decorative, dark colour [23]. 

Colour changes indicated that the course of the colour changes was pretty similar for all the exposure 

directions. One of the reasons for these observed differences originated in the initial colour. Norway 
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spruce (PA), wax-treated Norway spruce (PA-NW), and European larch (LD) were lightly-coloured 

materials, so the development of the dark pigmented blue stain fungi was the most notable. On the other 

hand, the presence of fungicides (copper-based wood preservatives) prevented the development of the 

blue-stain fungi, whilst the presence of copper slowed down UV-induced degradation to a certain extent 

[7], which resulted in less noticeable colour differences (PA-CE and PA-TM-CE)(Figure 3). 

 

 
Figure 3: Representation of averaged colour changes from east and west façade on wooden model 

house unit over three year period. Afterwards, the colour was pretty constant, so only the first three 

years are plotted.  

3.2 Moisture content monitoring  
 

Moisture dynamics are an essential parameter for the overall outdoor performance of wood and its 

inherent durability. To present the data more clearly, we have decided to summarise the data and present 

them in Table 2. In addition to average and extreme data, the percentage of wet days was found to be 

an important parameter as well. The term “wet day” refers to days when the wood MC exceeds the 

predefined threshold of 25% while the temperature stays between 4°C and 40°C. Respective wood 

moisture measurements were performed in the centre of the wood samples, approximately 10 mm below 

the surface. It should be considered that the MC on the surface of the wood might have been even 

higher, as the surface is directly exposed to weathering. In addition, the authors are aware that different 

thresholds could be taken into account, depending on the wood sorption properties. For example, the 

threshold for thermally modified wood might be lower than that for beech. In general, the 25% wood 

moisture threshold is considered the minimum MC required for fungal decay on most untreated woods 

from temperate regions. This value represents a conservative fibre saturation (FSP) value. However, it 

should be considered that lower threshold values are possible if fungi can transport water from a 

neighbouring moisture source to the wood [19]. In addition, it is generally accepted that fibre saturation 

is a range rather than a fixed threshold and varies between 22% and 36%, depending on the wood 

species. In modified wood, these values can be considerably lower. 
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Median values are more indicative than average values since resistance-based measurements are fairly 

inaccurate at higher MC, above 50% to 60%, depending on the wood species. We will focus on the 

median values below. The highest median value was reported for Scots pine sapwood. The median MC 

was 54,6%, with 83% of the measurements being above the threshold of 25%. The low moisture 

performance of Scots pine sapwood was expected and has been reported, for instance, by Žlahtič-

Zupanc et al.[24]. The second-highest median MC was for beech wood decking elements. This 

coincides with its good permeability. Surprisingly, thermally modified wood did not exhibit a good 

moisture performance. However, the moisture performance of freshly modified wood was fairly good. 

The excellent moisture performance of freshly thermally modified wood has often been reported [9]. 

However, as can be seen from the data presented in Table 2, exposure to above-ground conditions 

apparently led to an increased water uptake [1]. The drop in moisture performance can be ascribed to 

microcrack formation, bacterial degradation of pit membranes and blue staining [15]. The combination 

of thermal modification and wax treatment considerably improved the moisture performance of decking 

elements (Table 2). Wax formed a hydrophobic layer on the surface that limited the penetration of 

liquid water into the wood. Wax-treated, thermally modified Norway spruce wood thus exhibited the 

lowest median MC, 12.2%. A similar but less prominent effect was also observed for wood coated with 

acrylic coatings. Due to their anatomical features (tyloses, aspirated pits, etc.), heartwoods (PH, Q, and 

CS) revealed a fairly good moisture performance (Table 2). 

 

Table 2: Measurements of moisture content (MC) of wood decking at the wooden model house unit. 

Calculated median and average values of all measurements, and the number and percentages of the 

measurements with MC equal to or higher than 25% are shown. Measurements were performed in the 

period between 11.4.2014 and 1.4.2021 (n = 5106). 

Material  Average MC (%) Median MC (%) 
No. of meas. MC > 

25%  

% of meas. 

MC > 25% 

PA 32.5 22.5 1871 39% 

PA–NW 20.0 17.5 1175 25% 

PA–AC 18.3 16.7 925 19% 

PA–CE 16.5 15.4 316 7% 

PA–CE–NW 19.8 19.0 326 8% 

PA–TM 25.5 25.6 2397 50% 

PA–TM–NW 16.0 12.2 906 19% 

PA–TM–CE 19.5 14.2 1308 27% 

PS 47.8 54.6 3593 83% 

PH 19.1 15.1 1090 25% 

LD 18.7 17.2 893 21% 

LD–TM 13.7 12.6 8 0% 

FE 14.3 13.6 123 3% 

FE–TM 16.6 15.9 943 22% 

FS 27.8 26.3 2360 55% 

FS–TM 17.6 17.8 944 20% 

FS–TM–NW 17.1 13.5 1013 21% 

CS 16.5 14.3 817 17% 

Q 16.1 15.2 501 10% 

 

The high moisture performance of wax-treated, thermally modified wood (PA–TM–NW; FS–TM–NW) 

is evident from Figure 3. At almost any time, the MC of the thermally modified and wax-treated wood 

was significantly below that of the untreated reference. This is further evidence of the synergistic effect 

of wax and thermal modification. However, the moisture performance of untreated spruce wood and 

untreated beechwood decreased after a certain period of exposure. We assume that the decreased 

moisture performance may be associated with fungal decay. Fungi open up new voids in the cell-matrix, 

which results in better permeability [25]. One possible explanation for increased electrical conductivity 
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(hence, increased MC) could be the consequence of fungal colonisation due to the presence of 

electrolytes excreted by the fungi. However, recent results indicate that the high moisture content of 

decayed wood cannot be ascribed to the changed relationship between electrical resistance and MC, as 

reported by Brischke and coworkers [5]. 

 

Figure 4: MC of spruce (PA), thermally modified spruce (PA–TM), wax-treated spruce 

(PA–NW) and wax-treated thermally modified spruce (PA–TM–NW) decking of model 

house in Ljubljana in the period between 11 April 2014 and 26 November 2018. Plots 

displayed are moving averages of 20 measurements. 

3.3. Wood decay  
 

During the first year of exposure, there was no decay to the decking of the model house in Ljubljana. 

In the second year, the first signs of decay developed on Norway spruce (PA), beech (FS) and Scots 

pine sapwood (PS). This is in line with findings from previous studies [3]. One of the possible reasons 

for the lesser decay of Scots pine sapwood could be associated with pinosylvin. This extract in pine 

sapwood causes a delay in spore germination. Decay occurred in the third year. In addition, decay 

developed on coated Norway spruce (PA–AC), Scots pine heartwood (PH), Ash (FE), wax-treated 

Norway spruce (PA–NW) and larch (LD). In the fourth year, the first signs of decay also appeared on 

oak (Q). After four years of exposure, only sweet chestnut (CS), copper-treated spruce (PA–CE; PA–

CE–NW) and thermally modified wood remained without visible signs of decay (Table 3). After five 

years of exposure, Norway spruce wood was degraded entirely, followed by beech and Scots pine 

sapwood. Fairly prominent decay was noted on Norway spruce coated with acrylic coatings. It must be 
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noted that the acrylic coating was not maintained, so its initially positive effect turned negative. Coating 

limited liquid penetration in the first stages, but later on, when cracks form coatings, limit the drying 

of the wood, which enables fungal development below the acrylic coating. First, cracks formed; later, 

flakes of coating appeared as well (Figure 5). Brown rot fungi caused most of the decay on softwood 

species, e.g., fruiting bodies of Gloeophyllum sp. were found. On hardwoods, white rot was more 

dominant. Fruiting bodies of Trametes versicolor were frequently found.  

Table 3: Decay rating of the decking elements determined according to EN 252 [24]. 

Material  
Average decay rating of the decking elements 

2014 2015 2016 2017 2018 2019 2020 

PA 0.0 1.0 2.4 3.7 4.0 4.0 4.0 

PA–NW 0.0 0.0 0.2 1.1 1.9 2.7 3.1 

PA–AC 0.0 0.0 0.8 1.6 2.8 3.6 3.9 

PA–CE 0.0 0.0 0.0 0.0 0.0 0.0 1.4 

PA–CE–NW 0.0 0.0 0.0 0.0 0.0 0.0 0.4 

PA–TM 0.0 0.0 0.0 0.0 0.0 0.4 0.6 

PA–TM–NW 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

PA–TM–CE 0.0 0.0 0.0 0.0 0.2 0.0 0.0 

PS 0.0 0.6 1.2 2.2 3.1 3.6 3.9 

PH 0.0 0.0 0.6 1.5 2.3 2.6 3.2 

LD 0.0 0.0 0.6 1.3 1.6 2.2 2.4 

LD–TM 0.0 0.0 0.0 0.0 0.1 0.1 0.3 

FE 0.0 0.0 1.0 1.4 2.1 3.3 3.8 

FE–TM 0.0 0.0 0.0 0.0 0.0 0.0 0.1 

FS 0.0 1.0 2.2 3.1 3.7 3.9 4.0 

FS–TM 0.0 0.0 0.0 0.0 0.0 0.6 1.6 

FS–TM–NW 0.0 0.0 0.0 0.0 0.0 0.0 1.2 

CS 0.0 0.0 0.0 0.0 0.0 0.0 1.1 

Q 0.0 0.0 0.0 0.5 0.9 1.4 1.9 

 

Figure 5: Laser confocal image of the surface of the spruce wood coated with an acrylic 

coating after five years of exposure. The remaining coating on the decking element is brown, 

while parts where the coating was removed, remain lighter. The surface was severely 

damaged. Field of view 5850 × 5882 µm. 
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4. CONCLUSION  
 

The visual appearance of wood on the façade and decking changed relatively fast. All wood, regardless 

of the treatment, turned into greyish tones. After three years of exposure, it became almost impossible 

to distinguish between various wood species. The only exception was wood, treated with brown acrylic 

coating. Therefore the visual appearance of wood should not be the decisive factor for the selection of 

wood, as the majority of the wood-based materials will look the same after few years.  

Moisture monitoring revealed a good correlation between wood performance and decay. Wood that 

remained dryer performs better. Low water performance was predominately evident at spruce, Scots 

pine sapwood and beech wood on decking.  

Severe decay developed on wood on the decking. The first signs of decay were formed at spruce, Scots 

pine sapwood and beech wood after the second year of exposure. Spruce wood was decayed entirely 

after five years, and beech wood after seven years. The best performance was determined at sweet 

chestnut; copper treated wood and thermally modified wood. These results clearly indicate that even 

non-durable wood species can be used for outdoor application if wood preservation and/or wood 

modification is applied correctly.   
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ABSTRACT: 
 

In extreme working conditions, such as firefighters exposed to high temperatures, a flash fire, fog, water 

and dust, as protection protective clothing, footwear and equipment are used. All type of clothing, 

footwear and equipment are functionally designed, taking into account the safety and protection of 

users, as well as comfort, compatibility with all parts of the protective equipment, simple use and 

maintenance. Paper describes recent trends and new development of protective clothing, footwear and 

equipment as well as smart and intelligent protective clothing which applying innovation and 

integrating new technologies in textiles. Innovation and new technologies applied in textiles will give 

great opportunities in the future for developing and applying protective clothing and footwear for 

various uses, including protective personal equipment for firefighters. 

 

Keywords: protective clothing, footwear and equipment, firefighters, development of PPE for 

firefighters  
 

 

1. INTRODUCTION 
 

In everyday situations at their workplaces, workers are consciously or unconsciously exposed to life-

threatening dangers. Workers at risk need to be equipped with personal protective equipment (PPE), 

which will protect their health and protect them from the dangers to which they are exposed [1]. 

For selection the appropriate protective clothing, footwear and equipment that will be suitable for the 

purpose and specifics of the workplace, it is necessary to make a risk analysis as well as analysis of 

ergonomic requirements of the workplace, working environment conditions, study the impact of 

ergonomics on work and study the activities of workers in the workplace [2]. For protective clothing, 

footwear and equipment intended for protection against heat, flame, explosive fire, water and 

mechanical influences, which are used in firefighting, it is necessary to pay attention to extreme 

working conditions (high temperatures, fire, water, etc.) as well as usually postures (standing, squatting 

or sitting) and normal and anticipated extreme movements that are most commonly used when wearing 

the garment and performing work task [3]. Firefighters are exposed a range of hazards during structural 

and wild-land firefighting. The hazards can cause minor injuries to fatal accidents leading to end of 

career or even death of firefighters. Personal protective equipment (PPE) and personal protective 
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clothing (PPC) are the materials which create a barrier between the hazardous environment and the 

firefighter for protection [4]. Although, good fire protection equipment is relatively easy to design, 

special attention should be paid to the fact that the wearing time of such protective clothing systems is 

sometimes long (more than one working day), and the user have to perform his work tasks efficiently 

and should feel safe and comfortable [5]. 

Appropriate material selection, clothing design and final evaluation of the results play a critical role in 

predicting the clothing performance and comfort. The clothing design and different materials used to 

achieve a balance between performance and comfort and various test standards are used for determine 

characteristics of different materials of which the equipment, clothing and footwear are made [6]. In 

addition, some test and very expensive measuring equipment can be used for determination of comfort 

of protective clothing and footwear (thermal manikin) or for determination of grade protection (flame 

manikin).  

 

2. REQUIREMENTS FOR PERSONAL PROTECTIVE EQUIPMENT (PPE) 
 

In according to the Regulation (EU) 2016/425 of the European Parliament and of the Council of 9 

March 2016 in Annex II, essential health and safety requirements on Personal Protective Equipment 

(PPE) are defined. According to the Annex II, PPE must provide adequate protection against the risks 

against which it is intended to protect. Thereby, it should be taken into account design principles 

(ergonomics, levels and classes of protection), innocuousness of PPE, comfort and effectiveness 

(adaptation of PPE to user morphology, lightness and strength, compatibility of different types of PPE 

intended for simultaneous use, protective clothing containing removable protectors) as well as 

manufacturer's instructions and information (for example instructions for storage, use, cleaning, 

maintenance, servicing and disinfection) [7]. 

In addition, Annex II for PPE for protection against heat and/or fire give obligation that PPE must be 

designed to protect all or a part of the body against the effects of heat and/or fire must possess thermal 

insulation capacity and mechanical strength appropriate to the foreseeable conditions of use. 

Constituent materials and other components of PPE intended for protection against radiant and 

convective heat must possess an appropriate coefficient of transmission of incident heat flux and be 

sufficiently incombustible to preclude any risk of spontaneous ignition under the foreseeable conditions 

of use. 

Materials and other components of equipment intended for brief use in high-temperature environments 

and of PPE, which may be splashed by hot products such as molten material, must also possess 

sufficient thermal capacity to retain most of the stored heat until after the user has left the danger area 

and removed the PPE. PPE materials and other components, which may be splashed by hot products, 

must also possess sufficient mechanical-impact absorbency. 

PPE materials and other components which may accidentally come into contact with flame and those 

used in the manufacture of industrial or fire-fighting equipment must also possess a degree of non-

flammability and thermal or arc heat protection corresponding to the risk class associated with the 

foreseeable conditions of use. They must not melt when exposed to flames nor contribute to flame 

propagation [7]. 

 

2.1. Functional design of products 
 

Today, in each new product development, considerable efforts should be put in designing process from 

rightful selection of materials, construction, and technological concept to prototyping and consumer 

desires (Figure 1) [8]. Only in that case new product will be designed and functionalized according to 

the end user needs and requirements.  
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Figure 1: Product design concept [8] 

 

The process of designing of specific products (for example protective clothing, footwear or equipment) 

includes the entire design activity for the development of new products with high technological content 

from the initial idea and first project concept to the feasibility analysis, considering new materials and 

researchers during designing, prototyping and manufacturing. Designing of specific products means 

balancing between design requirements and function, performance, protection and comfort [9].  

Already in the design of protective clothing should take into account a number of factors that affect the 

fulfilment of the basic requirements (appearance, cut, shape, color, surface materials, flexibility and 

comfort when worn, resistance to creasing, stains, wear, etc.), starting from functional design, 

ergonomics, selection of suitable materials for production, comfort and efficiency, manufacturing 

technology, method of maintenance during use, as well as disposal (recycling) after use (Figure 2). 

In addition, it is important to note that in the design process of protective clothing, footwear and 

equipment an important role is played by end users who in accordance with their experience and testing 

prototypes in real conditions can give an objective assessment of protection and comfort of clothing, 

footwear and equipment [2]. 

 
 

Figure 2: Important factors in the design of protective clothing, footwear and equipment [2] 

 

The process of functional design and engineering of protective clothing, footwear or equipment is very 

important and is based on the outcomes of an objective assessment of many requirements of the user. 
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physiological, biomechanical, ergonomic and psychological classes. Physiological requirements are 

relate to the physiology and anatomy: shape, size, mass, strength and metabolic activities of the body 

or the need of the human body to feel comfortable in a clothing system. Biomechanical requirements 

are connected with mechanical structure, strength, and mobility of humans for engineering purposes – 

unusual postures and movements of the users, such as crawling, crouching, firefighting, flood relief, 

climbing, zero gravity and manipulating objects. Ergonomic requirements dictate mechanical 

characteristics of clothing match the motion, degree of freedom, range of motion and force, and moment 

of human joints. The working postures, materials handling, movements, workplace layout, safety and 

health considerations should be given due consideration while developing the style, cut and features of 

a functional clothing [10]. 

In addition, today is very important functional design of smart and intelligent protective clothing or 

footwear, because the integration of technology with textiles creates enormous possibilities for dress. 

The combination of technology and fashion will in turn establish a multidisciplinary workforce where 

engineers, fashion designers and scientists will work together in order to adapt to their environment. Be 

that of heat sensors that display a range of colours in a garment or a garment that protects a fire fighter 

from the threat of flames and smoke inhalation, fashion is evolving to suit the needs of the people of 

this century and to aid them in their professional or private lives [11].  

 

2.2. Materials and construction of clothing 
 

The variables for final design include the number and combination of layers, material types (Table 1) 

for each layer and total weight of the clothing, footwear and equipment. As individual firefighters body 

dimensions are different, designing customised clothing is essential to achieve the desired result. 

Furthermore, correct sizing, appropriate fit and ergonomically designed clothing are essential, as lack 

of these factors can lead to burn injuries or restrict the movement [12]. 

 

Table 1: The most commonly used materials for making firefighting clothing 

 

Layer Material types Mass per unit area [g/m2] 

1st layer 

"outer 

shell" 

Nomex® Delta TA 195 

Nomex® Static Control 260 

Nomex® III 265 

Nomex® Comfort 220 

Nomex® Tough 195 

Fabrics made from meta- and para-aramid fibres 210 

Kermel HTA 210 

PBI fabrics 205 

Aramid Nomex® 225 

Lenzing FR® 250 

2nd layer 

PU (poliuretan) membranes ~ 125 

Comfortex C membranes ~ 125 

Sympatex® membranes ~ 125 

Gore-Tex® membranes ~ 125 

3rd layer Fabrics made from aramid fibres  

4th layer 

Fabrics made from Nomex® 160-270 

Fabrics made from aramid fibres 160-270 

Fabrics made of mixtures of aramid and viscose fibers 160-270 

Fabrics made from cotton fibres (additionally 

processed and flame resistant) 
330 
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Protective clothing for firefighters is usually multi-layered and is usually made of four basic layers of 

material assembled in one combination / system [13]: 

• the outer material, also called the "outer shell", is very strong, has high resistance to heat and 

flame, resistance to mechanical influences, most solvents and acids, must not burn, melt, crack 

or decompose even after burning . Materials must be water-resistant, windproof and must 'breathe' 

or allow heat to pass from the body to the environment. 

• waterproof / permeable membrane, the purpose of which is to reduce the amount of water that 

could penetrate from the environment into the interior of the garment 

• thermal interlining, a material intended to slow the passage of heat from the outside to the inside 

of the garment, and 

• inner lining, which provides comfort and an additional protective layer for user. 

Easy donning and doffing, collar design and the closure systems, pockets, designing of elbow, 

underarm, knee area and the crotch are some of the important design aspects to be taken care. The 

underarm and elbow area can be fitted with bellows and gussets to enhance the mobility. The design 

should not hinder the use of other equipment such as helmet, gloves, fire hood, footwear and breathing 

apparatus. 

Careful selection of materials and appropriate design can facilitate the heat and mass transfer from the 

body. The type of the fibres in various layers, the weight and thickness of fabrics and the final design 

of the PPC are the crucial factors determining the performance and comfort. In addition, the appropriate 

fit by using the customized measurements for individual firefighters can help in this matter [6]. 

 

2.3. Smart and intelligent protective clothing system 
 

Every year many firefighters die around the globe during firefighting. Therefore, the design of smart or 

intelligent protective clothing system is vital to be able to record physiological data, health and safety 

such as heart rate or location of the firefighters. A number of studies investigated the application of 

wearable sensors under protective clothing. However, the enhancement is required to monitor all the 

vital parameters for firefighters. For example in fire situation, the sensor will alert the workers regarding 

the heat exhaustion, hence improve the safety of the firefighters. As soon as the heart rate and skin 

temperature increase above the safety threshold, the warning signal will alert the worker, either by 

vibration, visual or audible signals. Wearable Advanced Sensor Platform is another wearable tracking 

device, which can track firefighters’ location and physical activity [6]. All sensors for recording vital 

human functions should be integrated in protective clothing without changing its characteristics of 

flexibility and comfort. 

The next generation of protective clothing will be smart protective clothing which interact with the 

human and environment. This new generation of protective clothing can sense and react to 

environmental conditions and be active in many fields.  

Many research are done in the field of textile technology and smart sensors which are usually used to 

monitor physiological parameters, such as heart rate, temperature and blood pressure, are incorporated 

into textile. One of the project in this area is ConText. In frame of this project a system where different 

types of sensors are incorporated into textiles to be used in continuous monitoring of individuals are 

created [14]. ProeTEX [15] is project in frame which research has been conducted to rescue firefighters 

by using wireless monitoring of heart rate and temperature measurements. PROFITEX is the project to 

increase work safety and efficiency of firefighting interventions through advanced protective clothing 

equipment. Viking industries [16] produced smart protective jackets which sense the temperature and 

assist firefighters in recognizing dangerous elevated temperatures and in some cases telemetry to 

transmit this information to others, outside the hazardous environment, based on visual or tactile 

indicators. In the design and construction of protective jackets for firefighters they are integrated 

Thermal Sensor Technology (TST) directly into the fabric (Figure 3).  
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a.                                                  b. c. 

Figure 3: Protective jacket with integrated thermal sensors: a. on the shoulder, b. on the sleeve, c. 

jacket with integrated thermal sensors [17] 

 

Well Globe Manufacturing, USA designed the so-called WASP™ (Wearable Advanced Sensor 

Platform) T-shirt (Figure 4), which is made of knitwear, absorbs moisture well and dries quickly, and 

is resistant to burning. The T-shirt has a built-in wireless monitoring system that collects data on the 

user's location, and monitors and controls the physiological parameters of the human body (heart rate, 

respiration, activity level, etc.). 

 

 

Figure 4: WASP™ T-shirt and WASPTM configuration with Andrioid cell phone and Motorola APX 

radios [18] 

 

The use of electronic textiles can monitor the physiological conditions of the wearer and the 

environmental conditions. Different sections of application can include physiological monitoring, 

locating firefighters, predicting the stress, communication and environmental monitoring. A 

combination of human body sensing, environmental sensing (gases, moisture and temperature) and 

motion sensing is needed for monitoring firefighters at risk. The sensing systems should be designed to 

monitor record and transmit the information to a central room monitoring the firefighters physical 
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conditions for safety reasons. The development in communication systems can help to receive data on 

the temperature and other hazards they are entering, including the air pressure, heat stress level, ambient 

temperature and other potential hazards. This will help in the improved firefighting conditions and 

reduce the risk of injuries. Various challenges in designing sensors, connectors, power storage devices, 

data transfer and storage devices need to be overcome in the successful design of the firefighters PPC. 

Table 2 describes the application of various electronic textiles in the future firefighters PPC to improve 

the functionality [6]. 

 

Table 2: Application of electronic textiles in firefighting [6] 

 

Types of application Effect Mechanisms 

Monitoring health 
Physiological process of 

human body 

Electrocardiography (ECG), 

electromyography (EMG) and 

electroencephalography (EEG), 

sweat and temperature measurement 

Detecting the location 

of firefighters 
Location identification Wireless devices 

Communication Exchange of information Wireless and wired devices 

High environmental 

temperature 
Heat stress 

Active (e-textiles) or passive (PCM) 

thermal management 

 

Many researchers in their studies are obtained good results of uses smart and electronic textile in 

protective clothing and equipment for firefighters. The future in research of protective clothing, 

footwear and equipment for firefighters are in new materials – nano-materials (lighter, better protection, 

better comfort), new technology – nanotechnology (for production fibres, fabric, new sensors, new 

technology for manufacturing protective clothing, footwear and equipment, new technology for 

integration fibre or fabric sensors into protective clothing, footwear and equipment). 

 

3. CONCLUSION 
 

In burning buildings, firefighters risk their lives not only in contact with open flames, but also because 

of great fatigue or overheating, especially in smoke-filled rooms with a significantly reduced field of 

view. The protective clothing, footwear and equipment used for firefighting is required to shield the 

firefighters from all possible hazards that may be faced during the work and should provide thermo-

physiological comfort. The protective clothing is usually heavy, thick with multiple layers, which 

reduces water vapour permeability and heat exchange across layers from body to the environment. The 

protective footwear (boots) are heavy, made from thick fire-resistant leather, and other personal 

protective equipment such as fire helmet, breathing apparatus, ropes, etc., are heavy and all equipment 

which have to bring firefighter can be more than 25 kg. All hazards during the work of firefighters, 

heavy clothing and equipment as well as very difficult environmental conditions (fire, high temperature, 

smoke, etc.) are results the wearer to face heat stress due to the high physical activity and excessive 

exposure to heat which overloads his metabolic system. Therefore, it is extremely important to research 

and make smart and intelligent clothing for firefighters, to monitor the physiological parameters of the 

human body (heart rate, respiration, activity and stress levels, etc.), and thus reduce the chances of 

injury to firefighters.  
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ABSTRACT:  
 

In the present paper, experimental investigations have included the effect of operating conditions (time 

and temperature of operation) on mechanical and exploitation properties of base metal, steel X20  

CrMoV 12-1 (X20). The effect of operating conditions was analysed by testing new material and 

material that had already been in service for 116000 hours. The investigations have included critical 

stress intensity factor, KIc, fatigue strength and parameters of fatigue-crack growth rate at room and 

operating temperature. The results obtained and their analysis represent a practical contribution to the 

assessment of base metal X20 quality, aimed at revitalisation and prolongation of service life of thermal 

power plants components, made of high alloy steels operating at elevated temperatures. 

 

Keywords:     High alloyed steel X20 CrMoV 12-1, tensile properties, impact energy, fracture 

toughness, high cycle fatigue, fatigue strength, fatigue crack growth rate, 

fatigue threshold 

 

1. INTRODUCTION 

 
The usual service life of processing equipment in thermal power plants operating at elevated 

temperatures is 30 years, i.e. 150000 operating hours. Economic interests induced extension of designed 

period, as service life of a large number of the components in power stations is often  longer than the 

designed, indicating the conservatism in design. Therefore, it becomes more and more important to 

extend service life and to tetrofit the components in thermal power plants, as well as to find the methods 

to keep the old power stations in operation for 40-50 years, and even longer [1].  

 

Observation of variations in structural materials under service conditions is practically performed 

during the entire service life, through regular maintenance and emergency overhauls in case that a 

thermal power plant should be reconstructed and revitalised after failure caused by damage. 

Observation and inspection of the properties of structural materials of high-temperature loaded 

components exposed to high pressure, too, in corrosive media are main indicator of their reliability. 
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Therefore, the assessment of remaining life of the components and of the plants is important. As 

defined, life of a component expires when there is no safety reserve for further use, or when its further 

use is not economically justifiable [1]. 

 

One of most frequently used steels for operation at elevated temperatures and under high pressure, at 

the same time corrosion-resistant, is steel designated as X20 CrMoV 12-1 (hereinafter referred to as 

X20), mainly designed for steam lines and pipelines in thermal power plants because of its good 

strength and ductility at elevated temperatures. Tendency to minimise the wall thickness of the steam 

lines for required steam pressure can be accomplished only with steel of adequate properties [2]. 

 

For service safety of structures in processing equipment for operation in thermal power plants, very 

important properties are those describing the phenomenon of crack initiation and growth under variable 

loading. Fatigue crack initiation at structurally smooth and homogeneous forms still cannot be 

described by some simple functions of loading, stress, material properties and cross-section; therefore, 

empirically derived functions are used, as a rule induced by thorough experimental and laboratory 

testing. Generally accepted property for that case is fatigue strength that determines the level of loading 

at which no crack occurs on smooth specimens. Initiation and growth of a crack induced by variable 

loading, i.e. Paris law of crack growth that establishes the dependence of acting variable loading, of 

corresponding range of stress intensity factor, and crack growth per cycle is nowadays widely accepted 

as it generally describes micromechanical behaviour of a growing crack [2]. 

 

The effect of operating conditions (operating time and temperature) on mechanical and exploitation 

properties of base metal, steel X20, designed for vital components of thermal power plant - steam lines 

has been analysed by testing new material and material after service of 116000 hours. Performed 

investigation at room and operating temperatures of new and used high alloy steel X20 included testing 

of [2]: 

➢ tensile properties, 

➢ impact properties, using instrumented Charpy machine (Charpy V-notch test), 

➢ critical stress-intensity factor, KIc, as an important parameter of fracture mechanics, 

➢ permanent fatigue strength and design of Veler's curve, and 

➢ parameters of fatigue crack growth rate. 

 

The results obtained by testing and their analysis should provide a practical contribution to assessment 

of quality of X20 steel, aimed at revitalisation and extension of service life of vital components in 

thermal power plants made of high alloy steel for elevated temperatures. 

 

 

2. MATERIAL 

 
For assessment of the effect of service temperature and life on fatigue properties of steel X20 

designed for manufacture of vital components in thermal power plants, samples of new pipe (N) 

and a pipe that had been in service for approx. 116000 hours (S) were available. Both samples 

were the pipes 450 x 50 mm. Chemical composition of tested pipes is given in Tab. 1 [2,3]. 

 

Table 1: Chemical composition of tested pipe samples 

Charge No. Chemical composition, mass % 

 C Si Mn P S Cr Mo Ni V 

N 0,21 0,27 0,563 0,017 0,006 11,70 1,019 0,601 0,310 

S 0,22 0,31 0,539 0.019 0,005 11,36 1,033 0,551 0,314 
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The specimens were sampled from the longitudinal direction. The notches on the specimens for 

determination of impact properties were directed width upward, while the notches on the specimens for 

fracture mechanics were longitudinal to the pipe longitudinal direction. 

 

 

3. TEST RESULTS 

 

3.1. Testing of mechanical properties 

 
Testing of mechanical properties was conducted at room temperature (20°C), operating temperature 

(545°C) and peak operating temperature (570°C) according standards EN ISO 6892-1 [4] and EN ISO 

6892-2 [5]. Graphic presentation of the effect of testing temperature on the values of yield stress and 

tensile strength is given in Fig. 1 for new material and in Fig. 2 for used material, steel X20, respectively 

[2].  

 

0 100 200 300 400 500 600 700

0

200

400

600

800

New material N

 R
p0,2

, MPa

 R
m
, MPa

S
tr

es
s,

  
R

, 
M

P
a

T,  
o
C

 

0 100 200 300 400 500 600 700

0

200

400

600

800

Used material S

 R
p0,2

, MPa

 R
m
, MPa

S
tr

es
s,

  
R

, 
M

P
a

T,  
o
C

 
Fig. 1: Variation of yield strength Rp0.2 and 

ultimate tensile strength Rm with temperature 

for new steel 

Fig. 2: Variation of yield strength Rp0.2 and 

ultimate tensile strength Rm with temperature 

for used steel 

 

Impact testing of the base-metal (BM) specimens was conducted according to the standards EN ISO 

148-1 [6] and EN ISO 14556 [7], using the Charpy machine instrumented with oscilloscope. Two types of 

diagrams were obtained, load vs. time and energy vs. time, with the values of crack-initiation energy, AI, and 

crack-propagation energy, Ap, as integral components of total impact energy, and the deflection, s, as the 

indicator of the material toughness. 

 

Typical diagrams force vs. time and energy vs. time obtained by Charpy testing of specimens taken from new 

pipe for different testing temperatures are given in Figs. 3-5 for illustration. The dependence of impact energy, 

At, of new and used pipes steel X20, on testing temperature is given in Fig. 6, and of the deflection, s, in Fig. 

7 [2].  
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Fig. 3: Diagrams obtained by Charpy impact testing at room temperature 
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Fig. 4: Diagrams obtained by Charpy impact testing at 545°C 
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Fig. 5: Diagrams obtained by Charpy impact testing at 570°C 

 

Total impact energy is divided into crack-initiation energy, AI, and crack-propagation energy, Ap, and 

presented for new pipe (N) in Fig. 8, and for used pipe (S) in Fig. 9. 

 

3.2. Fracture toughness test 
 

Critical value of stress-intensity factor, KIc, was obtained by applying the single-specimen compliance 

method, by successive loading-unloading cycles. Modified CT specimens were used, standards ASTM 

E1820. From the relations force, F, – crack mouth opening displacement (CMOD), δ, the diagrams J 

integral vs. crack extension Δa were constructed and presented for the specimen tested at room 

temperature in Fig. 10, at 545°C in Fig. 11  and at 570°C in Fig. 12 [2].  
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Fig. 6: Dependence of impact energy, At, of new 

and used pipes steel X20, on testing temperature  

Fig. 7: Dependence of deflection, s, of new and 

used pipes steel X20, on testing temperature  
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Fig. 8: Fraction of crack-initiation energy, AI, 

and crack-propagation energy, Ap, for new 

steel(N) 

Fig. 9: Fraction of crack-initiation energy, AI, 

and crack-propagation energy, Ap, for used steel 

(S) 

The dependence of critical stress-intensity factor, KIc, obtained via JIc integral testing on temperature is given 

in Fig. 13. It should be mentioned that in calculation of plane-strain fracture toughness, KIc, one value of 

Young modulus was used at room temperature (210 GPa), and another at elevated temperatures (175 GPa at 

545°C and 570°C) [2]. 
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Fig. 10: Diagrams F-δ and J-Δa at room temperaturs 
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Fig. 11: Diagrams F-δ and J-Δa at 545°C  
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Fig. 12: Diagrams F-δ and J-Δa at 570°C  
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Fig. 13: Variation of KIc value depending on testing temperature for new and used steel X20 
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3.3. Testing of variable loading 
 

Testing of the effect of service conditions on behaviour of steel X20 under variable loading was performed 

on the sample of new steel and steel after service of 116000 hours. These tests were performed in order to 

determine the spot in S-N diagram (design of Veler's curve) and determination of permanent fatigue 

strength, Sf. The specimens were shaped and sized according to ASTM E466 [8].  

 

High-frequency pulsator can induce sinusoidal alternating load ranging from -100 kN to + 100 kN. Mean 

loading and loading amplitude were registered with an accuracy of 50 kN. Achieved frequency varied 

from 110 to 174 Hz, depending on loading value and test temperature. In order to make an assessment of 

steel behaviour under variable loading completely, and having in mind the size of specimens, the most 

critical case of variable loading was treated, i.e. alternating variable loading tension-compression (R = -

1). The results of testing under variable loading are presented in a form of S-N (Veler's) curve in Fig. 14 

for new and in Fig. 15 for used steel. 
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Fig. 14: S-N diagram of the specimens taken 

from the sample of new pipe made of steel X20 

Fig. 15: S-N diagram of the specimens taken 

from the samples of used pipe made of steel X20 

 

In this test, as a rule, only the number of load variations until fracture is determined at constant-range 

loading, and the standard requires only a datum on stress level at which fracture does not occur after 

certain number of cycles (usually between 106 and 108 cycles). For steel materials, ASTM E468 defines 

permanent fatigue strength, Sf, after 107 cycles [9]. Therefore, this test is extremely expensive and 

justifiable only when the data are necessary for design, mainly from the point of view of fatigue and 

fracture mechanics, i.e. when the components exposed to long-term variable loading within total 

designed life of structure. 

 

3.4. Application of fracture mechanics in study of fatigue 

 

Main progress in fracture mechanics related to material fatigue is analytical division of the phenomenon 

of fatigue fracture into period of initiation, during which a fatigue crack nucleates, and period of growth 

and propagation that follows, during which the nucleated crack grows up to critical size at which rapid 

fracture occurs. In that way, total number of cycles, Nt, after which fracture occurs, is divided into 

number of cycles required for fatigue crack initiation, Ni, and number of cycles necessary for it to 

propagate up to the size critical for fracture, Np. 

                                                    Nt = Ni + Np                                                                         (1) 

The development in study of material behaviour under variable loading enables parallel introduction of 

experimental and theoretical approach, as theoretical approach itself cannot completely explain fatigue 
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crack initiation and propagation. The analysis of stress and strain state at the tip of growing fatigue 

crack using the procedures of linear elastic fracture mechanics (LEFM) has lead to formulation of Paris 

equation [10] for all structural materials, metals and alloys in the first place, that relates fatigue crack 

growth rate to the range of stress intensity factor at the crack tip: 

                                                 ( )mKC
dN

da
=                                                                   (2) 

Although Paris equation for crack growth is not applicable in the whole region, between low rates near 

the fatigue threshold (ΔKth) and high rates (KIc) a large linear central part of the curve covered by the 

Paris relation has, from the practical point of view, proven to be far most important, as at the same time 

it allows to make difference between fatigue crack initiation and fatigue crack growth. 

 

3.4.1. Testing of Fatigue Crack Growth Parameters 
 

Test performed in order to determine fatigue crack growth rate da/dN and fatigue threshold, ΔKth, was 

performed with standard Charpy specimens, using the method of TPB (three-point bending) on 

resonant, high-frequency pulsator. The test itself was performed as force-controlled. On machined 

specimens, measuring tape RUMUL RMF A-5 of 5 mm measuring length were attached for monitoring 

of crack growth using the FRACTOMAT device. As fatigue crack grew under the measuring foil, the 

later tore following the tip of fatigue crack, thus causing electric resistance of foil to vary proportionally 

with variation of the crack length. Fatigue crack growth rate was determined based on the obtained 

functions of crack length, a – number of cycles, N [11]. Namely, during experiment the number of 

cycles was automatically registered for every 0.05 mm of crack growth. Obtained curves of dependence 

a-N were used as a base for determination of fatigue crack growth rate, da/dN. 

 

To make comparison of the results obtained by testing easier, in Tab. 2 the values of fatigue threshold, 

ΔKth, coefficient C and exponent m for fatigue crack growth are given for all tested samples. 

 

Table 2: Results of determination of fatigue crack growth parameters 

Sample 

mark 
Testing  

temperature, C 

Fatigue threshold 

Kth, MPa m1/2 

Koeficient 

C 

Eksponent 

m 

da/dN, with  

K=20 MPa m1/2 

New–1 20 8,1 1.13  10-15 4.689 1.42  10-09 

New–2 545 6,9 1.15  10-13 2.933 7.52  10-10 

New–3 570 6,8 5.72  10-15 3.828 5.47  10-10 

Old–1 20 7,2 5.84  10-15 4.852 1.35  10-08 

Old–2 545 5,8 3.09  10-13 3.065 3.51  10-09 

Old–3 570 5,7 1.80  10-13 3.286 3.39  10-09 

 

Determination of the dependence of fatigue crack growth rate per cycle, da/dN, and range of stress 

intensity factor, ΔK, is reduced to determination of coefficient C and exponent m in Paris equation. The 

range of stress intensity factor, ΔK, depending on specimen geometry and crack length and on variable 

force range, ΔP = Pg – Pd, should be attributed to fatigue crack growth rate for effective crack length, 

a. Based on the development of testing, log da/dN – log ΔK dependences were calculated and plotted. 

Typical diagrams of dependence of da/dN on ΔK are given in Fig. 16 for the specimens taken from new 

steel X20, and in Fig. 17 for used steel X20. 
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Fig. 16: Diagram of dependence da/dN-ΔK for 

the specimens taken from new pipes made of 

steel X20 

Fig. 17: Diagram of dependence da/dN-ΔK for 

the specimens taken from used pipe made of steel 

X20 

 

 

4. ANALYSIS OF RESULTS 
 

It is clear that strength, yield stress and tensile strength decrease with temperature increase. Mechanical 

properties of used material are a little bit lower than those of new steel, and the difference diminishes with 

the increase of testing temperature. According to Ref. [9], the effect of operating time is stronger on tensile 

strength than on yield stress. 

 

Total impact energy, At, increases with the increase of temperature and reaches the peak value at operating 

temperature of 545°C, slightly decreasing with further increase to 570°C, Fig. 7. The values of crack-initiation 

AI, and crack-propagation, Ap, energy, depend strongly on temperature, Figs. 8 and 9. At elevated 

temperatures their ratio varies, and the fraction of crack-propagation energy is about 2.5 times greater than 

that of crack-initiation energy, exhibiting typical ductile behaviour. 

 

Similar behaviour compared to impact energy, At, was found in regard the deflection, s, Fig. 7. The values of 

critical stress-intensity factor, KIc, increase with temperature increase, reaching the peak value at operating 

temperature of 545°C, Fig. 14, and slightly decrease at 570°C. The service time of 116000 hours affected 

decreasing the values of KIc. 

 

Analysing the results obtained by fatigue testing of smooth specimens in order to design Veler's curve 

and to determine permanent fatigue strength, one can see that service life and testing temperature affect 

the values obtained for permanent fatigue strength. At room temperature, obtained value of fatigue 

strength is 79% of yield stress for new steel, and 71% for used steel. At operating temperature of 545°C, 

obtained value of yield stress is 65% for new steel, and 55% for used steel. At peak operating 

temperature, the value of permanent fatigue strength is 64% of yield stress for new steel, and 53% for 
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used steel. If consider the effect of the loading type, one can see that the effect of service life is much 

stronger in fatigue testing than in static testing. 

 

As one can see from the results presented in Tab. 2, service time and testing temperature significantly 

affect the values of fatigue threshold, ΔKth, and parameters of fatigue crack growth. New steel X20 has 

higher values of fatigue threshold, ΔKth, i.e. better resistance of an already existing crack to propagation. 

Namely, if new material contains a crack of same length as that in used material, its propagation in new 

material requires higher loading (range of stress intensity factor, ΔK) for re-growth of the crack. 

 

The samples tested at room temperature have highest fatigue crack growth rate, i.e. the lowest resistance 

of crack to propagation. Crack propagation resistance increases in the samples tested at operating 

temperature of 545°C, and the highest crack propagation resistance is encountered in the samples tested 

at peak operating temperature of 570°C. Under same variable loading (range of stress intensity factor, 

ΔK), new material X20 has higher value of fatigue threshold and lower fatigue crack growth rate than 

used material.  

 

One can calculate fatigue crack growth rate for different values of the stress intensity factor range, ΔK. 

For the analysis, the value of ΔK =20 MPam1/2 is taken This value of the stress intensity factor range is 

located in the part of the curve where Paris law applies. Fatigue crack growth rate, da/dN, ranges from 

1.42 10-9 for the sample of new steel X20 tested at room temperature to 5.47 10-10 µm/cycle for the 

sample tested at peak operating temperature of 570°C. Same tendency toward variation of fatigue crack 

growth rate applies for used steel. 

 

 

5. CONCLUSIONS 
 

Obtained test results are a practical contribution to assessment of quality of new and used material, steel X20, 

regarding possible operating life extension. Following conclusions can be derived: 

➢ The increase of testing temperature leads to the decrease of strength slight increase of deformation 

(elongation). The effect of operating time on mechanical properties is stronger at room temperature than 

at temperatures of 545°C and 570°C. Mechanical properties of used steel are only slightly lower than 

that of new steel. 

➢ Total impact energy, At, increases with temperature increase and reach the peak value at operating 

temperature of 545°C, slightly decreasing at 570°C. The same effect is found for energy components, 

for crack-initiation and for crack-propagation, as well as for deflection. Operating time affects only 

slightly total impact energy. 

➢ Critical stress-intensity factor, KIc, increases with temperature increase, reaching the peak value at 

operating temperature of 545°C, and slightly decreases at 570°C. The service period of 116000 hours 

caused only slight decrease of KIc, but this is not of prime importance for next service.  

➢ Period of service (new and used steel) affects the values of permanent fatigue strength so that new 

material has higher resistance to crack initiation in smooth structural components. 

➢ Testing temperature also affects the values of permanent fatigue strength: it decreases with 

increase of testing temperature. The specimens tested at room temperature have the highest fatigue 

crack growth rate and the lowest resistance to crack propagation. Crack propagation resistance 

increases with increase of testing temperature. 

 

Maximum crack growth rate may be expected for the stress intensity factor range approaching to plane-

strain fracture toughness KIc, as at that level brittle fracture occurs. It means that crack growth rates at 

which fatigue process shall be replaced by development of brittle fracture at various levels of loading 

can be assessed introducing these values into obtained da/dN-ΔK diagrams. 
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ABSTRACT: 
 

The reliability of the workpiece characteristics is the basis for determining the reliability of the 

technological process or machining process. The geometrical shape is one of the characteristics of 

the workpiece. The reliability of the geometrical shape depends on the prescribed tolerance for the 

accuracy of the shape in the shape of the tolerance space. The simplest tolerance space is the shape 

of a hollow cylinder. In general, a tolerance space can be represented by two irregular surfaces. The 

reliability of the geometrical shape is generally calculated as twice the value of the Laplace integral 

of the quotient of tolerance and twice the value of the standard deviation. The standard deviation is 

obtained on the basis of the measured residuals, ie. maximum deviations in as many sections as 

possible. Higher values of geometrical shape reliability require high tolerance, so specifying 

tolerances for shape accuracy should be avoided. This increases the overall reliability of the 

workpiece and reduces production costs. 

 

Keywords: Reliability, Geometrical Shape, Tolerance Space, Residual   

 

 

1. INTRODUCTION 
 

Reliability is the probability that a system will perform its intended function without failure as a 

function of time [8]. Other sizes that have a random character are used to determine the  reliability at 

a precisely defined and relatively short time. Reliability as a function of time can be expressed on the 

basis of a certain at least two instantaneous reliability at different time moments. Determining the 

instantaneous reliability of machining systems is very complicated if the machining system is viewed 

primarily as a structure. It is easier to determine the reliability of the machining system from the 

aspect of production and machining process, which is related to the correctness of the workpiece. The 

workpiece is the output product of the machining process, and is relevant for determining the 

reliability of the machining process, ie the system and quantitative measures of process stochasticity. 

[2, 3, 4] 
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2. THE RELIABILITY OF WORKPIECE CHARACTERISTICS 
 

Failure of the technological process or machining process is determined by the fault of the workpiece. 

Tolerance characteristics of the workpiece are important for determining the reliability of the 

workpiece. Other quantities have a reliability of approximately 1. In order to determine the 

instantaneous reliability of the technological process based on the workpiece, it is necessary to 

determine the reliability for each tolerated characteristic of the workpiece. The instantaneous 

reliability f the technological process is the lowest reliability of any of the workpiece characteristics. 

The characteristics of the workpiece are [5]: dimensions (length measures), geometrical shape, mutual 

position, surface roughness, mechanical, chemical, physical and other properties. The reliability of a 

characteristic of a workpiece is considered to be the probability that the actual value of the 

characteristic is within the tolerance field at a specific time, or a very short time interval, which can 

be represented by the equation [2, 4]: 

 

                                                                   ( ) ( )TxPtRi =1
,                                                                (1) 

 

where are: x - random variable, T - prescribed tolerance, i - mark of the characteristic to be measured 

and t1 - mark that the reliability refers to a specific time. 

The reliability of the characteristics of the workpiece is the basis for determining other quantitative 

measures of stochasticity of the process: dynamical and instantaneous reliability and the time until 

which the process is in a state of statistical control [3]. 

 

 

3. THE RELIABILITY OF GEOMETRICAL SHAPE 
 

The macrogeometry of the workpiece, in addition to the length measures, includes the mutual position 

of two or more axes or surfaces of the workpiece and the geometrical shape [1]. 

As it is impossible to achieve completely accurate length measures and mutual position, it is even 

more difficult to achieve the prescribed tolerance geometrical shape. Prescribing tolerances for shape 

accuracy should be avoided, as they are generally difficult to achieve, and increase production costs 

and reduce workpiece reliability [5]. 

The geometric shape is a spatial dimension, so the tolerance space is relevant, not the tolerance field. 

The simplest tolerance space is a hollow cylinder with the smallest allowable diameter dmin  and the 

largest allowable diameter dmax, figure 1. [6]. 

Deviations from the shape of an ideal cylinder may be ovality, conicity, inflexion, concavity, 

convexity and wavy [5]. 

The reliability of the geometric shape where the tolerance space is a hollow cylinder is easy to 

determine. It is first necessary to measure more than 30 (application of the Central Limit Theorem) 

real diameters of the observed cylinder 
sid  ( ni ,...,2,1= ) (Figure 2.), eg diameter  15 of workpiece 

shown in Figure 1. 

The average of the real cylinder diameters is: 
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The standard deviation is calculated by equation: 
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Figure 1: Tolerance space in the form of a hollow cylinder and workpiece 

 

The reliability of the cylinder shape, that is, the probability that the diameter ds is within the tolerance 

space bounded by the diameters 
mind  and 

mind  is determined by solving the integral [7]: 
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Figure 2: Measurement of cylinder diameter 

 

 

The previous procedure is a special case and is applicable to the case of the shape of an ideal cylinder, 

while in the general case it cannot be applied. 

Let, as the most general case, the tolerance space be determined by two irregular surfaces, as shown 

in Figure 3. [2, 4] 
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Figure 3: Tolerance space defined by two irregular surfaces 

 

To calculate the reliability of an irregular shape, it is first necessary to determine the ideal shape. The 

ideal shape is usually the central surface in the middle of the tolerance space between the outer and 

inner tolerance surface, Figure 4. 

Further, it is necessary to measure the maximum deviation, i.e., the residual 
obi  ( ni ,...,2,1= ) for as 

many sections of the irregularly shaped body as possible, as shown in Figure 4, where n is the number 

of sections. Thus, the residual is calculated directly and not using coordinates or dimensions, as is 

usual. 

The standard deviation is obtained by including the residual 
obi  ( ni ,...,2,1= ) in the equation: 
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Figure 4: Section of an irregularly shaped body 
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Since prescribed shape tolerance 
obT  is known, the reliability of the geometric shape is calculated 

using the equation: 
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In equation (6)   is the Laplace integral, ie the cumulative distribution function (CDF) of the 

standard normal distribution, where the mean is equal to 0 and the standard deviation is 1, with the 

known upper limit of the integral [7]: 

 

                                                                duet

t u


−

=

0

2

2

2

1
)(


 .                                                      (7) 

 

Therefore, the methodology for determining the reliability of the geometric shape is generalized. In 

special cases this can be simplified. 

 

For example, let it be necessary to determine the minimum tolerance space with the diameters of the 

ideal cylinder for the workpiece shown in Figure 1. for which the shape reliability is at least 

999,0ˆ =obR . For this purpose, the nominal workpiece diameters  15 [mm] were measured on a 

coordinate measuring machine. All diameters were measured with 49 points per circumference. There 

are a total of 31 of these diameters, in order to achieve a normal distribution of the measured values. 

The frequencies of the measured values are shown in Table 1. 

 

Table 1: Frequency of measured diameters dsi (nominal diameter  15) 
 

dsi 14,990-15,009 15,010-15,029 15,030-15,049 15,050-15,069 

Frequency 21 4 3 3 

 

The arithmetic mean and standard deviation of measured values are obtained by including the 

measured cylinder diameters in equations (1) and (2): 01,15=sd [mm], 022,0=d  [mm]. The 

measured diameter values and reliability 999,0ˆ =obR  require a minimum tolerance of the shape 

15,0=obT [mm] symmetrically distributed around the arithmetic mean [mm]. That is a high tolerance 

value. For example, if the prescribed tolerance is   150,05,  then the reliability is 962,0ˆ =obR . For  

150,025 is 696,0ˆ =obR . This means that considering the tolerance and reliability of the shape, the 

workpiece is not manufactured to  a requirement specification. 

 

 

4. CONCLUSION 

 

The reliability of the technological process is defined as the probability that the product will complete 

the conditions of the design documentation. The reliability is a dynamic size, having a  tendency of a 

decrease in time. In this regard, a methodology has been developed to determine the time until which 

the process is capable, ie in a state of statistical control. For this purpose, it is necessary to determine 

the instantaneous reliability as the minimum reliability of the workpiece characteristics. The 

reliability of the workpiece characteristic is the probability that the value of a characteristic is within a 

specified tolerance field. The geometrical shape is one of the characteristics of the workpiece. The 
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reliability of the geometrical shape depends on the prescribed tolerance for the accuracy of the shape 

in the shape of the tolerance space. Prescribing tolerances for shape accuracy should be avoided, as 

they are generally difficult to achieve, and increase production costs and reduce workpiece reliability. 

The reliability of the geometrical shape is generally calculated as twice the value of the Laplace 

integral of the quotient of tolerance and twice the value of the standard deviation. The standard 

deviation is obtained on the basis of the measured residuals. 

The example shows that a high tolerance is required for satisfactory geometric shape reliability 

values. That is, if a lower tolerance is obtained, an extremely high-quality and capable technological 

procedure is required for greater reliability. 
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ABSTRACT: 
 

The load and capacity of structure (construction) are relevant for determining instantaneous 

structural reliability. In most of the literature, the analytical method of calculating instantaneous 

structural reliability usually assumes that both the load and capacity of structure as random variables 

have a normal distributions. Empirical results, and rarely mathematical theory, are cited as the basis 

for this assumption, which can be confusing. The purpose of this paper is to emphasize the 

importance of mathematical theory, in the form of Central Limit Theorem (CLT), as a basis for the 

stated assumptions. The CLT is a group of theorems that establish the conditions under which the 

limit distribution is a normal distribution. In our case, the two theorems, listed in Chapter 2, are 

important for the analytical determination of structural reliability. In Chapter 3, both the load and 

capacity of structure are defined as a normally distributed random variables. The distribution that 

represents the difference between the load and capacity of structure is also normally distributed, 

which is a direct consequence of the CLT.  The result is a simple analytical determination of 

reliability, Chapter 4. Disadvantages of applying the normal distribution have no practical 

significance and can be ignored. If this is not possible and in order to eliminate the errors of the 

analytical model, the simulation Monte-Carlo method can also be used to determine instantaneous 

structural reliability. Chapter 6 provides the conclusions. 

 

Keywords: Reliability, Structure, Load of Construction,  Capacity of Construction, Normal 

Distribution,  Central Limit Theorem   

 
 

1. INTRODUCTION 
 

A structure is an assemblage of components which are connected in such a way that the structure can 

withstand the action of loads that are applied to it. These loads may be due to gravity, inertia, wind, 

ground shaking, impact, temperature, or other environmental sources. Examples of structures 

employed in civil infrastructure are buildings, bridges, dams, tunnels, storage tanks, and transmission 

line towers. Mechanical engineering applications include aerospace structures such as airplane 

fuselages, missiles; naval structures such as ships, offshore platforms; and automotive structures such 

as cars and trucks. Structural engineering is the discipline which is concerned with identifying the 

loads that a structure may experience over its expected life, determining a suitable arrangement of 
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structural members, selecting the material and dimensions of the members, defining the assembly 

process, determininig a structural reliability and lastly monitoring the structure. [2] 

The subject of structural reliability provides a logical framework within which the uncertainties, that 

invariably exist in dealing with problems of structural analysis and design, could be systematically 

addressed. The uncertainties in structural and load characteristics are quantied using the mathematical 

theories of probability, random variables, random processes and statistics. Early studies in this field 

were carried out by Freudenthal (1945) who brought the methods of probability and statistics to bear 

on characterizing the nature of factor of safety. An illuminating account of the historical development 

of the subject is available in the book by Madsen, Krenk and Lind (1986). A resume of industrial 

applications of structural reliability has been given by Thoft-Christensen (1998). Bjerager (1990) 

presents a state-of-the-art review of structural reliability methods by classifying the problems into 

random variable problems, random process reliability models and random field reliability models.  

Rackwitz (2000) has presented a discussion on counter examples that reveals possible weaknesses of 

methods of reliability analysis. Huang, El Hami and Radi (2016) have published Overview of 

Structural Reliability Analysis Methods. [6, 10] 

The CLT is a well-established mathematical theory and one has been elaborated and analyzed in 

many literature works [1, 11, 13, 15, 17]. But in the literature of structural and reliability engineering, 

the CLT is analyzed insufficiently. Due to the application of the CLT, especially in the analytical 

determination of instantaneous reliability, this is an obvious drawback. [5, 9, 10, 14, 16].  

 

 

2. INSTANTANEOUS RELIABILITY 
 

Reliability is the probability that a system will perform its intended function without failure as a 

function of time (dynamical reliability) [16]. Other sizes that have a random character are used to 

determine the instantaneous reliability at a precisely defined and relatively short time. These 

quantities in structures are [3, 4, 8, 10]: load of construction, capacity of construction, dimensions 

(length measures), geometric shape and mutual position, surface roughness, and other mechanical, 

chemical, physical and other properties. Reliability as a function of time can be expressed on the basis 

of a certain at least two instantaneous reliability at different time moments. The Exponential and 

Weibull distributions have priority by dynamic reliability [5, 12, 16]. The Gaussian (normal) 

distribution is primary in determining instantaneous reliability. The basis for such an approach is the 

CLT.  

 

 

3. THE CENTRAL LIMIT THEOREM 
 

The normal distribution is most commonly used to approximate empirical distributions. If the 

observed size of the phenomenon is affected by a large number of independent random factors and 

each of them has only a small influence on the occurrence, then the combined effect of these factors 

gives the result that the observed size tends to a normal probability distribution.  

The CLT is a group of theorems, and two theorems are important for structural reliability. The first 

theorem proves that the sum (and difference) of independent random variables, each of which has a 

normal distribution, also has a normal distribution. The second theorem: if  are X1, X2, ... random 

variables (samples drawn from a population) with overall mean   and finite variance V, then the 

limiting form of the distribution ( ) nVnXXXZ nn −+++= /...21  , is a standard normal 

distribution, when n tends to infinity  [11, 13, 15, 17]: 
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The CLT can be practically used even when the number of single variables is small. When it comes to 

the sum of independent random variables that can be compared according to their deviations, with a 

larger number of summands, the distribution of the sum is approximately a standard normal 

distribution. There is a significant application of the approximate replacement of one probability 

distribution with another. According to previous research, when the number of summands of 

independent variables is at least 10, then the distribution of sums can be approximated by a normal 

distribution. A better result is obtained if each the distributions of single independent random 

variables are analyzed. Thus, if the single distributions are approximately symmetric it can be 

assumed that it is 10n . Otherwise 30n , which is the usual lower limit, if it is necessary to be 

sure that it is a normal population. [17] 

 

 

4. THE LOAD AND CAPACITY OF STRUCTURE AS A RANDOM VARIABLES 
 

Both the load and capacity (tension) of structure (construction) are relevant for determining 

instantaneous structural reliability. The load of the structure can be estimated with appropriate 

deviations. Therefore, the load of the structure can be expressed by its mean and deviation [7]: 

 

                                                                        
rrr  = ,                                                              (2) 

 
where are: 

r  – mean or nominal value; 

r  – deviation from the mean. 
 

Thus, the load of the structure is a random variable. The capacity of the structure (similar to load) can 

be expressed by: 
   
                                                                       

kkk  = ,                                                              (3) 

where are: 

k  – mean or nominal value;  

k  – deviation from the mean 
k , which the constructor  

                   evaluates based on experience or literature. 

 

In Figure 1, the load and capacity of structure are represented by a normal distribution curve. 

Assuming that the weaker parts of the structure are aided by the stronger parts surrounding them, then 

the critical stress distribution is related to the mean value of the samples. This means that the correct 

assumption is that the distribution of load of structure corresponds to the normal distribution. 

It has been proven by experimental research that the ultimate strength, yield strength and fatigue 

strength of steel have a normal distribution. In this case, there are also certain limitations to the 

application of the normal distribution. The first limitation is that the domain of the normal distribution 

is a set of real numbers (), which does not correspond to the real values samples drawn from a 

population. Second limitation is the symmetric shape of the normal distribution, and the samples 

(random value) are often asymmetrically distributed. 

Experimental research has confirmed that metal alloys often have a log-normal distribution. Also 

certain metals and alloys have a Webull distribution. [9, 16]  However, if the coefficients of variation 

of the distribution are less than 0.3, the probability of negative and extreme values is negligible. Log-

normal distribution in many cases tends to normal distribution. 

The Weibull distribution is a multiparameter distribution, which incorporates several different 

distributions. Depending on the shape parameter, the Weibull distribution can be hyperexponential, 

exponential distribution, and (for values greater than 1) normal distribution. In most cases, the 

Weibull distribution tends to a normal distribution. [12, 14] 
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Figure 1: Mutual position the curves of normal distribution  

 

Although it should not be generalized, primarily with respect to the CLT, and the above remarks, it is 

most accurate to represent the load and capacity of structure as the normal distribution curve, as 

shown in Figure 1. 

Therefore, probability densities of the load and capacity of structure are [5]: 
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where are: Dr and Dk the standard deviations of the load and capacity of structure. 

 

 

5. DETERMINATION OF INSTANTANEOUS STRUCTURAL RELIABILITY  
 

The distribution that represents the difference between the load and capacity of structure (
rk  − ),  

is important for determining reliability, Figure 2. The first theorem, given in Chapter 2, proves that 

the difference of independent random variables, each of which is normally distributed, also has a 

normal distribution. Thus, the difference between the load and capacity of structure (
rk  − ) is 

normally distributed. 

The standard deviation of a random variable 
rk  −= is: 

 

                                                                      22

kr DDD += .                                                            (6) 

 

The structural instantaneous reliability R is the probability that the capacity is higher than the load of 

structure, 0− rk    0 : 
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Figure 2: Normal distribution curve of 
rk  −  
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the cumulative distribution function (CDF) of the standard normal distribution. 

For z0  −4,5, the reliability has value of R  0,999997. If is z0 = 0  R = 0,5; and for  z0  0,5  R  

0,3. Generally, if z0 → −  R → 1; and for z0 → +  R → 0. 

For a practical example, 200=k [N/mm2], 100=r [N/mm2], 25=kD [N/mm2] and 

20=rD [N/mm2]: 

878,3
2025

100200

2222
0 −=

+

−
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+

−
−=

kr
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DD
z


  R = 0,99947, 

which means that the construction has a high instantaneous reliability R. 
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6. CONCLUSION 
 

Structural reliability has significant applications in civil engineering, mechanical engineering, 

shipbuilding, aerospace engineering, etc. Structural reliability has been investigated in detail 

theoretically and experimentally. The analytical method of reliability calculation, as shown in this 

paper, can be easily found in the available literatures. It is most often assumed that the load and 

capacity of structure as random variables have a normal (Gaussian) distribution. In addition to 

empirical reasons, the mathematical basis for this assumption is the CLT, the most important theorem 

of Probability Theory. In this paper is to emphasize the importance of the CLT in structural and 

reliability engineering.  Other theorems: The Moivre-Laplace theorem, the Lyapunov theorem, the 

Berry-Essén theorem; elaborate and supplement the basic premise of the CLT on the importance of 

the normal (Gaussian) distribution as  the most applicable distributions. The application of CLT has 

disadvantages, which are mentioned in Chapter 4 of this paper. To eliminate these disadvantages and 

errors of the analytical model, the Monte-Carlo simulation method can also be used for determination 

a structural instantaneous reliability. 
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ABSTRACT: 
 

Traditional methods such as "Six Sigma" are more focused on quality than on speed. Methods known 

as "Lean" are better to improve processes and speed, then quality. By combining these two types of 

methods is obtained method, Lean Six Sigma, which yields the best results in improving business 

organization. The most common and the most often used tools within the second phase of Lean Six 

Sigma projects are as follows: Process map; Ishikawa diagram; Cause-Effect matrix; FMEA (Failure 

Mode and Effect Analysis);Data Investigation Plan; MSA – Measure System Analysis; Visualization 

tools, and; Calculating process capacity (Cp, Cpk, Pp, Ppk, Sigma, PPM). This article provides 

proposal a set of approaches that are the basis for the development and application of the principles 

and MSA tool of Lean Six Sigma maintenance of gage. A special focus is given to the MSA method of 

applying Lean Six Sigma concepts in specific working conditions maunfacturing of ring bearing in 

domestic OEM company from automotive sector. 

 

Keywords: Measurement system analysis (MSA), Lean six sigma (LSS), measure phase, gage, 

maintenance, ring bearing. 
 

 

1. INTRODUCTION  

 
Measurement data are used more often and in more ways than ever before. For instance, the decision 

to adjust a manufacturing process or not is now commonly based on measurement data.  Measurement 

data, or some statistic calculated from them, are compared with statistical control limits for the process, 

and if the comparison indicates that the process is out of statistical control, then an adjustment of some 

kind is made. Otherwise, the process is allowed to run without adjustment. Another use of measurement 

data is to determine if a significant relationship exists between two or more variables. The quality of 

measurement data is defined by the statistical properties of multiple measurements obtained from a 

measurement system operating under stable conditions. The Measurement Systems Analysis defines 

the procedure for assessing the quality of a measurement system 6. 

 

Six Sigma as a modern strategy management quality can help companies to achieve and maintain 

business success in the long period of time. This is one of the leading strategies that make the goals 

achievable through a structured and systematic project approach DMAIC (Define, Measure, Analyse, 

Improve, and Control). The main objective of Six Sigma strategy is oriented towards the improvement 

of the customer, in order to reach the company’s business goals. Six Sigma is not just a method of 

improving the quality or process. This is the vision, philosophy, strategy and a set of tools, but the 
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greatest savings and the greatest revenue had companies that have implemented Six Sigma across the 

organization. Also, Six Sigma takes into account the aspects of the organizational structure, corporate 

culture and process implementation strategy, and for this reason brings a comprehensive concept and 

framework of business success 3. At the operational level, Six Sigma uses a structured and systematic 

approach (DMAIC, DMADC cycle) to achieve operational excellence. The Six Sigma provides the 

tools to solve problems in various fields of business with statistical and non-statistical methods in a 

sustainable way. The goal of Six Sigma projects is to identify input factors that cause variations and 

deviations from the target in order to centre the process and minimize deviations. Lean Six Sigma 

combines the two most important trends of development and improvement of operating results: improve 

the work (with the help of Six Sigma) and increase the speed (through Lean principles). Lean Six Sigma 

is a business concept that focuses on increasing the zero point of profit and customer satisfaction. This 

article provides a set of approaches that are the basis for the development and application of the 

principles, methods and tools of Lean Six Sigma concepts. A special focus is given to the MSA method 

of applying Lean Six Sigma concepts in specific working conditions in BH companies, taking into 

account international experience in the study of this field [3]. 

 

2. MEASURE PHASE OF DMAIC 
 

Measure phase is the second step within DMAIC cycle in which project team collects information and 

data about defined problem. In this step is important to measure current Lean Six Sigma process 

performance, and observe the problem in deeper level 4. 

 
Figure 1: Process Flow "measure" within the DMAIC cycle. 

 

It is important to emphasise that this is phase with no solution in sight, but where is necessary to learn 

more about the problem and collect as many information on dimension and kind of the problem. 

Namely, it is necessary to describe and quantify improvement possibility in this step, by describing 

current state. Likewise, after certain changes in the last phase of project were implemented, measure 

phase is for “baseline“ study, by which before/after data can be compared, and in that way to get to the 

information about real process improvement, that is, product improvement. To analyse and measure 
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monitored process, product, it is needed to know basic statistical techniques as calculation of average 

arithmetic value, standards of deviations and other indicators, since it is the only way to understand 

process movements, i.e. variations inside the process. W. Edwards Deming said: “Variation is evil“ 

keeping in mind that all process deviations origin from existence of too big and unacceptable variations. 

There is another statement of W.E. Deming that gives picture of measure phase importance. It says: “In 

God we trust-all others bring data“). From the above, we can say that measure phase is necessary for 

the following: To map the process; To identify critical measurement points necessary for meeting 

customers’ requirements; To plan data research for quantifying the problem; To collect hypothesis on 

problem, as well as variations; To prove and, if necessary, to fix or develop reliability of measurement 

system; To provide with data for the later hypothesis testing, and; To quantify problem by reliable data. 

The most common and the most often used tools within the second phase of Lean Six Sigma projects 

are: Process map; Ishikawa diagram; Cause-Effect matrix; FMEA (Failure Mode and Effect Analysis); 

Data Investigation Plan; MSA – Measure System Analysis; Visualization tools; Calculating process 

capacity (Cp, Cpk, Pp, Ppk, Sigma, PPM). 

 
Figure 2: Calculation form for “Gage R&R”. 
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3. MEASUREMENT SYSTEM ANALYSIS (MSA) 
 

The discussion of the analysis of measurement system can become confusing and misleading without 

an established set of terms to refer to the common statistical properties and related elements of the 

measurement system[ 1]. In this article, the following term are used: 

➢ Measurement is defined as “the assignment of values to material things to represent 

the relations among them with respect to particular properties”. Above mentioned 

definition was first given by Eisenhart. The process of assigning the values is 

defined as measurement process, and the value assigned is defined as measurement 

value. 

➢ Gage is any device used to obtain measurements. It frequently used to refer 

specifically to the devices used on the manufacturing stage, includes go/no-go 

devices. 

➢ Measurement system is the collection of instruments or gages, standards, operations, 

methods, fixtures, software, personnel, environmenr and assumptions used to 

quantify a unit of measure or fix assessment to the feature characteristic being 

measured. The complete process used to obtain measurements. 

 

For instance, suppose that a measurement system, operating under stable conditions, is used 

to obtain several measurements of a certain characteristic. If the measurements are all “close” 

tio the master value for the characteristic, then the quality of the data is said to be “high”. 

Similarly, if some, or all, of the measurements are “far away” from the master value, then the 

quality of the data is said to be “low”. 
 

When explaining what a measurement system is we have to start form measuring devices or gages, 

continue with operational definitions and procedures and, finally, end with people, operators who 

measure. Types of measurement system analysis are: 

❖ Gage R&R – is a measurement system analysis for continuous data that can be measured in 

scale and be compared against each other; 

❖ Attributive analysis – is analysis used for discrete data that have specifically determined 

minimum and maximum and are expressed in integer numbers and are usually used for visual 

measuring, inspections and subjective opinion. 

 

The statistical properties most commonly used to characterize the quality of data are the 

“bias” and “variance” of the measurement system. The property called bias refers to the 

location of the data relative to a reference (master) value, and the property called variance 

refers to the spread of the data. Figure 3 shows example of “bias” determination 3. 
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Figure 3: Example of determination of “bias”. 

 

A general rule is that a gage must be at least 10 times more precise than the subject of measurement. 

Cause of such imprecision can be process variation that occurs in two forms: 

❖ The first form of process variation can be that gage is precise, measurement correct, but still 

incorrect because of the use of wrong standard, pattern for measurement comparison. This 

kind of process variation is mostly caused by deviations inside gage, and test of repeatability 

is used for this kind of check. 

❖ Another type of process variation can be that gage is correct, but imprecise, because different 

measurements show different values, i.e. imprecise values. This kind of process variation is 

mostly caused by operator’s deviation and is checked by the test of reproducibility. 

 

One of the most common reasons for low-quality data is too much variation. Much of the 

variation in a set of measurements may be due to the interaction between the measurement 

system and its environment. If the interaction generates too much variation, then the quality 

of the data may be so low that the data are not useful. For example, a measurement system 

with a large amount of variation may not be appropriate for use in analyzing a manufacturing 

process because the measurement system’s variation may mask the variation in the 

manufacturing process. Much of the work of managing a measurement system is directed at 

monitoring and controlling variation. Among other things, this means that emphasis needs to 

be placed on learning how the measurement system interacts with its environment so that 

only data of acceptable quality are generated. 
 

Basic features of measurement system are accuracy and precision. When discussing accuracy it is 

important to know the term of “bias”. Bias is methodological system error in measuring, in the analysed 

case it would be “average” difference between “evaluator” and the correct value. In order to calculate 
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bias, we need the “golden standard”. Bias is equal to difference between average value of all 

measurements and “golden” standard which represents the reference value. In order to determine the 

bias, that is the “evaluator” accuracy, object of measurement is measured at least 10 times by the same 

“evaluator“ 2. 

 

Figure 4: Interplay of (in)accuracy and (im)precision of measurement. 

 

Another important term is precision and it represents “standard” deviation, declination, distribution of 

“evaluator” (the one performing measurement). Precision is checked by Gage R&R analysis, i.e. by the 

variation of measure device. Figure 3 shows review of interplay of (in)accuracy and (im)precision of 

measurement. Test of repeatability and test of reproducibility together are called “Gage R&R“ (Gage 

Repeatability & Reproducibility) and serves as basic test in MSA analysis. Gage R&R test is a statistical 

method for variation evaluation inside measurement system by measuring variations caused by faulty 

measurement device calibration (repeatability) and variations caused by operator (reproducibility). 

While using this statistical tool, we usually use the rule “10x2x2“, 10 pieces controlled by 2 operators 

in 2 measurement repetitions. Result of Gage R&R must be less than 20% to consider the system 

acceptable. Result of 5% means that our measurement system is very good, i.e. that just 5% of variations 

occur due to measure system and the rest of 95% occur due to process itself. This rule is valid for 

continuous data testing - Continuous Gage R&R. If data values are discrete then the result must be 

higher than 80% - Attributive Gage R&R.  We can conclude from the above mentioned that 

repeatability requires the following procedure: the same work piece, the same evaluator, several 

measurements. The reproducibility requires the following procedures of measurements: the same work 

piece, different evaluator or inspector, several measurements. We choose samples randomly, as 

mentioned, mostly 10 work pieces by 2 or 3 different evaluators/controllers. Then every work piece is 

measures 2 or 3 times by each evaluator, and sample size is chosen by the following rule: 

 

(number of pieces) x (number of evaluators) > 15                                                      …(1) 

 

Analysis of a certain measurement system, for example, lays down the following conditions for the 

measurement: 5 “products“ (work pieces), 5 different settings of measure system, 3 

inspectors/surveyors and 2 measurement repetitions. While interpreting the results of measurement, we 

follow value percentage of Gage R&R that offers the following conclusions for obtained results: 

 

 % Gage R%R Conclusions  

❖  < 5% Great measure system 

❖  <= 10%  Measure system is satisfying  (OK ) 

❖  10%-30% Acceptable, depending on costs, or how important measures are 

❖  > 30% Measure system needs to be fixed, it requires corrective actions 
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Figure 5: Form with input data for MSA analysis. 
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It is visible, from the presented results, that, if the measure system is inadequate, that is, if the value of 

“Gage R&R“ is higher than 30%, we have to correct the system by taking the following actions: Analyse 

possible cause of the problem; Check what the problem is: Repeatability and/or reproducibility?; 

Whether the problem is people, equipment, environment, procedure... (Ishikawa diagram). Analysis of 

measurement system for attributive data is all about gaining data by the principle: “good - bad“, “works 

– doesn’t work“ or “OK - NOK“. Thereby, we need to test Repeatability and Reproducibility.   

 

 
 

Figure 6: MSA report for attributive data. Figure 7: Example of statistical report "Gage R 

& R”. 

 

To establish it we need to check each “piece” minimum twice by the same inspector. Since the status, 

or the result, can have only two states (OK - NOK; good - bad; tall - short; etc.) the result is not as 

precise as the numerically expressed analysis. However, attributive controls are often the only way of 

control, so it is important to do this analysis. In order to make this analysis it is necessary to take 

approximately minimum of 25-30 pieces/products, and the sample has to contain both, “good” and 

“bad” pieces. The next activity is marking of work pieces. An expert, i.e. a customer, marks (gives the 

final evaluation) using the principle “OK-NOK“. After that, 2-3 inspectors randomly control pieces at 

least 2-3 times. The important thing, both in Lean Six Sigma project, as well as in use of any statistical 

method, is the procedure of collecting samples. The procedure is a special methodology for itself, but 

members of Lean Six Sigma team must be familiar with the basics, which is: the sample must be 

representative of the whole population and there cannot be systematic difference among data, why we 

take or reject certain samples. Also, it is necessary to take into consideration “Hawthorne effect “. To 

be a successful Six Sigma team member it is necessary to know basic statistical terms. To lead Six 
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Sigma project and use MSA method it is necessary to have advanced knowledge of statistical methods 

5. 

 

 

 

Figure 8: Example of SPC for MSA 

analysis of measurement of the 

profile of the product. 

Figure 9: Comparability and reproducibility (R&D)-special gauge 

UT0202001. 

 

 

4. MSA APPLICATION 

Author of article has used the publication "Measurement Systems Analysis-MSA“, which is 

a binding frame for application of MSA method. Measuring systems treats numerical analysis 

and attribute data. When processing and calculations for MSA, as well as creating reports 

was used software application WinSTAT. All the presented graphical representations are 

made using applications WinSTAT. So below we will show patterns used for the application 

of the MSA in case of company Unis Tok from Kalesija.  In this case, standard will yield the 

same results when applied by the supplier or customer, with the same meaning anytime. 

Effective resolution represents the sensitivity of a measurement system to process variation 

for particular application. At initial stage of MSA application, we will define accepted basis 

for comparation, follows criteria for acceptance, then known value within stated limits of 

uncertainty as a true value and finally to get reference value. Through this experiment we 

will understand to which measurements are traceable and how traceable they are. Traceability 

is an important issue in the automotive industry and even wider 2. Measurements that are 

traceable to the same or similar standards will agree more closely than those that are not 

traceable. This helps reduce the need for re-test, rejection of good product and acceptance of 

bad product. Figure 6 gives an overview of examples of MSA reports for attribute data in the 

company Unis Tok, Kalesija. Figure 7 shows calculative form of "repeatability and 

reproducibility of the" measuring device (Gage R&R) from one company which is OEM 

supplier in automotive industry. Example of SPC for MSA analysis of measurement of the profile 

of the product-projector of bearings intended for the auto mobile industry The example of SPC for MSA 



Ismar Alagić - THE MEASUREMENT SYSTEM ANALYSIS (MSA) AS METHOD FROM 

MEASURE PHASE OF DMAIC LEAN SIX SIGMA APPLIED IN MAINTENANCE OF GAGE 

                                                                          

 

RIM 2021 53 

analysis of measurement of the profile of the product-projector of bearings intended for the auto mobile 

industry.shown in figure 8. Figure 9 shows R&R report to measure the outside diameter of 30.30 mm 

in the case of special gauge UT0202001. Documentation part is a very important part of the quality 

system and measurement system as part of the quality assurance system in the automotive industry.  

Example of report form on MSA analysis is given in Figure 10. 

 

  
Figure 10: Application example of MSA and SPC analysis using WinSTAT® applications 
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