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Sustainability & the Environment
Glass is a sustainable, fully recyclable material which provides great environmental benefits such as contributing to mitigating climate change 
and saving precious natural resources. It is also highly appreciated in many applications for its inert nature and its contributions to safeguarding 
people’s health and well being.

Mitigate climate change
In many of its application glass can help to save energy. It is most obvious in the case for insulating glass for windows and facades but also for 
less known products such as weight-lightening reinforcement glass fibre used in automotive, aviation and other transport modes to reduce 
the weight of vehicle and their fuel consumption.
Glass is also used to generate renewable energy through solar-thermal and photovoltaic applications and wind turbine, which largely profit 
from light weight reinforcement glass fibres.

Save natural resources
Glass is a resource efficient material which is made of abundant natural raw material such as sand and glass waste (cullets). Glass is a fully 
recyclable material that can be recycled in close loop over and over again.
This is particularly true for glass bottles which on average have a recycling rate varying from 50% to 80%. Thanks to glass recycling, significant 
amounts of raw materials are saved and natural resources are preserved. Glass recycling also helps in saving energy as cullets melt at a lower 
temperature than raw materials. Consequently, less energy is required for the melting process.
In other glass sectors, considerable efforts are made to recycle glass after use even though each sector has its own specialities and quality 
requirements. The amount of solid waste produced by the glass industry during manufacturing is extremely low as almost all glass waste 
(cullets) are immediately recycled and put back to furnaces to serve as raw material.

Safeguard people’s health and well-being
Glass is among the preferred materials not only for its aesthetics but also for its own characteristics. Glass preserves taste and vitamins. As 
an inert material, it guarantees that food and beverages placed in glass containers are not stained by the packaging. It is also commonly used 
in the pharmaceutical industry to preserve the properties of medicines. In another side of the medical sector, optical glass helps improve the 
vision of millions of Europeans.
In construction as well, architects not only use large glazed areas for their energy-saving properties but also because they provide natural 
light into buildings which enhance living and working conditions of occupants. Studies show that glass in buildings, through all these benefits, 
contribute to people’s well-being and improved health conditions.

Contact us

Avenue Louise 89 / 5, B-1050 Brussels | info@glassallianceeurope.eu | www.glassallianceeurope.eu
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Welcome to ic-rmm2  
We are pleased to announce the organization of the 
2nd INTERNATIONAL CONFERENCE ON RHEOLOGY AND 
MODELING OF MATERIALS to be held near city Miskolc 
in mountain Bükk  in one of the most beautiful places of 
Hungary in Hunguest Hotel Palota Lillafüred, October 
5-10, 2015.
The idea to organize in Hungary the 2nd International 
Conference on Rheology and Modeling of Materials we 
have received from prospective scientists, physicists, 
chemists, mathematicians and engineers from Asia, 
Europe, North and South America including China, 
India, Japan, Korea, Russia, Turkey, Estonia, France, 
Italy, United Kingdom, Chile, Mexico, USA. As organizers 
we hope that you will attend on ic-rmm2 and we are 
looking forward to welcome you on this international 
conference in Miskolc-Lillafüred, Hungary. Event  
ic-rmm2 is sponsored by several universities, scientific 
journals, societies and organizations around the World.

The objectives  
The aims of the 2nd International Conference on Rheology and Modeling of Materials are the fostering of 
interdisciplinary collaboration and interaction among scientists, researchers, PhD students as well as product 
and technology developer engineers. The international conference ic-rmm2 provides a platform among leading 
international scientists, physicists, chemists, mathematicians, researchers, PhD students and engineers for discussing 
recent achievements in measurement, modeling and application of rheology in materials technology and materials 
science of liquids, melts, solids, powders, crystals and amorphous structures. 
Among the major fields of interest are the influences of temperature, mechanical stresses, deformation speeds and 
times on rheological properties, material structures and phase transformation of foams, emulsions, suspensions, liquids, 
powders, crystals, foods, cosmetics, polymers, plastics, petrochemicals, melted metals, glass and competitive materials 
like nanomaterials, pharmaceuticals, medical- and biomaterials, ceramics, films and coatings, advanced metal alloys, 
composites, hetero-modulus, hetero-plastic and hetero-viscous complex material systems, hybrid materials, … etc. 
Multidisciplinary applications of rheology as well as mechanical and rheological modeling in material science and 
technology encountered in sectors like food, bio- and medical materials, ceramics, glass, thin films, polymers, 
clays, construction materials, energy, aerospace, automotive and marine industry. Rheology in physics, chemistry, 
medicine, biosciences, cosmetics, environmental and earth sciences and in engineering and industries are of particular 
interests.

Further information can be obtained from Prof. Dr. László A. Gömze by e-mail femgomze@uni-miskolc.hu

ic-rmm2
2nd INTERNATIONAL CONFERENCE ON RHEOLOGY

AND MODELING OF MATERIALS
in Miskolc-Lillafüred, Hungary, 5-10 October, 2015.
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Applications

The steel industry produces not only metal, but also a by-product 
which has been successfully used in many construction or agriculture 
applications. Nowadays, about 87 wt% of ferrous slag produced in 
Europe is used for building purposes. Using slag instead of natural 
materials is a sustainable alternative with high durability in several 
applications.

Slag is...

… proven over centuries. From the beginning of the Iron Age, 800 B.C., 
through the invention of the blast furnace process in the 18th century, 
slag products have been successfully marketed and put to beneficial 
use.

... ecological and intelligent.  With various techniques for further 
processing, slag is prepared for a wide range of applications - as 
building materials or fertilisers. Through recycling, a portion of the 
steel slag is reused in the blast furnace as calcium and iron bearing 
material.

... for roads. Slag is exceptionally well suited for road construction: 
as porous asphalt and as other construction materials with positive 
characteristics like durability and high skid resistance.

... for bridges. Slag is used for demanding construction projects such as 
bridges and skyscrapers.

... for waterways. In hydraulic engineering – such as in building locks, 
river bottoms and bank reinforcements – slag is a proven material.

... as fertiliser. Slag products have been successfully used as fertilisers 
for generations.

The use of slag is ecologically sound and economically smart.

The European Association representing
metallurgical slag producers and processors

Building Materials Institute, FEhS – Institut für Baustoff-Forschung e.V.
Bliersheimer Strasse 62, 47229 Duisburg-Rheinhausen, Germany
Phone     +49.2065.9945-0 Fax         +49.2065.9945-10
E-Mail     info(at)euroslag.org  http://www.euroslag.com

From roads to fields, 
slag is safely used  
in a wide range of 
activities with high 
quality expectations.

“Porous asphalt” designed for noise 
reduction

Rheinkniebrücke in Düsseldorf, Germany

Steel slag asphalt used on heavily traf-
ficked road
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Variability case study based on in-situ 
rebound hardness testing of concrete
Part 2. Statistical analysis of spatial variability parameters

Adorján Borosnyói  Assoc. Prof., BME, Dept. of Construction Materials and Engineering Geology  
 borosnyoi.adorjan@epito.bme.hu

Received: 28. 08. 2014.  Érkezett: 2014. 08. 28.  http://dx.doi.org/10.14382/epitoanyag-jsbcm.2014.17

Abstract
Spatial variographic analysis has been performed on rebound index data collected in-situ at the 
bottom surface of a concrete floor over 130 m2 of testing area. Possible use of geostatistical 
methods in terms of semivariogram, madogram and rodogram analysis was demonstrated. It 
has been revealed that the classical methods of geostatistics may be further refined for more 
satisfactory use in the spatial variability analysis of in-situ rebound hardness test results on 
concrete structures and a possible direction toward the use of empirical estimation of extremal 
coefficient functions is proposed.
Keywords: Structural concrete; Nondestructive testing (NDT); Rebound index; Spatial variability; 
Variogram

Adorján Borosnyói 
Civil engineer (MSc), PhD, Associate Professor 

at BME Dept. of Construction Materials 
and Engineering Geology. Main fields of 

interest: cracking and deflection of reinforced 
concrete, application of non-metallic (FRP) 

reinforcements for concrete structures, bond 
in concrete, nondestructive testing of concrete, 

supplementary cementing materials for high 
performance concretes, concrete technology. 

Member of the fib Task Group 4.1 „Serviceability 
Models”, corresponding member of RILEM 

Technical Committee 249-ISC „Non destructive 
in situ strength assessment of concrete” and 

Chairman of the SZTE Concrete Division.

1. Introduction
Geostatistical methods are widely used in mining, geology, 

soil science, environmental science, hydrology, meteorology 
and recently, in engineering sciences for remote sensing, 
surface texture modelling, reliability and risk analysis, service 
life design and analysis of non-destructive testing [1-10]. The 
spatial variability analysis is well-described in the geostatistical 
literature for a long time; the reader may refer to the several 
textbooks available in geostatistics [11-16]. The use of the 
geostatistical methods for concrete structures is, however, still 
very much limited today [8-10].

In-situ non-destructive testing (NDT) of concrete structures 
may target strength estimation of structural concrete either to 
complete destructive testing or in the absence of drilled cores 
for laboratory testing [17-20]. In-situ assessment is frequently 
initiated by corrosion problems [21-23].

Structural concrete is a multiple-level heterogeneous 
composite material [24-25]. This multiple-level heterogeneity 
results both inherent (local) variability and spatial (regional) 
variability of the performance properties. Local variability can 
be analysed by conventional mathematical statistical methods. 
Analysis of regional variability needs spatial models – that are 
typically used in geostatistics.

2. Scope of the studies
In the first part of the present series of papers, inherent 

variability parameters were analysed corresponding to the 
independent test areas of a reinforced concrete slab, in terms of 
statistical location parameters, statistical variance parameters, 
statistical dispersion parameters and normality parameters [26].

In this second part, spatial variability is studied by contour 
plot, omnidirectional semivariogram (variogram of order 
2), omnidirectional madogram (variogram of order 1) and 
omnidirectional rodogram (variogram of order 1/2).

3. Experimental
The experimental background was provided by the same 

structural element that was analysed in [26], i.e. the bottom 

surface of the top concrete slab of a framed, monolithic, subsoil 
concrete tunnel was studied, with dimensions of 25.0 m × 7.5 
m and a thickness of 0.48 m [10]. The measuring region on 
the bottom surface was 22.0 m × 6.0 m. A total number of 42 
test areas were selected for Schmidt rebound hammer testing. 
N-type original Schmidt rebound hammer was used. Eleven 
individual rebound index readings were recorded at each test 
area. The measurements were performed by the same operator.

4. Spatial variability analysis of the statistical 
parameters

In a practical situation, when eventually weaker regions 
of structural concrete within the element are present, it can 
be interesting to know that at which extent and in which 
directions the discrepancy is present and has influence on 
the performance properties. Geostatistical approaches can 
be adapted for the analysis of spatial variation. Geostatistics 
deals with spatially autocorrelated data (autocorrelation = 
correlation between elements of a series and others from the 
same series separated from each other by a given interval) 
and usually assumes that the differences between the values of 
samples are determined by the relative spatial distance of the 
samples and the mean and variance of the differences depend 
only on the relative distance [13]. Different variograms are 
introduced in geostatistical spatial correlation analysis that plot 
different correlation parameters of samples as the function of 
the separation between two spatial locations (referred to as lag; 
indicated with h in the present paper). Empirical semivariogram 
can be composed by the empirical semivariances of order 2 
(see Appendix). Empirical madogram can be composed by the 
empirical semivariances of order 1. Empirical rodogram can 
be composed by the empirical semivariances of order 1/2. It 
is possible to compose omnidirectional variograms by taking 
into account all pairs of data in any possible relative distance, 
and it is possible to compose unidirectional variograms by 
taking those pairs of data into account that correspond to 
a given direction. This latter method was not applied in the 
present studies but would be used to find anisotropy in the 
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spatial variability in a practical situation. In our nomenclature, 
the term variogram generally covers either semivariogram, or 
madogram or rodogram throughout the present paper.

If a variogram levels off (bounded) then a stationary 
random field can be used to model the observations [27]. 

According to the geostatistical modelling nomenclature, the 
sill is the value of the actual correlation parameter at which 
the variogram levels off and the range is the lag distance over 
which the actual correlation parameter is constant. The range 
distance can be referred to as correlation distance, over which 

	 Fig. 1. 	 Variographic analysis for the normality parameters
	 1. ábra 	 Normalitási paraméterek variográfiai vizsgálata

	 Fig. 2. 	 Variographic analysis for the statistical location parameters
	 2. ábra 	 Helyzeti statisztikai paraméterek variográfiai vizsgálata
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lag the values of the variable are not correlated (independent). 
The correlation distance indicates the degree of similarity of 
the variable between two points as a function of the distance 
that separates them. The nugget is the value of the actual 
correlation parameter at distances smaller than the minimum 
lag of observations [13,16]. The nugget effect may provide 
information on strong differences in value within very short 
distances, or on a structural discontinuity, or on local material 
deterioration, or on an erroneous measurement [27].

Experimental variograms cannot be used directly for 
modelling and simulation. A wide range of variogram models 
are introduced in the literature of geostatistics. Typical models 
are the spherical, exponential, Gaussian, wave, nugget models 
[13,16]. Combined models are also used. 

Figs. 1 to 4 summarize the empirical omnidirectional 
semivariograms, madograms and rodograms corresponding 

to the statistical parameters analysed. In the present study, the 
concrete slab has dimensions of 25.0 m × 7.5 m of which the 
studied region is 22.0 m × 6.0 m. In geostatistics, a common 
rule of thumb is accepted for the maximum lag in a variogram 
restricted to half of the diagonal of data extent [28]. It should 
be noted that lag is intentionally not limited to about 12 meters 
since one dimension of the slab is three times larger than the 
other. Restricting the variograms at maximum lag about half 
of the diagonal of data extent would not allow the diagrams to 
visibly level off and the sill could not be clearly determined. It 
should be also noted that intentionally no filtering was applied 
for the calculated correlation parameters but the suspected 
outlier values are indicated with empty markers in the 
variograms. Spherical model is fitted for all the 36 variograms 
that is also indicated in Figs. 1 to 4.

	 Fig. 3. 	 Variographic analysis for the statistical variance parameters
	 3. ábra 	 Variancia paraméterek variográfiai vizsgálata

	 Fig. 4. 	 Variographic analysis for the statistical dispersion parameters
	 4. ábra 	 Terjedelem paraméterek variográfiai vizsgálata
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5. Discussion
The strength estimation of concrete by rebound hammer 

testing usually applies empirical relationships between 
statistical location parameters (mostly the mean and the 
median) and the compressive strength. It can be realized by 
studying the contour plots (Fig. 2) and as was shown earlier 
by linear correlations that the statistical location parameters 
are interrelated and a rather strong correlation is found 
between the mean and median values for the concrete floor 
in the present study [10,26]. It was also demonstrated that 
no correlation is found between the statistical location 
parameters and the statistical dispersion parameters; no 
correlation is found between the statistical location parameters 
and normality parameters; as well as no correlation is found 
between the statistical dispersion parameters and normality 
parameters [26]. 

It can be realized by studying the contour plots of Fig. 3 and 
4 that the interrelated nature of the range and the standard 
deviation demonstrated earlier [26] is visible for the concrete 
floor in the present study. 

Contour plots of Fig. 1 and 4 confirm the earlier findings 
[26] about the interrelated nature of the studentized range and 
excess kurtosis. 

It can be realized in the spatial variability analysis that 
the semivariograms, madograms and rodograms can be 
constructed for all the twelve statistical parameters and all 
variograms are bounded and level off at a more or less clearly 
recognizable sill. Nugget is visible in all cases. It can be generally 
concluded that semivariograms are the most structured and 
rodograms are the least structured. The relative nugget effect 
(ratio of nugget and sill) is the strongest for the semivariograms 
and the least pronounced for the rodograms. Correlation 
ranges are very much similar for all types of variograms and 
for all the twelve statistical parameters studied. The correlation 
range was found to be about ten meters for the concrete floor 
in the present study.

The variograms constructed do not clearly demonstrate 
recognizable differences in the spatial variability behaviour (or 
trend) of the twelve statistical parameters studied, therefore, 
another direction for the spatial variability analysis is presented 
here towards the analogues of the analyses of max-stable 
stochastic processes.

6. Outlook
Skewed distributions were found to be fit with the best 

goodness of fit for the vast majority of frequency histograms 
of the local statistical parameters analysed for the concrete 
floor in the present study [26]. It was also demonstrated that 
best goodness of fit of the Fisher-Tippett (Generalized extreme 
value, GEV) distribution could be found for the individual 
rebound indices collected at the 42 individual test areas if 
no separation of data by location is applied [26]. Therefore, 
an analogue for the empirical estimation of the extremal 
coefficient function θ (h) is introduced in the present spatial 
variability analysis. 

Extremal coefficient provides a measure of the degree 
of spatial dependence between locations for max-stable 

stochastic processes [29]. Similarly to the semivariogram 
that can be a tool for measuring dependence of Gaussian 
stochastic processes (due to the relationship with covariance), 
the madogram is proposed as a tool for measuring dependence 
in max-stable stochastic processes (due to the relationship 
with the extremal coefficient) [30]. It was shown that an 
empirical estimation of the extremal coefficient function can 
be constructed with the introduction of a modified madogram, 
the F-madogram υ (h), proposed for the distribution function 
F (values of F-madograms range from 0 to 1/6 corresponding 
to complete dependence and independence, respectively) [31]. 
The empirical estimation of the extremal coefficient function 
becomes:

    

where  

Since extreme value distributions were found to provide 
best goodness of fit for the statistical parameters tested in the 
present analyses, a simple analogue of the extremal coefficient 
function is proposed for the empirical madograms as follows:

   

where  is the empirical semivariance of order 1 (see 
Appendix).

Results are indicated in Fig. 5. It should be noted that outliers 
(if any) were filtered and were not plotted in the graphical 
representation. It can be realized – on the contrary to the quite 
similar semivariogram, madogram or rodogram profiles – that 
the performance of the proposed dependence measure θ (1)(h) 
is apparently separated to quite different behaviours.

There are statistical parameters for which no trend or very weak 
trend is visible: this is the case for normality parameters and for 
statistical variance parameters. Clear linear trend is visible for 
the statistical dispersion parameters. An exponential variogram 
model can be fitted to the statistical location parameters. The 
relative nugget effect of the proposed dependence measure 
θ (1)(h) is found to be considerably different for the mean, for 
the median and for the mode.

At this time it is not clear how the proposed θ (1)(h) 
dependence measure can be applicable for the spatial analysis 
of real in-situ measurements, but it emphasizes that some 
more sensitive parameters may be formulated than the 
semivariogram, madogram and rodogram, which behaviour 
was not found to be satisfactorily distinctive for the statistical 
parameters studied in the present analyses of rebound index 
data collected in-situ on a concrete floor. Future research is 
needed in this field.

7. Conclusions
Spatial variability analyses were carried out on in-situ 

rebound hammer test results collected at the bottom surface 
of a concrete floor over 130 m2 of area tested. The following 
observations can be highlighted:
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1.	 Semivariogram, madogram and rodogram can be 
successfully constructed for any statistical parameter 
to visualize spatial variability. Variograms always level 
off and nugget is clearly observed as well. It was found 
that restricting of the variograms at maximum lag about 
half of the diagonal of data extent is not practical for the 
geometry of the concrete floor studied.

2.	 It was found that semivariograms are the most structured 
and rodograms are the least structured. The relative 
nugget effect is the strongest for the semivariograms and 
the least pronounced for the rodograms. Correlation 
range was found to be about ten meters for the concrete 
floor in the present study, independently of the statistical 
parameter tested. Further studies on the influence of 
outlier filtering in the spatial variability analysis for 
rebound index data sets is addressed to future work 
since outliers may considerably increase both nugget 
and sill in variograms, as indicated in [32].

3.	 It was found that variograms constructed do not clearly 
demonstrate recognizable differences in the spatial 
variability behaviour for different statistical parameters, 
therefore, a dependence measure was introduced as an 
analogue for the empirical estimation of the extremal 
coefficient function (defined for F-madogram), with 
the simple adaptation of the idea to madograms. It was 
demonstrated that the performance of the proposed 
dependence measure is apparently separated to quite 
different behaviours; providing more sensitivity than 
semivariograms, madograms and rodograms.
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Appendix. Formulae
The following regional statistical measures were calculated for the spatial 
variability during the present analyses:

empirical semivariance of order 2: 

empirical semivariance of order 1: 

empirical semivariance of order 1/2:

where:
u	 vector of spatial coordinates (with 2D components x and y), 
f(u)	 variable under consideration as a function of spatial location,
h	 lag vector representing separation between two spatial locations,
f(u+h)	 lagged value of variable under consideration,
N(h)	 the number of data pairs separated by lag h.

Local statistical measures were defined in Part 1. of present series of papers.
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Esettanulmány betonszerkezet helyszíni 
keménységméréséről
2. rész. A mérőhelyek közötti változékonyság 
statisztikai elemzése
A cikk egy vasbeton födém alsó felületének 130 m2-es 
szakaszán végzett, helyszíni Schmidt-kalapácsos vizsgála-
tok eredményeinek statisztikai elemzését mutatja be. A 
mérőhelyek közötti változékonyság statisztikai paramé-
tereinek elemzése és az egyes paraméterek közötti kor-
reláció vizsgálata történik meg. Bemutatásra kerül, hogy a 
vizsgálat alá vont statisztikai jellemzőkre elkészíthető olyan 
félvariogram, madogram és rodogram, amely szférikus mo
dellel modellezhető. A cikk ismertet egy új eljárást a tapasz-
talati szelsőérték együttható függvény analogiájaként meg-
fogalmazott variográfiai elemzésre.
Kulcsszavak: betonszerkezet; roncsolásmentes vizsgálat; 
keménység; visszapattanási érték; mérőhelyek közötti vál-
tozékonyság; variogram
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Abstract
The nucleation kinetics or the formation of a catalyst model dispersed for the system Pd /thin 
MgO (100) are calculated by developing many programs using Fortran software. This simulation 
is based upon parameters studied in situ by transmission electron microscopy (TEM), related to 
the first quantitative study on the nucleation and the growth. Palladium nanoparticles deposited 
on thin MgO are tested in the temperature range 573–1073 K and deposition time of 1000 s. 
The nucleation kinetics are interpreted according to the theory of random nucleation. The general 
scheme is consisting of three stages namely, nucleation, growth and coalescence. The saturation 
density of clusters decreases when the substrate temperature increases following Arrhenius law. 
This behavior is in agreement with a recent AFM study for Ag/MgO and Au/MgO. The phenomenon 
of coalescence is explained via island migration process. It is shown that the coalescence occurs 
more rapidly when the substrate temperature is high.
Keywords: catalists, crystals, magnesium-oxide, nucleation kinetics, palladium
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1. Introduction
Nowadays, nano-objects provide a promising research for the 

identification of new fundamental properties of the materials 
and their potential technological applications. Much effort is 
devoted to understand the physical and chemical properties 
of materials, which can serve as model catalyst systems. 
Consequently, fundamental studies have been carried out on 
a range of heterogeneous catalyst, for example, metal islands 
grown on thin films [1-11] or on single-crystals surfaces [12-
18]. Palladium deposits on the MgO(1 0 0) surface have become 
one of the most widely used model systems, and have given 
rise to many detailed experimental studies [19-21]. Although 
the main microscopic steps governing nucleation and growth 
of the films are now understood, detailed characterization of 
these processes has proven difficult. Earlier, empirical and 
theoretical studies of Pd over single crystals MgO, investigated 
defect nucleation [22-28] when nucleation centres occupy 
minority of sites. On the other hand, the results of nucleation 
kinetics over thin films governed by random nucleation [1,29], 
each atomic site is potentially a nucleation centre. In this study, 
we build upon many experimental and theoretical studies [1, 
30-32] have been carried out to understand these processes. 
The aim of this work is to investigate the microscopic 
mechanisms, which can calculate various parameters related to 
the quantitative study focusing on the nucleation, growth and 
coalescence of Pd / thin MgO (100) using Fortran software.

 
1.1 Transmission electron microscopy experiments 

To understand the first quantitative study of nucleation 
and growth of Pd on thin layer of MgO(100),we exploited the 
experimental work of Henry et al [1],who used transmission 
electron microscopy and electron diffraction at high energy to 
measure the Pd island density as a function of time a given 
temperature and a constant flux. Firstly, the MgO (100) / LiF 

(100) / NaCl (100) composite layer is achieved which serves as 
support. Palladium is then deposited with a flux of 1×1013 atoms 
cm-2× s-1 and exposure time of 10 to 240 s on a substrate heated 
at temperatures between 573 and 673K. After deposition, the 
Pd islands are in situ characterized with a transmission electron 
microscopy (TEM) to determine the island density. The results 
are interpreted according to the theory of random nucleation. 
The energy of adsorption and diffusion of palladium on MgO 
(100) are derived from the latter theory. It was possible to 
vary the average size of particles in the range 0.8 - 3.5 nm. The 
obtained cluster density varies from 0.6 to 3×1012 cm-2 however 
the covered area of the substrate surface is of 0.4 to 15 percent.

1.2 Over view of nucleation and growth theories
Nucleation on a surface has been discussed in both classical 

thermodynamic and in atomistic terms, and both have a long 
history. Classical nucleation theory was developed by Volmer 
[33]. From this theory, the critical nucleus is only one atom, which 
means that the dimer is already stable. In that case, the classical 
nucleation theory is no longer applicable. The growth process 
occurs by accretion of adatoms. It is described by the atomistic 
nucleation theory, which has been developed by Zinsmeister 
[32]. In this case, the critical nucleus composites of two atoms 
and the supercritical nuclei do not dissociate. The probability of 
adsorption is equal to one and that only single atom can return in 
the phase steam. The frequency of nucleation is then determined 
by the frequency of meeting of adsorbed atoms.

1.2.1 Nucleation kinetics
The rate equations given by Zinsmeister express the variation 

with time of the number of clusters of size i:

  for i = 2,3…∞	 (1) 
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ωi  is the attachment frequency of an adatom to a cluster 
containing i atoms which is expressed by:

   	 (2)

where σi is the capture number for a cluster of size i. We have 
to integrate the system of differential equations in order to 
calculate the number of nuclei present on the substrate. For 
sake of simplicity Zinsmeister assumes that it is a constant 
between 1 and 4. From this scheme the nucleation frequency is:

	 (3)

Supposing that the growth is negligible, the density of adatoms 
is equal to the stationary value:

	 (4)

where F is the flux of atoms impinging on the substrate and 
τ the mean life time of an adatom before desorption. Then, 
combining equations (2) and (4) the nucleation rate becomes:

	 (5)

The nucleation rate is proportional to the square of the 
impinging flux for a homogeneous substrate without defects.

1.2.2 Growth kinetics.
Zinsmeister has solved the system of differential equation 

assuming a constant value for the attachment frequency (ω i) 
[18]. However by this treatment several characteristics of the 
growth of clusters are not taken into explanation. Several 
researches have tried to treat more precisely the calculation of 
the attachment frequencies [34–39]. In the typical growth, the 
diffusion of adatoms is limited by desorption and the diffusion 
length Xs of an adatom is:                                                                                                                                    

	 (6) 

where Ds is the surface diffusion coefficient. It is expressed by:

	 (7)

Then the mean life time of a physisorbed molecule can be 
explained by:

	 (8)

where Ea and Ed is the adsorption and the diffusion energy, 
and a0 the jump distance, of the order of the surface repeat 
distance, say 0.2-0.5 nm[40], νd and νa the frequency factors 
for the diffusion and the adsorption process, K the Boltzmann 
constant and Ts the substrate temperature. In a general case, the 
growth rate of a cluster can be expressed by a power law of the 
deposition time.

	 (9)

The exponent for any experimental has been calculated in 
the case of the lattice approximation for 3D clusters.

1.2.3 Coalescence
The transformation of two touching nuclei into one nucleus 

can be described by a time constant shown by Nichols and 
Mullins [41]: 

     	 (10)

where R is the radius of the coalescing spheres, γ the surface 
free energy and Ω the atomic volume of Pd.

1.2.4 Algorithm
We have been developed many programs exploiting Fortran 

software. The following list details this mapping.
1.	 Pd deposition flux rate on MgO (100) is 1.13×1013 

atoms cm-2 × s-1.
2.	 Pd atoms are deposited randomly onto the surface with 

activation energy of about 0.22 eV.
3.	 Pd nanoparticles deposited on thin MgO are tested in 

the temperature range 573–1073 K and deposition time 
of 1000 s.

4.	 Pd islands are approximated to be three-dimensional 
clusters.

5.	 The diffusion of adatoms is limited by desorption. 
Hence, the values of the surface diffusion are calculated 
by combination of Equations (6) and (7).

6.	 The entry parameters are: the velocity of nucleation, 
velocity of growth, the average mean life time, the 
surface repeat distance, the diffusion length, the surface 
free energy, the atomic volume of Pd, the activation and 
the diffusion energies.

2. Results
Fig. 1 shows the variation of cluster density as a function 

of exposure time at different substrate temperatures ranging 
from 573K to 1073K and a constant palladium flux 1×1013 
atoms cm-2 × s-1. For Ts = 573K and 673K, we can see that the 
density of clusters is increasing rapidly after 10 to 70 s (see 
table 1) due to the large adsorption energy for the Pd adatom 
confirming the  nucleation stage, up to a plateau (saturation 
density) corresponding to ns = 3×1012 cm-2 and 1.6×1012 cm-2 
respectively. A similar behavior is observed for the remaining 
substrate temperatures till the coalescence occurrence, were 
the cluster density decreases. It is worth to note that the cluster 
density decreases when the temperature increases.

	 Fig. 1. 	 Nucleation kinetics of Pd on MgO (100) at different substrate temperatures for 
a palladium flux 1×1013 atoms cm-2 × s-1. 

	 1. ábra	 A Pd nukleáció kinetikája MgO (100) vékony rétegen különböző szubsztrátum 
hőmérsékleten, ha a palládium fluxus nagysága 1×1013 atom/cm2s.
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t (s) 573 K 673 K 773 K 873 K 973 K 1073 K

10 9.39E11 4.85E11 2.97E11 2.03E11 1.50E11 1.18E11

70 3.02E12 1.56E12 9.58E11 6.56E11 4.86E11 3.81E11

τc No No 9.80E11 6.71E11 4.98E11 3.90E11

1000 3.02E12 1.60E12 6.77E11 2.59E11 1.64E11 1.19E11

	 Table 1.	  Calculated of the cluster density (cm-2) at different substrate temperatures (K) 
and deposition times (s).

	 1. táblázat	 A különböző K hőmérsékletekre és „lerakódási” időkre (sec) számított 
klaszter-sűrűségek (cm2).

In Fig. 2, the saturation density is plotted in an Arrhenius 
diagram. It is represented by the equation: ns = B0 × exp (E / 
K × Ts). When the activation energy E is equal to 0.22 ± 0.05 
eV, B0 (pre exponential factor) is 3.63×1010 cm-2. We show that 
it increases when the substrate temperature decreases. This 
behavior is in agreement with a recent AFM study for Ag/MgO 
[42], Au/MgO (100) [43] and our previous studies by TEM [1] 
on the same system.

	 Fig. 2. 	 Arrhenius plot of the saturation density of palladium clusters on MgO (100).
	 2. ábra	 A palládium klaszerek Arrhenius féle telítettségi sűrűsége az MgO (100) 

vékony rétegen.

Fig. 3 and 4 show the variations of the covered area (A) 
and the coalescence parameter (B) as a function of substrate 
temperatures obtained under the same conditions. We see 
that the fraction of covered area decreases when deposition 
temperature rises. An opposite behavior is observed for the 
coalescence parameter.

	 Fig. 3.	 Variation of the covered area (A) as a function of substrate temperatures  
with deposition times 1000s.

	 3. ábra	 Az 1000 másodperc idő alatt lerakódott felület (A) nagyságának változása  
a szubsztrátum hőmérséklet függvényében

	 Fig. 4. 	 Variation of the coalescence parameter (B)  
as a function of substrate temperatures with deposition times 1000s.

	 4. ábra	 Az 1000 sec. idő alatt létrejött egyesülések száma (B)  
a szubsztrátum hőmérséklet függvényében.

3. Discussion
From our previous empirical result for Pd/MgO thin film, the 

initial nucleation curves suggest the occurrence of a random 
nucleation mechanism. The theory of this nucleation process is 
expressed by the kinetic equations of Zinsmeister [32]. Robinson 
and Robins [30] have given analytical solutions in two limit 
cases, namely at low and high temperature. In this work, we 
focus on the high substrate temperatures(regime of incomplete 
condensation), where the particle number density is given by: 

	 (11)

when the random nucleation model is used ,the calculated curves 
in the first stage agree well with the experimentally measured 
[1] time dependencies of island density (see nucleation regime 
in Fig. 1). Hence, the curves show a plateau as a maximum 
particle density reached at the end of the nucleation regime 
characterizing the Volmer Weber growth. The value of saturation 
of the island density is an important parameter which determine 
the mode of thin film growth. The latter has an evident influence 
on the physicochemical properties of the obtained thin films 
[28]. The linear behavior of the Arrhenius plot observed for the 
temperature dependence of the saturation density of clusters has 
been also found in the case of Ag / Ar-cleaved MgO(1 0 0) [42], 
Au /MgO(1 0 0) [43] and Pd/ UHV-cleaved MgO(1 0 0) [44,45].

, with m = 7	 (12)

The coalescence curves were better fitted with a Cluster 
diffusion model [31] rather than Ostwald ripening model.

The most crucial parameter in our results is the coalescence 
time. It is defined as the mean time for two clusters that come 
into contact to coalesce. From Eq. (10), we can note that two 
parameters are important to determine the duration of the 
coalescence stage, which are R and B. One can also notice 
the influence of the deposition temperature, that modifies the 
clusters coalescence time. It is clearly seen that clusters coalesce 
more rapidly at high temperature [46]. This phenomenon is 
explained by the process of island migration. 

The process of island migration in this calculation is essentially 
described by the parameter B. The derived B values from Fig. 4 
are not high enough meaning that the process of island density 
coalescence is not ignored even at the initial stages of deposition 
[47]. The mechanism of coalescence which can be expected at 
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such a low value of surface coverage is the migration of islands 
on the surface, prior to the mechanism of immobile islands in 
which the coalescence occurs at high values of surface coverage 
when the islands touch each other [48].

The surface coverage does not depend on B parameter, but 
it strongly depends on the cluster density and the shape of the 
particles. The fraction of the substrate covered by the clusters, 
which is considered as the contact surface of the half sphere is 
a circle can be written as: 

	 (13)

In this range of temperatures, the diameter (D) of the 
clusters follows a power law: Do t

p with 0.33 <P<0.55. At 573K 
and 673K, our previous experimental work yielded values of 
Do; P equals 0.024 nm, 0.8 and 0.372 nm, 0.39 respectively [1]. 
The obtained values are used for the calculated curves of the 
covered area of the substrate surface.

As indicated in the last section the cluster density decreases 
when the substrate temperature increases due to the increased 
ad-atom mobility [34]. In addition, we assumed that D is 
relatively constant with a low error (ΔD / D=11%). Accordingly, 
the fraction of the substrate covered by the particles decreases 
and the decrease is more pronounced when the coalescence 
occurs. This behavior is in good agreement with growth rate of 
the particles in the case of the random nucleation theory [49].  

4. Conclusions
In the present study, we have simulated the microscopic 

mechanisms, which can calculate various parameters related 
to the formation of Pd / thin MgO (100) using FORTRAN 
software. The formation kinetics follows a general scheme 
consisting of three stages: nucleation, growth and coalescence. 
It is determined that saturation density obeys an Arrhenius 
law with activation energy of 0.22 eV as a fit parameter. It is 
observed that the variation of island density upon time reaches 
the saturation. In some cases the cluster density decreases slowly 
after a saturation regime. The latter decrease is interpreted via the 
processes of islands migration .It is shown that the coalescence 
time and the fraction of the substrate covered by the clusters 
decrease when the temperature increases. Furthermore, the 
clusters coalesce more rapidly when the temperature increases.
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Pd diszperz katalizátor modell képződése a vékony 
MgO (100) rétegen
A szerzők  a Fortran szofter felhasználásával egy szimulációs 
katalizátor modellt dolgoztak ki a diszpergált Pd palládium 
nanoszemcsék alkalmazásával vékony MgO magnézium-oxid 
rétegen. Ez a szimulációs modell  a transzmissziós elektronmi-
kroszkóppal (TEM) in-situ végzett csiraképződési és növeke-
dési vizsgálati adatokon alapszik Az első kvantitatív vizsgálat 
a nucleation és a növekedést. A palládium nanorészec-
skék beépülését a vékony MgO rétegbe az 573-1073 K-fok 
hőmérséklet-tartományban tesztelték 1000 sec hőkezelési 
időtartam alatt. Azt tapasztalták, hogy a folyamat az aláb-
bi három szakaszra osztható: a véletlenszerűen (random) 
csiraképződés; a növekedés; és végül az egyesülés. Az Ar-
rhenius törvénynek megfelelően a létrejött klaszterek telített-
ségi sűrűsége csökken a szubsztrátum hőmérsékletének 
növekedésével – hasonlóan mint ahogyan ezt megfigyelték 
az Ag/MgO illetve Au/MgO AFM (atomic force Microscopy) 
tanulmányozásakor. Az egyesülési jelenség az úgynevezett 
sziget-migrációs folyamattal magyarázható; mely folyamat 
annál gyorsabb, minél magasabb a hőmérséklet. 
Kulcsszavak: katalizátorok, kristályok, magnézium-oxid, 
csiraképződés, palládium
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Abstract
Preliminary results of a two years long research and development project is introduced in this 
paper. One novel type of 2D deformed steel fibre (with the product name of PetiX) and four 
different types of 3D deformed steel fibres (PetiX V45; PetiX V90; PetiX S45; PetiX S60) were 
designed, manufactured and tested under laboratory conditions. The laboratory tests showed 
promising results. Superior performance of certain types of 3D deformed steel fibres was 
observed. Considerable improvement of the bond performance of steel fibres was realized in 
concrete and increased flexural toughness of SFRC prismatic specimens tested in flexure was 
demonstrated.
Keywords: concrete, steel fibre, 3D geometry, bond, flexural strength, toughness
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1. Introduction
The use of Steel Fibre Reinforced Concrete (SFRC) has been 

greatly increased in the past few decades in civil engineering 
[1-6]. SFRC is mostly used for industrial floors but it can 
provide a good solution for shear walls and prefabricated 
elements as well. Advantages of SFRC are the less labour work, 
the reduction of brittleness and the increase of toughness and 
shear resistance of concrete. 

Most important performance parameter of steel fibres made 
of cold drawn steel wires is the surface geometry, therefore, 
several different types of steel fibres have been developed during 
the last decades. Hooked-end, undulated, crimped, twisted, 
end-anchoring, flat-end and several combined geometries 
are commercially available for concrete construction. Certain 
types of steel fibres show considerably improved bond and 
anchorage in concrete compared to plain fibres, however, the 
different types of steel fibres are usually deformed only in two 
dimensions. Physical and chemical surface treatments may 
also be applied to enhance bond performance. Diameters and 
lengths of steel fibres vary from 0.1 to 1 mm and 10 to 60 mm, 
respectively. There is, however, a gap in experience connected 
to the performance of steel fibres deformed in 3D.

Three types of bond are available in SFRC: 1) elastic force 
transfer; that is the adhesion of the fibres to the concrete, 2) 
frictional force transfer; that is provided by friction between the 
fibres and the concrete giving resistance against pull-out and 
3) mechanical force transfer; that is provided by mechanical 
interlock of the fibres that are intentionally deformed along 
their lengths. Development of steel fibres which are deformed 
in 3D may provide better bond performance by enhancing 
frictional force transfer component and mechanical force 
transfer component of the bond action.

2. Steel fibres with novel 3D geometry
In the present research and development project (started 

in October, 2013), four different types of 3D deformed steel 
fibres and one type of 2D deformed steel fibre were designed, 
manufactured and studied under laboratory conditions [7]. 
The 2 dimensionally deformed fibre was the basic fibre that was 
used for the further 3 dimensional deformation process during 
manufacturing. A special device was constructed to produce 
the special fibres. The device was designed directly for the 
present research and development project and the prototype 
fibres were manufactured manually with the use of the device.

The basic 2 dimensionally deformed steel fibre received the 
product name of PetiX (Fig. 1). The basic 2 dimensionally 
deformed steel fibre has a waved shape with three waves. The 
magnitude of the waves is intentionally selected to be larger 
than that of the commercially available for the waved geometry 
steel fibres. The larger waves were chosen due to an expected 
better performance of the fibres when they are deformed in 
3 dimensions. With smaller waves of the basic fibre the effect 
of the 3 dimensional deformations was expected to be less 
remarkable.

The first 3D fibre is the PetiX V45 type steel fibre (Fig. 2). This 
is the shape of 3D geometry that was developed first during the 
research and development project, and this is the type of fibre 
that was actually the initiation that started the research, back 
in October 2013. The identifying feature of the 3 dimensionally 
deformed PetiX V45 type steel fibre is the middle wave that is 
bent out from the basic fibre’s 2D plane with 45 degrees.

The second type of the 3D fibres is the PetiX V90 type steel 
fibre (Fig. 3). This extremely deformed type of fibre was created 
since it was unknown how the extent of the deformation could 
influence the behaviour of the fibres in concrete. The concept is 
the same for the PetiX V90 type steel fibre as it was for the PetiX 
V45 type steel fibre, but the deformation rate was selected to be 
90 degrees, rather than 45 degrees.
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	 Fig. 1.	 2D deformed basic steel fibre, PetiX
	 1. ábra	 Két dimenzióban megmunkált PetiX alapszál

	 Fig. 2.	 3D deformed steel fibre, PetiX V45
	 2. ábra	 Három dimenzióban megmunkált PetiX V45 acélszál

	 Fig. 3.	 3D deformed steel fibre, PetiX V90
	 3. ábra	 Három dimenzióban megmunkált PetiX V90 acélszál

The third type of the 3D fibres is the PetiX S45 type steel 
fibre (Fig. 4). It provides a spiral-like appearance since the 
shape of geometry of the 2D basic PetiX fibre made it possible 
to create a spiral-like, twisted steel fibre as well during the 3D 
deformation process. Its attribution is that every wave is bent 
45 degrees further out from plane than the previous wave.

The fourth type of the 3D fibres is the PetiX S60 type steel 
fibre (Fig. 5). The shape of geometry is very similar to that of 
the PetiX S45 type steel fibre, but at this type the extent of the 
deformation is 60 degrees, rather than 45 degrees.

Cold drawn steel wire raw materials were used for the present 
experimental program with a nominal tensile strength of 1400 
N/mm2, provided by D&D Drótáru Zrt., Hungary.

	 Fig. 4.	 3D deformed, twisted steel fibre, PetiX S45
	 4. ábra	 Három dimenzióban megmunkált PetiX S45 acélszál

	 Fig. 5.	 3D deformed, twisted steel fibre, PetiX S60
	 5. ábra	 Három dimenzióban megmunkált PetiX S60 acélszál
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3. Experiments
Two different experimental test series were conducted with 

the novel type 3D geometry steel fibres. A series of three-point 
bending tests were carried out on prismatic SFRC specimens 
and a series of hinged beam pull-out tests were carried out on 
special design prismatic mortar specimens with cast-in hinges.

For the three-point bending tests 70×70×250 mm prismatic 
SFRC specimens with 30 kg/m3 steel fibre dosage were used. 
Twelve individual specimens were prepared for each type 
of the novel type 3D geometry steel fibres to get reliable 
results. Specimens were tested at a span of 200 mm under one 
concentrated load at mid-span. Specimens were monotonically 
loaded with static loading up to complete flexural failure – that 
resulted the separation of the prismatic SFRC specimens to 
two blocks. Corresponding load and deflection values were 
continuously recorded and the load-deflection responses 
were prepared. Load-deflection responses were used for the 
comparative performance analysis. 

For the hinged beam pull-out tests 40×40×160 mm 
mortar prisms were prepared. During specimen preparation, 
three individual fibres were placed at the middle sections 
of the prisms running through a polystyrene plate of 7 mm 
thickness. A steel hinge was placed over the middle section 
in each specimen as a load distributing element. Specimens 
were tested at a span of 100 mm under one concentrated 
load at mid-span, located on the steel hinge. Specimens were 
monotonically loaded with static loading up to complete bond 
failure – that resulted either the pull-out of the fibres from the 
to two blocks or the splitting of the cover over the steel fibres. 
Corresponding load and deflection values were continuously 
recorded and the load-deflection responses were prepared. 
The bond performance can be studied by the load-deflection 
responses since fibres can be considered to be loaded in pure 
tension due to the special loading conditions provided by the 
hinged beam pull-out tests.

4. Results
Present paper summarizes the experimental results of 

exclusively the 70×70×250 mm prismatic SFRC specimens 
tested in three-point bending. Load-deflection curves are 
indicated in Fig. 6. The curves indicated represent the average 
curves of the individual 12 load-deflection responses recorded 
for each type of steel fibres. As a reference, hooked-end steel 
fibres (product of D&D, Hungary) were also tested. For the 
better visualization of the performance differences, Fig 6.b 
provides these averaged results with a vertical axis of relative 
load that gives the load values of the specimens prepared 
with the novel type steel fibres as ratios of load recorded for 
the reference specimens prepared with hooked-end fibres at 
the same deflection level. It can be clearly realized that the 
novel type steel fibres provide superior performance with 
increased flexural toughness. Due to the large waves of the 
2 dimensionally deformed basic PetiX steel fibre, higher 
flexural resistance is available than that of the reference SFRC 
specimens prepared with hooked-end steel fibres. At 7.5 mm 

mid-span deflection the difference exceeds 30%. Steel fibres 
that are deformed in 3D provide better performance than 
that of the 2 dimensionally deformed basic PetiX steel fibre. 
Certain fibre geometries (e.g. PetiX V45 and PetiX S60) can 
give 1.4-times higher flexural resistance than the reference 
SFRC specimens prepared with hooked-end steel fibres. It can 
be also realized that the performance of PetiX V90 is inferior 
with decreased flexural toughness. The behaviour is attributed 
to the middle wave of the fibre that is bent out from the basic 
fibre’s 2D plane with 90 degrees. Such large deviation in 
geometry without gradual change results a more pronounced 
tendency of forming tangles of fibres during mixing and may 
result an uneven distribution of fibres within the concrete 
matrix, additionally to the fact that the fibres themselves are 
more sensitive to rupturing within concrete cracks due to the 
large local deformations by their extreme shape.

	 Fig. 6.	 Load-deflection responses of SFRC specimens
	 6. ábra	 SFRC hasábok terhelőerő-lehajlás diagramjai

If one defines flexural toughness as the area under the 
load-deflection response then the performance of the fibres 
can be compared by this integral type of material parameter 
as a general indicator, being independent of the values of 
deflection. Relative flexural toughness values are indicated in 
Fig. 7 (taking 100% for the flexural toughness of reference 
SFRC specimens prepared with hooked-end steel fibres). The 
superior performance of both 2D and 3D PetiX steel fibres is 
clearly visible together with the inferior performance of PetiX 
V90. Highest flexural toughness was reached by PetiX V45 
and PetiX S60 type 3D deformed steel fibres.
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	 Fig. 7.	 Relative toughness indices of SFRC specimens
	 7. ábra	 SFRC hasábok relatív szívóssági indexei

Another suitable indicator for the enhanced bond and 
corresponding increased toughness of the 3D deformed steel 
fibres can be the ratio of the number of the ruptured and 
pulled-out fibres within the cross sections of cracks resulting 
flexural failure of the prismatic specimens. After the failure 
of the specimens, the resulting two blocks of the prisms 
were separated from each other and the failure mode of each 
individual steel fibre in the crack sections was carefully 
observed and recorded. Fig. 8 summarizes the results. The bar 
chart indicates the ratio of the number of the ruptured fibres to 
the total number of fibres within the cross sections of cracks 
(summarized for all the 12 individual prismatic specimens), 
given in percents. For the reference SFRC specimens prepared 
with hooked-end steel fibres no fibre rupture was observed. All 
fibres were pulled-out from the concrete matrix at the cross 
sections of cracks. Best performance was observed for PetiX 
V45 and PetiX S45 type 3D deformed steel fibres. It should be 
highlighted here as well that the results for PetiX V90 type 3D 
deformed steel fibres is misleading in this representation. One 
should observe that the smallest number of fibres was found 
in the failure cross sections for V90 type 3D deformed steel 
fibres due to the uneven distribution of fibres and the extreme 
deformation of this type of fibre geometry resulted the high 
ratio of ruptured fibres observed and the reason is not the 
enhanced bond capacity of the fibres.

	 Fig. 8.	 Ratio of ruptured fibres in SFRC specimens
	 8. ábra	 Elszakadt acélszálak aránya SFRC hasábokban 

5. Conclusions
The present research and development project designed, 

manufactured and tested one novel type of 2D deformed steel 
fibre (receiving the product name of PetiX) and four different 

types of 3D deformed steel fibres (PetiX V45; PetiX V90; 
PetiX S45; PetiX S60) under laboratory conditions. It was 
demonstrated that certain types of 3D deformed steel fibres 
can hold considerably improved the bond performance in 
concrete that results increased flexural toughness of SFRC 
prismatic specimens tested in flexure.
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Új típusú, három dimenzióban megmunkált acélszálak 
tulajdonságai
Egy két éves kutatás-fejlesztési projekt első eredményeit 
mutatja be a cikk. A kutatás során egy fajta, 2 dimenzióban 
megmunkált acélszál (PetiX), és négy fajta, 3 dimenzióban 
megmunkált acélszál (PetiX V45; PetiX V90; PetiX S45; PetiX 
S60) lett kifejlesztve. A laboratóriumi vizsgálatok eredmé-
nyei kedvezőek. Bizonyításra került, hogy egyes 3 dimenziós 
geometriai kialakításokkal jelentős mértékben növelhető 
az acélszálak tapadása betonban, és ezzel fokozható a 
szélerősítésű betonok hajlítási szívóssága, amelyet a labo-
ratóriumi vizsgálatok eredményei igazolnak.
Kulcsszavak: beton, acélszál, 3 dimenziós geometria, ta-
padás, hajlítószilárdság, szívósság
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Abstract 
Different ready-made, commercially available (in Hungary) stone repair mortars and laboratory 
mixed, newly designed mortars were tested under different conditions in the laboratory. The 
mortars had different aggregate and binder content. The aim of the research was to understand 
the influence of the different binders and various amounts of limestone aggregate on the 
properties of mortar. During the laboratory tests more than 550 specimens were analyzed 
according to the EN standards. Pure repair mortars have higher strength and lower capillary 
activity than the Hungarian porous limestones. Added aggregate can increase the compatibility 
of the commercially available mortars, but at some mortars it may result a drastic decrease in 
strength. Newly designed mortars have similar mechanical and hydrotechnical properties to the 
tested porous limestones. 
Keywords: repair mortar, limestone, binder/aggregate ratio, compressive strength, compatibility
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1. Introduction
Repair mortars or artificial stones are often used for repair 

of stone monuments and artistic stone elements of facades, 
sculptures or statues. There is not a uniform terminology for 
the loss compensation of stones: the expressions of repair 
mortars or artificial stones are used by different authors [1-4].

Previous research in this field focused on loss compensation 
methods for stones [1,2]. Additional studies were made on 
the amount of filler added to cementitious materials and the 
performance of these materials was tested [5,6]. Mortars with 
specially selected fillers were also tested. Both natural and 
artificial inorganic materials were added to mortars to improve 
the physico-chemical and mechanical properties; workability 
or water retention was also analyzed [7-9]. In recent years, 
mechanical properties and fabric analyses were also made 
[3,10-13]. Chemical composition of the mortars were also 
analyzed [14-16]. Compatibility of the limestone and mortar 
was studied considering strength and durability characteristics 
such as mechanical resistance, water transfer properties, and 
physico-chemical properties [17-20]. 

	 Fig. 1. 	 Loss compensation with incompatible repair mortar.
	 1. ábra 	 Kőkiegészítés nem kompatibilis habarccsal.

Case studies have shown, that many of the commercially available 
(ready-mix) repair mortars can not be adequately used under 
certain conditions and are not compatible with porous limestone 
[17-18] (Fig. 1). Only limited data are available from the product 
properties in catalogues, safety data sheets, product specifications. 
There is not enough information about the porosity, fluid transport 
properties, pore-size distribution, long-term behaviour of the 
mortars and compatibility with porous limestones. Therefore, 
further information is needed to find the best performance and 
compatible mortar for the given stone. Repair mortars have been 
tested according to the European (EN) and American (ASTM) 
standards and performance in terms of strength, porosity, hydro-
technical properties were measured [12-13].

2. Materials and methods
Commercially available repair mortars are commonly used 

for the restoration of stone structures made of Hungarian 
oolitic limestone. Practitioners use these ready-mix mortars 
since it is easy to work with them that allow a relatively fast 
repair. Furthermore, there are individual mortar recipes in 
the restoration practice. These two categories of mortars (pre-
mixed and site-made) were tested under laboratory conditions. 
Their properties were compared with that of Hungarian porous 
limestone. Two lithologies were analyzed. The limestone was 
collected from Sóskút quarry, which is located app. 30 km from 
the capital of Hungary. The two tested lithologies are: 

DMF:	 limestone with fine-grained micro-fabric (Fig. 2a),
DMD:	 limestone with coarse-grained micro-fabric (Fig. 2b). 

Two groups of mortars were also tested. The first group is 
composed of different types of mortars that are commercially 
available repair mortars (M). The compounds of the mortars were 
made in Germany and test specimens from ready-mix mortars 
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were prepared under laboratory conditions. 30 to 
50 m% of limestone sand aggregate was added to 
the tested mortars to make the repair mortar more 
compatible with the coarse limestone. This mixing 
of mortar with limestone sand is a common 
method in the restoration practice in Hungary.

The abbreviations of the tested mortars are as 
follows:

M:	 pure repair mortars (pre-mixed 
mortar + water), 

M30:	 pure mortar with 30 m% added 
limestone sand aggregate and

M50:	 pure mortar with 50 m% added 
limestone sand aggregate.  

Second group of tested mortars contained 
newly mixed repair mortars with two different 
compositions. Two types of cementitious 
binders were added to the mortars: 

PLM: 	 mortar with Portland cement and 
hydrated lime binder,

TLM: 	 mortar with trass cement and 
hydrated lime binder.

The above mentioned limestone chippings 
(Sóskút quarry) were used for the aggregate 
sand. The maximum particles size of the 
aggregate was 2 mm in diameter. Fabric analysis 
of the tested materials was performed according 
to EN 12407:2000 European Standard by the 
analysis of thin-sections. 

 

	 Fig. 2. 	 Hugarian (Sóskút), Miocene, porous limestone: (a) fine-
grained, (b) coarse-grained fabric. 

	 2. ábra 	 Sóskúti miocén korú durva mészkő: (a) finomszemű, (b) 
durvaszemű változata.

The sample preparation was made under 
laboratory conditions (temperature 20±2°C, 
relative humidity of 50–55%). The initial curing 
environment was the same in all cases. More 
than 550 mortar specimens (30×30×30mm in 
size) were prepared for uniaxial compressive 
test (EN 1015-11:2000). For the microscopic 
analysis thin-sections were made (thickness of 
30 μm). Prismatic samples of 40×40×80 mm 
in size were used for the capillary water uptake 
measurements, following the EN 1925:2000 
standard. Cylindrical specimens of 10 mm in 
diameter were made for the pore size distribution 
analyses. The measurements were made with a 
Carlo Erba 2000 (GFZ Potsdam) porosimeter 
and the data evaluation was made by a Pascal 
software (version of 1.03). Samples were dried in 
oven to constant mass at 105°C. 

	 Fig. 3.	 Thin-section of the coarse-grained limestone (DMD) with the histogram of the pore size 
distribution of the limestone.  

	 3. ábra	 Durvaszemű ooidos durva mészkő vékonycsiszolata és póruseloszlásának hisztogramja. 

	 Fig. 4.	 Thin-section of the pure, commercial available repair mortar (M) with the histogram of the pore 
size distribution.

	 4. ábra	 Hazai kereskedelmi forgalomban kapható kőkiegészítő habarcs vékonycsiszolata és 
póruseloszlásának hisztogramja.

	 Fig. 5.	 Thin-section of the commercial available repair mortar (TLM) with the histogram of the pore size 
distribution.

	 5. ábra	 Kőkiegészítő habarcsban megjelenő trasz cement és légpórusok a vékonycsiszolatban, valamint a 
traszcement tartalmű habarcsok póruseloszlásának hisztogramja.

	 Fig. 6. 	 Thin section of the commercial available repair mortar with 50m% added limestone sand aggregate 
(M50) with the histogram of the pore size distribution.

	 6. ábra	 Hazai kereskedelmi forgalomban kapható kőkiegészítő habarcsba kevert mészkő zúzalék (50m%) 
vékonycsiszolata és póruseloszlásának hisztogramja.
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3. Results  

3.1 Fabric

Limestone: The micro-fabric is characterized by the presence 
of ooids, and the microfacies of the stone is an ooid-grainstone 
to packstone. Large and visible macro pores of different size were 
visualized in both selected limestones (DMD and DMF). The 
porosity is characterized by the presence of intra- and inter-granular 
pores. According to the pore size distribution, the main pores were 
detected in the range of macro-pore size (10-100 µm) (Fig. 3). 

Mortars (M): The binder is mostly calcitic, and the aggregate is 
mostly given by small rounded quartz grains of 10–500 μm. The 
hydraulic binder content of the samples (white portland cement) 
is clearly demonstrated by the unhydrated cement particles. 
Hydrated alite (C3S - mostly), and small amounts of belite (C2S) was 
also observed, furthermore a mixture of slaked lime was present in 
all of the four commercially available repair mortars (Figs. 4 to 6). 

Mortars (M, PLM, TLM): Only very small visible pores were 
detected under the microscope. When 30 or 50 m% of limestone 
sand is added to the repair mortars, the proportion of the binder-
to-aggregate ratio is shifted towards the grain dominance. 

	 Fig. 7.	 Average value with the standard deviation of the compressive strength of the 
tested mortars. All the values measured for the limestones are shown in the 
zone indicated in red colour.

	 7. ábra	 Habarcsok átlagos egyirányú nyomószilárdsága és szórása. A piros sávban 
vltak mérhetők a kétféle mészkövön a nyomószilárdsági értékek.

Abbre­
viation

UCS [MPa] Water 
absorp­
tion [%]

av. real 
density  
(g/cm3)

day  
3

day  
7

day 
14

day 
28

day 
90  

M 6.89 8.86 9.76 10.39 11.66 9.1 2.72

M30 4.28 5.54 6.42 7.21 7.54 11.7 2.67

M50 2.41 4.06 4.9 5.48 5.31 13.4 2.61

PLM 3.64 5.88 6.94 7.43 6.32 5,56 2.7

TLM 3.28 4.35 5.56 5.08 5.02 13.4 2.66

DMF 7.60 (dev  2.5) 20.5 2.69

DMD 5.56 (dev  2.2) 14.6 2.73

	 Table 1. 	 Uniaxial compressive strength (UCS), water absorption and density of the 
tested materials (for abbreviations see the text).

	 1. táblázat 	 A vizsgált anyagok egyirányú nyomószilárdága, vízfelvétele és anyagsűrűsége 
(anyagok rövidítése a szövegben).

3.2 Strength
Pure repair mortars (without limestone sand aggregate) have 

more than double of the strength than that of the tested porous 
limestones. Added limestone sand aggregate can reduce the 
strength of the mortars and it becomes closer to the strength of 
limestone (Fig. 7 and Table 1). 

The tests have demonstrated that newly designed repair 
mortars 28 days after curing (mostly TLM) have similar 
strength to that of porous limestone, but on a longer-term the 
strength of mortar specimens has been gradually decreased.  

3.3 Water absorption
The capillary water uptake of the tested limestones is much 

faster than that of the tested repair mortars (Fig. 8). The slow 
water uptake of the pure repair mortars are proportionally 
increased, when limestone aggregate was added. The biggest 
increase in capillary water uptake was measured at mortars 
made with trass cement binder. Smaller increase was detected 
in water uptake at commercial available mortars with limestone 
aggregate (M30, M50).

	 Fig. 8. 	 Capillary water uptake in the tested materials with the pore size distribution 
(DMD-coarse limestone, DMF- fine limestone, M, PLM, TLM tested 
mortars).

	 8. ábra 	 Kapilláris vízfelvétel a vizsgált anyagokban a pórusméret-eloszlással (DMD-
durvaszemű durva mészkő, DMF- finomszemű durva mészkő, M, PLM, TLM 
habarcsok).

4. Conclusions
A close relationship between the pore structure, mechanical 

properties and water absorption of repair mortars were found. 
Previous experience has shown that increasing the aggregate 
content decreased the strength of the mortars and at the same 
time the porosity, water absorption and capillary suction are 
slightly increased [19, 21]. The lower water absorption of the 
repair mortars compared to natural stones is related to the 
very different pore size distribution. The oolitic limestone has 
exceptionally interconnected pore system with a wide range 
of pore radii, and high peaks in the pore size distribution 
histograms at macro-pores with diameter of around 10-100 
µm. These macro-pores are missing from the pure mortars 
and from the mortars to which limestone aggregate is added. 
Among the tested repair mortars, only the mortars with trass 
cement binder have higher compatibility with the oolitic 
limestone, but the higher amount of aggregate decreased the 
strength and the workability of the mortar. It is important to 
highlight that the use of trass cement increased the capillary 
activity of the mortar and at the same time decreased the 
strength from the 28th day. Repair mortars with higher strength 

ÉPA 2014_4.indd   111 2015.01.19.   15:34:55



építôanyag § Journal of Silicate Based and Composite Materials

112   | építôanyag § JSBCM § 2014/4 § Vol. 66, No. 4

and different porosity than that of the limestone can cause 
damage (cracking and spalling in the original stone surface). 
Usually weak limestones have lower modulus of elasticity than 
mortars made by Portland cement.

To conclude, the test results have shown that the use of 
significant amount of porous limestone sand as aggregate for 
pre-mixed repair mortars does not guarantee the compatibility 
of the repair mortar with the porous limestone, however, it 
has an evidential positive effect in compatibility. Without long 
term laboratory experiments, newly designed repair mortars 
might have serious compatibility problems with limestone.
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Magyarországi porózus mészkövekhez alkalmazható 
kőkiegészítő anyagok
A kutatás során olyan kőkiegészítő habarcsok tulajdonsá-
gát elemeztük és hasonlítottuk össze a miocén korú durva 
mészkő két típusának azonos tulajdonságaival (durvaszemű 
– DMD, és finomszemű – DMF), amelyeket hazai kereske-
delmi forgalomban lehet beszerezni. A vizsgálatokat kiter-
jesztettük továbbá olyan általunk összeállított habarcsokra, 
amelyek kötőanyagának és töltőanyagának minőségét és 
mennyiségét mi határoztuk meg. Az így készített habarcsok 
közül a portlandcement és mészhidrát kötőanyaggal készí-
tett habarcsok szilárdsága jelentősen nagyobb volt, mint a 
vizsgált mészköveké, de porozitásuk, ezáltal hidrotechnikai 
tulajdonságaik is nagymértékben eltértek a mészkövekétől. 
Összetételük változtatásával (+30 m%, de elsősorban a +50 
m% mészkő zúzalékkal) a kőzetekhez nagyobb hasonlóságot 
érünk el, de egyes típusoknál ez a beavatkozás nem alkal-
mazható egyes anyagjellemzők drasztikus változása miatt. 
A traszcement tartalmú habarcsok vizsgálata során megál-
lapítottuk, hogy a portlandcement kötőanyagú habarcsok-
hoz képest nagyobb hasonlóságot mutatnak a kiválasztott 
mészkövek több tulajdonságával is – szilárdság, vízfelvétel, 
porozitás.
Kulcsszavak: javítóhabarcs, mészkő, kötőanyag/adalék
anyag arány, nyomószilárdság, kompatibilitás
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Abstract 
This paper is about the modelling of the compressive strength of hardened concrete by using 
Discrete Element Method. A short description of the Discrete Element Method is given and the 
process of the model development as well as the modelling of a uniaxial compression test of a 
hardened concrete cube is introduced. The aim of the study is to simulate the material behaviour 
and see how exactly the parameters in the Discrete Element Method can be set up.
Keywords: Discrete Element Method, concrete, stress-strain, compressive strength
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1. Introduction of the Discrete Element Method
The Discrete Element Method (DEM) is a family of numerical 

methods for computing the mechanical behaviour of materials 
or structures consisting of a large number of particles. In 
engineering tasks structures often have to be modelled which 
are composed of granulated material or bricks, and whose 
components are not connected to each other in a material level. 
DEM is, therefore, mostly used to model grains, soil, fractured 
rock, masonry structures like domes and arches. DEM is 
used extensively to study granular media of no cohesion 
(Cundall, Strack, 1979), soils with cohesion (Liu et al, 2003; 
Yao, Anandarajah, 2003), rock (Moon et al, 2007; Potyondy, 
Cundall, 2004), asphalt (You, Buttlar, 2004; You et al, 2008; Liu, 
You, 2009), geotechnical and geological studies (Campbell et 
al, 1995; Hardy, Finch, 2006; Hazzard, Young, 2004), for the 
interaction of granular media (soil and rock) (Kanou et al, 
2003). In the last two decades the DEM has been successfully 
applied in various areas of mining, powder metallurgy, civil 
engineering and in the oil industry. Recently, DEM is also used 
for the modelling of the behaviour of fresh concrete (Shyshko, 
Mechtcherine, 2013; Hoornahad, Koenders, 2014; Remond, 
Pizette, 2014) and hardened concrete (Tran et al, 2011; Iturrioz 
et al, 2013; Zivaljic et al, 2014; Riera et al, 2014).

A numerical technique is said to be a discrete element model if:
■■ it consists of separate, finite-sized bodies (discrete 

elements) and each of those elements are able to 
displace independently of each other,

■■ the displacements of the elements can be large,
■■ the elements can automatically come into and loose 

contact (Cundall, Hart, 1992).
With advances in computing power and numerical 

algorithms for nearest neighbour searching, it has become 
possible to numerically simulate millions of particles on a 
single processor (Zhu, 2007). Today DEM is becoming widely 
accepted as an effective method of engineering problems in 
granular and discontinuous materials, especially in granular 
flows, powder mechanics, and rock mechanics. Recently, the 

method was extended to incorporate Computational Fluid 
Dynamics (CFD) and Finite Element Method (FEM) and take 
thermodynamic effects into account. Discrete element methods 
are relatively computationally intensive, which limits either the 
length of a simulation or the number of particles. Due to that 
reason, the method only became practical for engineers in the 
1990s, when the computer technology reached the appropriate 
level where engineers were able to model realistic problems. 

If the technical background is given, DEM can be used to 
examine a wide variety of granular flow and rock mechanics 
problems. DEM allows a more detailed study of the micro-
dynamics of powder flows than is often possible using 
physical experiments. For example, the force networks formed 
in a granular media can be visualized using DEM. Such 
measurements are almost impossible in real experiments with 
many small particles.

Any type of discrete element model is made up of two basic 
components: the elements and the contacts between them. 
The elements may either directly correspond to the physical 
units of the analyzed system (e.g. stone voussoirs, sand grains, 
bricks), or the collection of elements as a whole represents 
a collection of a much larger number of real particles. The 
element can have different shapes, even a concave shape, but 
from a computational point of view circular (2D) or spherical 
(3D) elements are the easiest to handle, thus they are the most 
widely used in the current software packages (Bagi, 2012). The 
elements can be either perfectly rigid or deformable, depending 
on the application. The contacts are formed when two (or 
more) elements get in contact. If the distance between the 
points of two elements decreases to zero then the elements are 
considered being in contact. This distance can be even less than 
zero: in this case then the elements intersect with each other, 
and the magnitude of the overlap defines a compression force 

ÉPA 2014_4.indd   113 2015.01.19.   15:34:55



építôanyag § Journal of Silicate Based and Composite Materials

114   | építôanyag § JSBCM § 2014/4 § Vol. 66, No. 4

magnitude acting between the two elements. Other contact 
force components like frictional force, bending moment, 
tension or torsion are also possible to incorporate. The 
relationship between the motion of the particles and the forces 
can be described with Newton’s second law. The force system 
may be in static equilibrium (in which case, there is either no 
motion at all, or motion occurs only with constant velocities), 
or it may be such as to cause the particles to accelerate.

The distinct element method is a version of DEM proposed by 
Peter A. Cundall in 1971 (Kanou et al, 2003). In this method 
every particle is regarded as a perfectly rigid element and the 
behaviour of this element is expressed by the equations of 
motion of extended bodies. A spring is provided between rigid 
elements which make contact with each other so as to express 
the interaction of force between them. Then, the equations 
of motion of each rigid element are solved by numerical 
integration along the time axis, whereby the behaviour of the 
element is analyzed. The time integration method works with 
the central difference method, an explicit solver.

2. Modelling with DEM
During the present research a commercially available DEM 

software package, the Particle Flow Code (PFC3D) of Itasca was 
used, which is based on the following theoretical assumptions:

1. 	 The particles are treated as rigid bodies.
2. 	 The contacts occur over a vanishingly small area (i.e. at a 

material point).
3.	 Behaviour at the contacts is described by a soft-contact 

approach where the rigid particles are allowed to 
overlap one another at contact points, and the relative 
displacements of the two material points forming the 
contact are considered to reflect the contact deformations 
which are related to the contact forces.

4.	 The magnitude of the overlap is related to the compression 
component of contact force via the corresponding force 
displacement law, and all overlaps are small in relation 
to particle sizes.

5.	 Bonds (i.e. tension-resisting contacts) can also exist 
between particles.

6.	 All particles are spherical. However, super-particles of 
arbitrary shape (“clumps”) can be created: overlapping 
spheres may be glued together to form an irregular 
particle. Hence, a clump consists of a set of overlapping 
spherical particles, and behaves as a single rigid body 
with deformable contacts with its neighbours.

In addition to traditional particle-flow applications, PFC3D 
can also be applied to the analysis of solids. In such models the 
continuum behaviour is approximated by treating the solid as 
a compacted assembly of many small particles. In PFC3D the 
particles are linked with contacts which arise when the distance 
between two particles vanishes. To the analysis of solids so 
called cemented contacts can be applied which can simulate 
the binder between the particles. Measures of stress and strain 
rate can be defined as average quantities over a representative 
measurement volume for such systems. This allows one to 

estimate interior stresses for granular materials (e.g. soils) or 
solid materials (e.g. natural stones, metals or plastics).

The PFC3D particle-flow model includes two types of 
elements: balls (spherical particles) and walls. Walls allow the 
user to apply velocity boundary conditions to assemblies of 
balls for purposes of compaction and confinement. The balls 
and walls interact with each another via forces that arise at 
the contacts. The equations of motion are satisfied for each 
ball. However, the equations of motion are not considered for 
walls (i.e. forces acting on a wall do not influence its motion). 
Instead, wall motions are specified by the user.

The calculations are performed in PFC3D by using two types 
of rules: 
■■ Newton’s second law is applied to determine the motion 

of each particle arising from the contact and body 
forces (not applied to walls, since the wall motion is 
specified by the user).

■■ Force-displacement law is used to update the contact 
forces arising from the relative motions at the contacts.

The first step of the discrete element modelling is the 
preparation of the geometrical model. In this step the position 
and the shape of the elements are specified. The definition 
of the geometrical model is relatively simple if the discrete 
elements exactly correspond to the units of the real structure. 
However, in several cases (e.g. sand, corn grains stored in a silo, 
concrete) thousands of densely packed elements (representing 
a huge number of real particles) have to be defined randomly. 
In this case a random dense initial arrangement of contacting 
elements is needed to be prepared. The existing several 
techniques can be categorized into three main groups: 

1.	 Dynamic techniques: In this case the preparation of the 
initial arrangement is made by the DEM code itself 
(Bagi, 2012). The elements, initially located far from 
each other (placed either randomly, or according to 
a regular arrangement), are pushed into a sufficiently 
dense arrangement by different ways (e.g. gravitational 
deposition, isotropic compression, etc), while the 
motion of each element is followed by the DEM code 
itself. This method is computationally expensive because 
each movement of a particle requires the solution of the 
relevant differential equation.

2.	 Constructive algorithms: In these algorithms the 
assemblies are prepared with the help of purely 
geometrical calculations. The user is able to avoid 
the simulation of the dynamics of particle motions. 
Therefore, these algorithms are more efficient by 
orders of magnitude, but the chosen method must be 
programmed. From these methods the SSI (Simple 
Sequential Inhibition) method is used in the PFC3D 
codes. In this case the spheres of given diameters are 
placed at random positions in the domain of interest. If a 
newly placed particle intersects a previous one then the 
new particle is rejected and the algorithm places another 
particle into another part of the domain. This process 
runs after a pre-defined high number of unsuccessful 
tries to place a new particle in the domain.
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3.	 Collective rearrangement techniques: In these methods 
the number of particles is defined by the user and this 
number is fixed during the sample preparation process. 
Initially the particles are placed randomly in the domain 
of interest. Overlaps are allowed and their sizes are 
reduced during the process by moving the balls. In every 
step the displacements of each particle are calculated 
from the overlaps, similarly to the dynamic techniques. 
These techniques, like the dynamic methods, are rather 
time-consuming.

Several contact models can be applied in PFC3D to simulate 
the material behaviour (PFC3D User’s Guide, 2008). The 
contact model shows how to derive the contact forces from 
the deformations (here the deformations mean the relative 
displacements of the two material points being in contact). 
PFC3D provides two standard contact models for the 
compression force component (linear and Hertz), which do 
not consist tensile resistance; and two types of tension-resisting 
contacts (contact bond and parallel bond). In addition, 
alternative contact models can be developed by the user. The 
linear and Hertz models describe the force-displacement 
behaviour for particle contact occurring at a point. The 
parallel-bond component, on the other hand, describes 
the force-displacement and moment-rotation relations for 
cementitious material existing between the two balls. These 
two behaviours can occur simultaneously, in the way that one 
can have a cementitious material (parallel bond), but in the 
material the particles can also come in contact with each other 
(linear or Hertz model). 

A time stepping algorithm is applied to calculate the 
movement of the particles, which requires the repeated 
application of the law of motion to each particle. In the 
calculation cycle the force-displacement law is used to each 
contact, and in every cycle the wall positions are also updated. 
Contacts, which may exist between two balls, or between a ball 
and a wall, are formed and broken automatically during the 
course of a simulation. At the start of each time step the set 
of contacts is updated from the known positions of particles 
and walls. The force-displacement law is then applied to each 
contact to update the contact forces based on the existing 
relative displacement between the two entities at the contact. 
Next, the law of motion is applied to each particle to update the 
velocity and position, based on the resultant force and moment 
arising from the contact forces and any body forces (gravity 
etc.) acting on the particle. Also, the wall positions are updated 
based on the specified wall velocities (Fig. 1).

	 Fig. 1. 	 Calculation cycle in PFC3D (PFC3D User’s Guide, 2008)
	 1. ábra	 Számítási ciklus a PFC3D szoftverben (PFC3D User’s Guide, 2008)

3. Material genesis
In the present study the compression stress-strain performance 

of a standard concrete cube (150 mm) was modelled with DEM 
and was verified with laboratory experiments. The concrete 
was modelled with a large number of discrete elements (Fig. 
2), each of them being spherical. The element diameters in the 
model of the concrete cube were based on the aggregate sizes 
used in the real material. In the model the actual particle size 
distribution of the aggregate used for the reference concrete 
was intended to approximate. The particle size distribution 
was compiled from the applicable grading limit curves for 16 
mm maximum particle size flint aggregate, taking into account 
the minimum demand of cement paste (void volume) of the 
fully compacted aggregate bulk. The minimum and maximum 
diameter of the elements was 1 mm and 16 mm respectively. 
The particle size distribution of the original material is given 
in Table 1.

	 Fig. 2.	 Discrete element model of a concrete cube
	 2. ábra	 Egy beton kocka diszkrét elemes modellje

Particle size Proportion
0-4 mm 40 %
4-8 mm 22 %
8-16 mm 38 %

	 Table 1. 	 Particle size distribution of the aggregate in the concrete sample studied
	1. táblázat	 A vizsgált beton adalékanyagának szemcseméret eloszlása

The three particle size fractions (0-4 mm, 4-8 mm and 
8-16 mm) were created and the volume of fractions was set 
regarding the particle size distribution of the original aggregate 
material. During this phase of the modelling one has to specify 
five parameters to every fraction:

1.	 The minimum radius of the material in the fraction.
2.	 The radius ratio; that is the ratio of the maximum to the 

minimum radius.
3.	 The ratio of the volume of the particles in the given 

fraction, related to the total volume. 
4.	 The distribution type of the given fraction. In the 

present study the fractions are uniformly distributed.
5.	 The name of the fractions to identify them. 
To improve the speed of the computation, the built-in 

functions offered by the software can be used. These built-in 
functions use constructive algorithms, which are more effective 
in certain cases where the difference in size among the balls is 
large. An extensive set of supporting algorithms are required if 
one would like to model a solid material correctly. 
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These algorithms are:
■■ to create the synthetic solid by using constructive 

algorithms,
■■ to determine the required macroscopic properties of 

the material, by subjecting it to simulated laboratory 
testing,

■■ to either apply stress boundary conditions or install a 
specified stress field within the solid,

■■ to monitor and visualize damage formation within the 
solid.

	 Fig. 3. 	 Material genesis procedure: (a) particle assembly after initial generation but 
before rearrangement; (b) contact force distribution after the second step;  
(c) floating particles and contacts after the second step;  
(d) parallel-bond network (PFC3D User’s Guide, 2008)

	 3. ábra	 Anyag generáló eljárás: (a) szemcsék kezdeti elrendeződése az újrarendezést 
megelőzően; (b) az érintkezési erők folyama a második lépésben;  
(c) lebegő szemcsék és érintkezési pontok a második lépésben;  
(d) a párhuzamos kötések hálózata (PFC3D User’s Guide, 2008)

These algorithms are built in the software into a given storage 
of supporting algorithms, called Fishtank, which name refers to 
the FISH programming language that used in PFC3D. To model 
concrete the so called Material-Genesis Procedure was used, 
which produces a material consisting of grains and cement 
(PFC3D User’s Guide, 2008). During this procedure (Fig. 3) first 
an initial assembly is created, in which the particles are placed 
randomly (with a 35% porosity) with a much smaller radius 
than the required, and without particle overlapping. Then, the 
particle radii are gradually increased to their final values and 
the system is allowed to reach static equilibrium under zero 
friction. Then the radii of the particles are changed uniformly 
to achieve a specified isotropic stress (mean value of the three 
principal stresses). This is a typically low value relative to the 
material strength (less than 0.01% of the uniaxial compressive 
strength). After the first two steps an assembly of randomly 
placed particles with non-uniform radii is produced. These 
assemblies can contain a large number of floating particles 
(those which have fewer than three contacts). It is desirable to 
reduce the number of this type of elements, in order to obtain 
a denser network of bonds. After all of the contact bonds and 
parallel bonds are installed, the specified friction coefficient is 
assigned to the contacts. The material vessel can be removed 

and the specimen can be used for a boundary-value simulation 
or it can be subjected to material testing. This widely applied 
procedure was followed in the investigations introduced in the 
present paper. 

4. Parameter settings
The built-in functions introduced earlier can make the 

preparation of the initial geometry faster, but to achieve an 
acceptable result, one should also set the correct contact 
material parameters. The most important parameters which 
influence the behaviour of the model are the density of the balls, 
the friction coefficient in the unbonded contacts, as well as the 
shear and normal stiffness and strength of the bonds. To set up 
the parameters correctly a uniaxial compression test in PFC3D 
was completed and compared to the experimental results. The 
initial values of the different parameters were obtained from 
the literature on concrete modelling (Szilágyi, 2009). The bulk 
modulus of the balls is considered as a constant (it is equal to 
1), corresponding to the infinite rigidity of the elements. 

Parameters of the elements: 
■■ Bulk modulus = 1 (infinitely rigid discrete elements)
■■ Ball or bulk density = 2300 kg/m3 (density of concrete)  
■■ Friction coefficient = 0.40 

Parameters of the parallel bonds (Szilágyi, 2009):
■■ The mean value of the normal strength = 5×107 N/m2 
■■ The standard deviation of the normal strength = 5×106 N/m2

■■ The mean value of the shear strength = 3×106 N/m2 
■■ The standard deviation of the shear strength = 3×105 N/m2

■■ The stiffness of the parallel bonds = 3×1010 N/m2 

The standard deviation of the normal strength was set to 
tenth of the mean value of the normal strength during the 
modelling, based on literature recommendations. To find 
the final parameters of the model, which represent the real 
behaviour of the material, an iteration method was applied. 
This is the usual solution in case of DEM models during the 
verification phase. The verification was made with the help of 
the uniaxial compression test. 

The iteration process had the following steps:
1.	 Set the parameters (mean strength and standard 

deviation of the strength of the parallel bonds) of the 
model to a given value. These two parameters have 
the largest effect on the normal stiffness of the model, 
therefore, they were adjusted first during the iterations. 
The other parameters had only minor effects, so those 
parameters were modified after the iteration phase 
during the fine-tuning of the model.

2.	 Generating the model with a dense packing.
3.	 Run a uniaxial compression test.
4.	 Compare the value of the test with the results of the 

laboratory tests. If the value of the normal strength 
is higher in the model, then the mean strength of the 
parallel bonds can be reduced, if the value of the normal 
strength is lower in the model, then the mean strength of 
the parallel bonds can be increased until the same result 
as in the experimental test was reached.
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After the appropriate properties of the model were selected, 
four additional models were generated with the same average 
properties but differing from each other by the random nature 
of the particle-level geometry generated. Testing and analyses 
were carried out on the five models. The aim was to study 
the statistical nature of the behaviour, and to be able to avoid 
extreme numerical results in the analyses.

5. Compression test
The compression test can be simulated by the built-in 

functions of the PFC3D  software pre-programmed in the 
Fishtank, and the user can calibrate the test to the actual 
specimens of interest. The process is the following. First the 
sidewalls of the sample are deactivated. It can be given, which 
walls are the sidewalls of the sample and the test can be done 
along all three axes. The friction of the remaining walls is set 
to a high value, because in case of the real test, the friction 
between the loading plate and the sample is high. The bottom 
wall remains fixed and the top wall pushes the sample with 
a given force or velocity until it destroys the sample (i.e. the 
sample is not able to bear any more stress). The software tracks 
the bond break events during the investigation which represent 
cracks. The cracks are defined with the Crack-Initiation Stress, 
which is controlled by the ratio of standard deviation to mean 
material strength (PFC3D  User’s Guide, 2008). If the ratio 
increases, it reduces the stress at which the first crack initiates. 
It is usually observed that the Crack-Initiation Stress in a 
PFC3D  specimen underestimates the Crack-Initiation Stress 
measured during laboratory experiments. The Crack-Initiation 
Stress is defined as the axial stress at which a specified fraction 
of the total number of cracks exists in the model at the point 
when the peak stress is obtained. When the test is finished, the 
software saves the results into a text file and one can analyze 
it without running the program. The results are given in three 
different ways since the software is able to measure stresses in a 
different ways. The three types are:
■■ wall-based results,
■■ by using gauge particles,
■■ by using measurement spheres.

All the three measurement methods can be used for 
measuring both stresses and Young modulus. The result of the 
compression test can be considered successful if the Young 
modulus has almost exactly the same value as it was given 
in the parameter settings. If the Young modulus is different 
then the model is not numerically stable (by proceeding the 
compression test, very different results can be received) and the 
parameters are not well defined. 

The result of the compression test was used to calibrate the 
model by the comparison with the laboratory test results. The 
laboratory test was carried out in laboratory of the Budapest 
University of Technology and Economics (BME), Department of 
Construction Materials and Engineering Geology. To determine 
the real compressive strength of the reference concrete an Alpha 
3-3000 S type (Form-Test) universal hydraulic testing machine 
was used (Fig. 4). Standard cube (150 mm) specimens were 
prepared, which were stored under water for 7 days and under 
laboratory condition for 21 days. Before the tests the specimens 

were dried in oven at 40°C temperature. Compressive strength 
testing was carried out according to EN 12390-3. Average value 
of the compressive strength for the reference concrete was 
found to be fcm = 54.2 N/mm2.

	 Fig. 4. 	 Compressive strength testing
	 4. ábra 	 Nyomószilárdság vizsgálata

6. Results
The final values of the parameters of the DEM model were 

reached after several iteration steps. The most important results 
are indicated in Table 2. It can be realized that the proper set 
of the parameters resulted exact coincidence of the normal 
strength with the compressive strength recorded during the 
laboratory tests.

Mean value  
of the  
normal 

strength  
[N/m2]

Standard 
deviation of 
the strength 

of the parallel 
bonds [N/m2]

Mean value  
of the  

shear strength  
[N/m2]

Normal 
strength  
of the  

material  
[N/m2]

4.251*107 4.251*106 3*106 54.24*106

	 Table 2. 	 Calculated internal forces
	2. táblázat	 Számított belső erők

As it was mentioned above, four additional models were also 
generated. In the numerical compression tests, the generated 
models behaved very similarly to each other and gave almost 
the same normal strength value than that of the compression 
test of the first model. All values were in a 0.5 % range compared 
to the result generated by the first model (Table 3).

No. of the model 1 2 3 4 5

Normal strength 
(N/mm2)

54.24 54.19 54.26 54.03 54.20

	 Table 3. 	 Normal strengths corresponding to the five models
	3. táblázat	 Az öt eltérő modellből számított normálfeszültségek

From the values given in Table 3 the Young’s modulus of the 
concrete can be recalculated by Eq. (1): 

	 (1)

where, fc is the normal strength of the model. By using an 
average value of the model data, the value of the recalculated 
Young modulus is 37840 N/mm2 that gives considerably 
good agreement with the Young’s modulus of 34578 N/mm2 
recorded during the laboratory tests.
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The process of the compression test can be plotted by using 
the PFC3D software, which monitors the deviatoric stress in 
the function of axial strain during the test procedure. Fig. 5 
shows the plot of deviatoric stresses over axial strain. The 
curve from the model behaves quite similarly to the typical 
concrete stress-strain curves. As a difference it can be seen, 
that at the initial stage of the curve waving of the response 
can be observed. In case of the real laboratory tests this stage 
is linear. The behaviour was observable in case of all the five 
models tested numerically. During the phenomenon, first 
the stress increases fast without large strains, later it turns to 
the opposite and one can observe strain increments without 
significant stress changes. The behaviour can be explained by 
the structure of the DEM model, which contains bonds and 
particles. After the material genesis procedure the model is 
stable and until a given point (depending on the stiffness of the 
parallel bonds) no bonds are breaking and the model has no 
significant deformations. However, after some parallel bonds 
become broken and some particles (mostly in the vicinity of 
the loading planes; it is a local behaviour of the model) are able 
to make movements, a deformation occurs in the model. When 
a new stable configuration is formed, the process can be started 
again. After some cycles this behaviour vanishes since the 
pressure influences the complete volume of the specimen and 
the local behaviour becomes global. It can be seen in Fig. 5 that 
the axial strain resulted from the model gives reasonable value 
of 3 to 5‰ typical for concretes in the range of compressive 
strength of the reference concrete used in the laboratory tests.

It can be concluded that the presented numerical simulations 
and experimental verification has been clearly demonstrated 
the possible use of DEM for a suitable approximation of the 
behaviour of concrete material under uniaxial compression test.

	 Fig. 5. 	 The deviatoric stress vs. the axial strain during the compression test procedure
	 5. ábra	 A deviátoros feszültség és a tengelyirányú fajlagos összenyomódás kapcsolata

7. Future work
It has been demonstrated by the presented laboratory and 

numerical simulation results that DEM can be a robust tool for 
the modelling of stress-strain behaviour of hardened concrete 
in compression as well as for the accurate estimation of 
Young’s modulus and (cube) compressive strength of hardened 
concrete. The developed model is planned to be submitted to 
different refinements in which the effect of aggregate particle 
size distributions, aggregate shapes, different cement types 
and specimen geometries can be studied; that are addressed 
to future work.

8. Conclusions
It was shown in this paper – based on the evaluation of a 

numerical simulation and experimental verification – that 
Discrete Element Method (DEM) is capable of modelling the 
uniaxial compression testing method of hardened concrete 
cube specimens, and after a sufficient parameter set up the 
model can led to results that are strongly correlated to real 
laboratory test observations. Compressive strength, Young’s 
modulus and stress-strain response can be reproduced with 
high accuracy. With the help of DEM modelling, the laboratory 
test procedures can be easily simulated and the numerical tests 
can be repeated multiple times to follow random material 
behaviour. Statistically reasonable results can be created 
without the need of a large companion of laboratory tests that 
may add to the better understanding of material behaviour and 
failure process of hardened concrete.
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Megszilárdult beton nyomószilárdság vizsgálatának 
modellezése diszkrét elemes módszerrel
A cikk megszilárdult beton nyomószilárdságának numeri-
kus modellezését ismerteti a diszkrét elemes módszer 
(DEM) felhasználásával. A diszkrét elemes módszer rövid 
bemutatását követően a numerikus modell felépítését és 
a nyomószilárdság vizsgálat numerikus szimulációjának 
eredményeit ismertetjük. A numerikus kísérlet eredményeit 
tényleges nyomószilárdság vizsgálat eredményeivel hason-
lítjuk össze. Bemutatjuk, hogy a diszkrét elemes módszer-
rel konstruálható olyan szemcseösszetétel, amely pontosan 
követi a vizsgált beton adalékanyagának szemeloszlását, 
numerikusan stabil, és paraméterei beállíthatók oly módon, 
hogy a tényleges nyomószilárdság és rugalmassági modulus 
csaknem teljes pontossággal előállíthatóvá válik.
Kulcsszavak: diszkrét elemes módszer, beton, feszültség-
alakváltozás, nyomószilárdság
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Abstract
The present paper introduces a new approach for the continuous measurement of the width of 
structural cracks within the concrete cover by image digitalizing and digital image processing 
methods. It is demonstrated that crack width measurement may hold reading error if an operator 
reads the crack widths by hand microscope or by digital microscope at locations chosen by 
subjective means. It is highlighted that the tortuosity of structural cracks in concrete can be 
mapped and described only by detailed image processing methods.
Keywords: concrete, crack width, digital image processing, tortuosity
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1. Introduction
Mechanical and durability performance of reinforced 

concrete structures is considerably influenced by structural 
cracks formed during flexural or direct tensile loading. 
Structural cracks have an effect both to serviceability and 
load bearing capacity. The increase of deformations due to the 
decreased stiffness at a cracked section may result unacceptable 
appearance or changing the static system. The increased 
permeability of cracked concrete may result advanced ingress 
of CO2 and aqueous solutions towards the steel reinforcing 
bars, increasing the risk of corrosion. Water leakage can result 
unacceptable functional or aesthetical condition. Results of 
structural cracking can reduce the service life of structures, 
therefore, several literature studies are available in the field. 
No general conclusion, however, is available on the role of 
structural cracking and durability; the only observations are 
that the corrosion of reinforcement is independent from the 
surface crack widths and the corrosion of reinforcement is 
accelerated in the presence of chloride ions [1-7]. 

The width of a structural crack at the surface of the 
reinforcement depends primarily on the diameter of the 
reinforcing bar, the surface configuration of the reinforcing 
bar,  the Young’s modulus of the reinforcing bar, the strength 
of concrete, the magnitude of the effective concrete area in 
tension and the stress in the reinforcing bar. This latter one can 
be considered to be the most important influencing parameter. 
The width of a structural crack within the concrete cover is, 
however, different from that of measured at the surface of 
the structural element [8-11]. Comprehensive analysis of this 
behaviour is a gap in the technical literature.

2. Significance
Deformations of concrete in the vicinity of cracks are 

developed as a result of a very complex phenomenon of the 
composite material. It is the reason why no model is available 
in the technical literature that would allow conversion of crack 
widths at the surface of the reinforcing bars into the crack widths 
that appear on the outer surface of the concrete elements.

Only limited number of publications is available in the 
technical literature that tried to analyse the crack width 
along the concrete cover and tried to determine what type of 
relationship could be supposed between the crack widths at the 
surface of the reinforcing bars and that of on the outer surface 
of concrete structures [8-12]. Based on the available literature 
data it can be concluded that some kind of proportionality is 
possible to be found between the crack width at the surface 
of the reinforcing bars and that of on the outer surface on 
the concrete structure (emphasizing that the validity of the 
published results are restricted to the testing conditions). The 
published range is:

wouter surface/wreinforcement surface = 1.1 to 7.7

It should be emphasized that the ratio depends on the 
magnitude of concrete cover, the load level (steel stress), the 
strength of concrete, the Young’s modulus of concrete, the 
surface configuration of the reinforcing bar.

3. Previous studies
Borosnyói and Snóbli (2010) have studied reinforced concrete 

tie elements of 120×120 mm cross section and 900 mm length 
reinforced with one single Ø20 mm deformed steel reinforcing 
bar placed either concentrically or eccentrically [13]. Concrete 
covers were 20, 40, 60, 80 mm for the eccentric specimens and 
50 mm for the concentric specimens. 

Injection of structural cracks was carried out from the 
surface of the members and the detailed mapping of the 
internal crack width variation within the concrete cover was 
studied. Epoxy resin was used for the injection. The cracks were 
maintained in their original, loaded position and the axial load 
was released only after the resin was allowed to set. Surface 
crack pattern and surface crack widths were recorded and then 
the specimens were cut open by a high speed diamond saw. 
Crack widths were recorded by a hand microscope (scale of 
0.01 mm) at every 2 mm along each crack. Present paper gives 
a comprehensive analysis of the same test specimens that were 
used in [13].
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4. Refining possibilities
The drawback of the classic optical crack width measurement 

method is that the read values depend on the person’s sensory 
sensitivity who carries out the measurement and all specimens 
are needed to be stored if more data would like to be gathered 
for further analysis.

The images of the cracks formed during the laboratory tests 
detailed in [13] were scanned by the author with a digital 
microscope. Crack widths were chosen to be read at every 
0.5 mm along their length with the data analyzing software 
provided with the microscope. Details of the digital readings 
and analysis are given elsewhere [14]. The images of the cracks, 
therefore, became available as digital images to be processed 
later and more data can be obtained compared to the hand 
microscope recordings. It can be emphasized, however, that 
the accuracy of the scanned data analysis with the use of 
commercial software still depends on the person’s subjective 
decisions during the readings when the location of points 
for measurements are chosen. If one could provide a more 
comprehensive analysis that is free of bias then a full length 
digital processing of the digital images of the crack width 
recordings should be developed.

5. Digitalizing
Describing the variation of crack width within the concrete 

cover can help to explain the possible correlation between 
surface crack width and corrosion, if any. Therefore, it is 
needed to find a method to process experimental data that is 
objective and repeatable in the survey of crack width variation 
along cracks.

Digital image processing provides the possibility of pixel-
depth analysis of digital images. The first task during digital 
processing of the scanned images is the contrast adjustment 
so that the points within the crack can be represented in high 
contrast and can be differentiated from the surroundings. 
Fig. 1.a indicates the original scanned images and Fig. 1.b 
shows the picture of the crack after contrast adjustment. Then 
the crack is separated from the surroundings (Fig. 1.c) and the 
image is subjected to numerical analysis to find coordinates of 
the points along the crack. As a result, the crack can be described 
by pixel coordinates (Fig. 1.d) and numerical calculations can 
be carried out.

	 Fig. 2.	 Defining crack width – schematic diagram 
	 2. ábra	 A repedéstágasság leolvasás elvi sémája

The crack width is defined as the distance between the crack 
faces along a line perpendicular to the midline of the crack, 
as represented in Fig. 2. In order to calculate crack width, the 

	 Fig. 1.	 Steps of digitalization a) original image b) crack after contrast adjustment c) separated crack d) crack drawn by pixel coordinates
	 1. ábra	 Digitális képfeldolgozás lépései a) az eredeti felvétel b) a repedés a kontraszt kiemelése után c) az elkülönített repedés d) a pixel koordináták alapján megrajzolt repedés
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coordinates of the pixels of the crack faces are needed to be 
determined first. Then the position of the pixels corresponding 
to the midline can be defined and the perpendicular lines can be 
taken at arbitrary frequency. Coordinates define splines, along 
which the position of the perpendiculars (on the midline) and 
the intersection points (on the crack faces) can be determined 
outside the original pixels as well.

               

 

               

	 Fig. 3.	 Scanned images of cracks together with the corresponding crack face 
coordinates

	 3. ábra	 Repedések szkennelt képe és a repedésszélek koordinátapontjai

Fig. 3 indicates scanned images for two sections of cracks 
together with arbitrary crack width readings that are compared 
to the digitalized pixel coordinates of upper and lower crack 
faces. It can be realized that the coordinates of upper and lower 
crack faces are well defined and indicate the possibility of crack 
width measurement with a suitable numerical approach. 

6. Results and analysis
The crack width measurement results obtained by numerical 

analysis of the digitalized crack width pixel data for an arbitrary 
crack are presented in Fig. 4 together with the recordings of the 
same crack with the methods described in Chapter 3 and 4. 
The values are in good accordance for all the three measuring 
methods. It can be realized that the crack width values obtained 
by the introduced numerical analysis of the digitalized crack 
width pixel data show more scattered behaviour. It is attributed 
to the fact that the number of readings was different for the 
three different methods. 

During recording of crack widths by hand microscope or 
by the commercial analysis software of the digital microscope 
one makes readings at fewer points and human eye chooses 
measurement points that are easy to read while the results of 
the numerical analysis of the digitalized crack width pixel data 
show the real values of crack width with all its unevenness. 

It can be also seen that the sensitivity of human eye reading 
is very much limited at the range of 0.01 mm that was the scale 
of the hand microscope used in [13] – human eye notoriously 
reads lower crack width values than the real magnitude.

	 Fig. 4.	 Comparison of crack widths measured with hand microscope, digital 
microscope readings and image processing

	 4. ábra	 Repedéstágasság összehasonlítása kézi mikroszkóppal, digitalis mikroszkóppal 
történő leolvasás és pixeles feldolgozás esetében

Based on the findings of Fig. 4, it is also possible to estimate  
the relative error and precision of the crack width measure-
ments by the three different methods. Fig. 5 indicates the 
differences between the crack width readings for hand 
microscope vs. processed pixel data, digital microscope 
readings vs. processed pixel data and hand vs. digital microscope 
methods, respectively. Relative error can be represented as the 
average of the differences in the measurements while relative 
precision can be represented as the standard deviation of the 
differences in the measurements (Table 1).
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	 Fig. 5.	 Comparing the difference of the three methods
	 5. ábra	 A három tárgyalt módszer különbségeinek összehasonlítása

Crack width difference (mm): average standard deviation

hand microscope - pixel data -0.023 0.0702

digital microscope - pixel data -0.002 0.0598

hand - digital microscope -0.009 0.0293

	 Table 1.	 Difference of crack widths by the three methods
	1. táblázat	 Repedéstágasság különbség a három módszerrel

	 Fig. 6.	 Comparison of crack widths measured with hand microscope, digital 
microscope readings and image processing (trend analysis)

	 6. ábra	 Repedéstágasság összehasonlítása kézi mikroszkóppal, digitalis mikroszkóppal 
történő leolvasás és pixeles feldolgozás esetében (trendvonalak bemutatásával)

Digital microscope readings and the values obtained by 
image processing show low relative error compared to each 
other while hand microscope readings and the processed 
data show higher relative error compared to each other. The 
difference between the calculated relative errors is in the order 
of about ten (Table 1). Expectedly, the magnitude of the relative 
error when comparing hand microscope readings and digital 
microscope readings is found between the other two values. 
One reason of the findings may be the instinctive distortion of 
the reading location selection of human observer when using 
either hand microscope or digital microscope for the crack 
width measurements. During such readings the observer has 
free choice to select the exact reading locations even if a ruler 
is followed for spacing of readings and may select locations 
which are considered to provide kind of representative values 
for the crack width. The less is the number of the readings, the 

higher value of the error may be resulted. Another possible 
reason can be the lack of calibration of the hand microscope 
device that results bias of the measured values. The third 
reason is the intrinsic driving force of the observations that is 
the real tortuosity of the crack. The more sophisticated is the 
survey of the crack geometry, the more detailed information 
becomes available on tortuosity. It can be realized from the 
present study that changing the number of observations has 
a considerable influence on the visibility of tortuosity of the 
crack (Fig. 6). Future numerical analysis of digitalized crack 
width pixel data is needed to see the possibilities of modelling 
crack tortuosity in concrete since tortuosity is an important 
parameter of permeability of cracked concrete.

7. Conclusions
The width of structural cracks within the concrete cover is 

different from that of measured at the surface of the structural 
elements. Only limited number of publications is available in 
the technical literature that tried to analyse the crack width 
along the concrete cover. Experimental results of previous study 
by Borosnyói and Snóbli [13] is analysed further in this paper 
after digital scanning of the surface of the same specimens and 
digital image processing of the obtained data. The proposed 
method is demonstrated to be useful for detailed survey 
and analysis of crack widths within the concrete cover. It is 
highlighted that human eye sensory sensitivity and subjective 
readings of human observer hold reading error. It is shown 
that changing the number of observations has a considerable 
influence on the visibility of tortuosity of structural cracks of 
concrete.
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Beton repedéstágasság-mérési eredmények feldolgozá­
sa képdigitalizálási eljárással
A cikk bemutat egy új eljárást a beton próbatestek szerkezeti 
repedéseinek betonfedésen belüli folytonos repedéstágasság 
mérésére vonatkozóan, amely képdigitalizálási és digitális kép-
feldolgozási elveket alkalmaz. Bizonyítást nyer, hogy a szabad 
szemmel, skálázott repedéstágasság-mérő kézi nagyítóval, il-
letve a digitálisan rögzített képfelvételen az operátor által önké-
nyes helyeken felvett repedéstágasság mérési eredmények méré-
si hibát hordozhatnak. A cikk rávilágít, hogy a beton szerkezeti 
repedéseinek tekervényessége csak a bemutatott eljáráshoz 
hasonlóan részletes képi elemzés útján határozható meg kellő 
pontossággal.
Kulcsszavak: beton, repedéstágasság, digitalis képfeldolgozás, 
tekervényesség
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Abstract
This study used capillary rheometer, gas densimeter and injection molding pressure measurement 
to quantitatively analyze the homogeneity of alumina based injection molding feedstock, and 
presents the report of the relationship between material homogeneity and kneading parameters, 
and the ration of different raw components. The researchers found as main result that the flux 
material has the highest effect on the homogeneity, since increasing the amount of this material 
can help in the equable mixing of alumina powder and paraffin wax. Furthermore, increasing 
the mixing time has positive effect on the homogeneity of the material, but much less than the 
amount of flux.
Keywords: alumina powder, paraffin wax, ceramic injection molding, densimeter, capillary 
rheometer, feedstock

Ádám EGÉSZ
Graduated in the University of Miskolc, 

Department of Ceramics and Silicate Engineering 
as a material engineer, where he actually 

continues his study as PhD student. In addition, 
currently he works for the GE Lighting as a 

project engineer, where he optimizes the 
manufacturing process of ceramic production 

for high intensity discharge lamps, especially the 
injection molding and its raw material. During 

his studies, he prepared several award-winning 
TDK papers.

Prof. László A. GÖMZE
Establisher (in July 1st, 1999) and head of 

Department of Ceramics and Silicate Engineering 
in the University of Miskolc, Hungary. Since 
then 7 students from the department have 

successfully completed their PhD theses and 4 of 
them were managed by Prof. Gömze. He is author 
or co-author of 2 patents, 5 books and more than 
250 scientific papers. Recently, he is the chair of 
the International Organization Board of ic-cmtp4 

the 4th International Conference on Competitive 
Materials and Technological Processes (2016) 

and ic-rmm2 the 2nd International Conference on 
Rheology and Modeling of Materials (2015).

1. Introduction
The procedures of ceramic injection molding (CIM) include 

four steps: kneading process, injection molding, debinding, and 
sintering. The CIM technology offers the opportunity to make 
complex and near-net-shape of ceramic parts. The kneading 
process is an important step in ceramic injection molding. 
The kneading stress offered by a sigma-blade kneader is quite 
enough, but in special cases with other kneaders it may be not 
enough to break down the powder agglomerates in the ceramic 
feedstock, especially, if the agglomerates are consisted of ultra-
fine powder. The agglomerates are retained until sintering and 
become the fracture origin if the effective size of the defects 
is too large to withstand fracture stress [1, 2, 3]. Evans [4] 
reported a result of zirconia, which was fractured in a defect 
size greater than 10 μm. The fracture strength is not affected, 
if the agglomerates are smaller than 10 μm [4]. Recently, 
the fundamental and application issues of nanotechnology 
and micro-electromechanical system (MEMS) have evoked 
the interest toward ceramists. The precision microinjection 
molding makes the manufacturing of small parts possible 
for many advanced applications. The powder size must be 
reduced to produce thin and complex parts. The nanopowder 
tends to agglomerate due to van der Waal force. However, little 
attention for the kneading behavior of ceramic feedstock have 
been given in literature by using ultra-fine or nanopowder [5].

For producing ceramic arc tube parts (plugs), there are three 
different major components used for producing injection 
molding raw material (hereinafter feedstock): high purity 
alumina powder as the main component, an organic paraffin 
wax as a binder material, and flux material as surfactant.

After selecting a suitable powder and a binder system, the 
first processing step in CIM is to mix them to prepare an 
appropriate feedstock for molding and subsequent processing. 

A homogeneous feedstock having high powder content is 
required to achieve a low shrinkage during binder removal and 
sintering. The feedstock should have the particles separated 
with a very thin layer of binder. To achieve this, powder 
agglomerates have to be dispersed in the binder [1, 2, 6].

With a homogeneous feedstock, in this experiment the main 
goals were to improve the quality of end product and to avoid 
the cracks and material discontinuities in the sintered ceramic 
parts (Fig. 1).

	 Fig. 1. 	 Cracked (left) and intact (right) sintered alumina ceramic
	 1. ábra	 Repedt kerámia (balra) és ép kerámia (jobbra)

1.1. Possible options to determine the homogeneity of 
ceramic feedstock

In the case of the present experiments, the following 
measurement methods were chosen as output parameters of 
the grade of homogeneity: capillary rheometry, densiometry 
and pressure during injection molding. Literature mentions 
viscosity as a tool to determine the grade of homogeneity [7, 8, 
9], but regarding the other two measurements it was not found 
to be advantageous for the determination of homogeneity 
during the present studies.

In the case of all three methods (described below) the same 
evaluation principle was followed: several samples were taken 
from the prepared material cell, and the standard deviation of 
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the measured values were investigated as an output parameter 
that can show the picture about the grade of material 
homogeneity and internal diversity [10].

1.1.1 Capillary rheometry 

The shape of material is changing by the effect of external 
forces. Two ideal cases of deformation are known: elastic and 
viscous, which states can be mathematically well described by 
rheological state equations (constitutive equations) [11,12]. 
The Ostwald de Waele power law can follow the behaviour of 
injection molding feedstock, where the raising tension (τ) and 
the deformation speed (γ) are proportional to a power of n>0 
natural number; see Eq. (1). Generally, in most of the cases 
n<1, so the viscosity of molten material decreases with the 
increasing deformation speed, at constant temperature (Fig. 2). 
This kind of material behaviour is pseudo-plastic: in this case 
the material is thinning by the shear stress.

 	 (1)

	 Fig. 2. 	 Typical viscosity curve of pseudo-plastic materials
	 2. ábra 	 A pszeudo-plasztikus anyagok tipikus viszkozitás ábrája[13]

The principle of capillary rheometry is the following: the 
measured material flows through a small diameter tube with 
relative small flowing velocity. Knowing the amount of material 
flow over given time, the pressure difference, and the geometry 
of the capillary (radius, length) the viscosity can be defined 
according to the Hagen - Poiseuille law; see Eq. (2) [13,14].

	 (2)

where:
v: velocity of flow
p1 and p2: the pressure on the two ends of the capillary
η: viscosity
l: length of capillary
r: capillary radius
t: time

Considering the theory of determining homogeneity using 
viscosimetry, if the homogeneity of the material is increasing 
then the standard deviation of the viscosity values of samples is 
decreasing under constant temperature. 

1.1.2 Densiometry
To determine the real density of ceramic feedstock a 

Quantachrome Ultrapyc 1200e densitometer (Fig. 3) was used 
with He gas system. The He gas for density measurements is 
used due to its small atomic size and high diffusion ability 
since it is able to penetrate into the smallest pores, even up 
to 0.2 nm. The densiometry is based on pycnometer volume 
determination, which is equal to the volume of displaced gas 
by the feedstock material (Archimedes law) and to the gas 
expansion technique (Boyle law). The volume of open pores 
can be defined with this method, but the closed or impenetrable 
pores can not be measured [15,16].

	 Fig. 3. 	 Quantachrome 1200e type densiometer (left) and measuring cells (right)
	 3. ábra	 Quantachrome 1200e típusú sűrűségmérő berendezés (balra) és  

a hozzá tartozó mérőcellák (jobbra)

The standard deviation of measured density values can refer 
to the grade of homogeneity of feedstock since the mixed 
injection molding raw material consists of several components 
of different density. Namely, if some component did not mixed 
properly in the feedstock, then there can be a local enrichment 
from it, and so the measured density can be comparable with 
other samples, where there is no component enrichment; that 
may be considered a properly mixed raw material [16].

1.1.3 Injection molding pressure
The injection molding pressure is a parameter, which arises 

when the injection switches to holding pressure. In other 
words, this parameter is the maximum injection molding 
pressure during the injection process, which is needed for the 
filling of molding tool with a given quantity of material. The 
maximum speed of the material is defined by the gate between 
the injection unit and the injection tool, as a minimum cross-
section (bottle-neck) [17,18]. 

Since the temperature, the minimum cross-section and the 
amount of material are constant, only the properties of material 
has influence on the flow of molten material, the change of the 
resistant force and so the injection molding pressure depends 
only on the flow behaviour of the material. In this way, one 
can get a similar capillary viscosimeter, in which the viscosity 
from the pressure against to the material flow can be estimated. 
And thus, from the standard deviation of pressure values, the 
homogeneity of feedstock can be determined as well. 

The relationship between the two parameters is linear (Fig. 4).
The describing equation of the relationship with 92% 

probability is given by Eq. (3):
y=2.2488x+56.287	 (3)
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This linear relationship between the two outputs shows, that 
one can get data about the homogeneity with the standard 
deviation of injection molding pressure of the feedstock 
produced with the given mixing parameters. 

2. Experimental
The primary standpoint of the experiment is to discover the 

connection between the homogeneity of feedstock and the 
quality of end product, and to determine the homogeneity 
at all. To reach this goal, different mixtures were made with 
different processes and amounts of components. 

To research the properties of homogenous feedstock, a 
design of experiment was made, using the MINITAB statistical 
software.

To analyse the main effects, the Plackett-Burman III 
resolution fractional factorial design of experiment was used 
[19,20,21]. Considering this, 4 factors were investigated at 
two levels: amount of flux material, mixing time, mixing 
temperature and the dosage of alumina powder during mixing.

In favor of control of reproducibility, repeatability and 
linearity, the centre point was repeated three times according 
to the design of experiment, and the full test was consisted of 
15 different runs. 

There were constant mixing volumes and weights run by 
run. The determination of the factor values was made by the 
operating levels and literature research. After the mixings, 5 
samplings were carried out for each run. 

3. Results and discussion
3.1 Determination of homogeneity
3.1.1 Results of capillary viscosimetry 

The most important properties of an injection molding 
feedstock are the viscosity and homogeneity. According to the 
literature review, the high quality feedstock has low viscosity, 
and the viscosity does not change within manufacturing 
batch, that means the viscosity has low fluctuation, it was 
homogenously mixed [22,23]. 

	 Fig. 4. 	 The determined relationship between the capillary viscosity and injection molding pressure
	 4. ábra	 A meghatározott lineáris kapcsolat a kapilláris viszkozitásmérés és a fröccsnyomás értékei között

The capillary viscosimetry measurements were carried aout 
by a laboratory Dynisco LMI 4000 type capillary rheometer, 
the measuring temperature was set to 68 °C, and the melting 
time was 360 seconds (Fig. 5). The measuring temperature was 
chosen to that of the temperature of injection molding of the 
test materials, to help the comparison of different test results. 
For the measurements, 3700 g pressing weight and 1.042 mm 
capillary diameter were chosen.

	 Fig. 5.	 Dynisco capillary rheometer (left) and  
the viscosity measurement of feedstock (right)

	 5. ábra	 Dynisco kapilláris viszkoziméter (balra) és  
a feedstock viszkozitás mérése (jobbra)

After the measurement, the equipment automatically 
displays the viscosity value based on the MFR (Melt Flow Rate). 
The measurements were repeated on five sapmles per batch, 
in this way the standard deviation values were possible to be 
determined. Fig. 6 shows the influences of input parameters 
on the standard deviation of viscosity – so the dependence of 
homogeneity on the input parameters of mixing.

It can be seen, that the flux material has the strongest effect 
on the homogeneity, so if more flux is added into the feedstock, 
the standard deviation of viscosity becomes lower. The flux is 
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a surfactant in the system, so if the amount of alumina powder 
and paraffin wax is increased, then the components can be 
mixed with each other more effectively. Consequently, the wax 
can be able to coat the alumina more, and this can decrease the 
powder-powder friction, and the focus is placed to the wax-
wax friction [24].

In addition, it can be observed, that the homogeneity is 
decreased with the increasing mixing time, but not so strong 
effect can be observed with the narrow variation intervals 
chosen, however, it is visible that with the increase of mixing 
time the components can mixed better with each other. 

The dosage of alumina shows weak negative effect, however, 
it would be logical that the homogeneity is increasing if the 
dosage of powder is increasing. It can be noticed that the 
results are probably distorted by the noise of applied dosage 
method, namely, if there were more steps of dosage then 
more stops appeared in the mixing process and it would have 
a negative effect on the homogeneity and the efficiency of 
mixing. Nevertheless, it can be concluded that the continuous 
mixing is more important than the dosage in more steps. The 
dosage in more portions with continuous mixing together can 
improve quality.

3.1.2 Results of density measurements
The method of density measurement was the following. 

Sample was placed into the sample holder with constant 
weight, measurement was performed with 20 psi constant He 

	 Fig. 6.	 Influences of input parameters on the standard deviation of viscosity 
	 6. ábra	 A feedstock viszkozitás szórásának függése az egyes bemenő paraméterektől

	 Fig. 7. 	 Influences of input parameters on the standard deviation of density 
	 7. ábra	 A mért sűrűség értékek szórása az egyes bemenő paraméterek függvényében

gas pressure. Before the test 90 cleaning rinse were applied to 
eliminate the stuck air particles in the pores and on the surface 
of feedstock. 

The equipment records 3 density values, and calculates the 
average of those. Five samples were taken and measured from 
the different feedstock runs, to be able to study the homogeneity 
of the composition of material from the standard deviation of 
the measurements. Fig. 7 shows the dependence of the standard 
deviation of density on the input parameters of mixing. 

It can be seen in case of this measurement method as well 
that the increase of flux material amount and mixing time 
results the standard deviation of density values to decrease, so 
the homogeneity of the feedstock increases. However, it can 
be seen here as well, that more steps of dosage does not result 
positive effect in the homogeneity, due to the same reasons 
mentioned above.  

3.1.3 Evaluation of injection molding pressure 
measurements

The value of pressure during injection molding would be 
theoretically equal to the other two measurements before, since 
this measurement is an alternative capillary viscosimetry on 
account of constant and fixed cross-section, temperature, material 
velocity and material properties. In this case, the resistance of 
material was also measured during forcing trough the capillary. 
As it was expected, the pressure results are comparable to the 
results of the other two measurements (Fig. 8).
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In this case as well, the amount of flux dominates, although 
in this case one could observe the highest positive effect of the 
mixing temperature on homogeneity. However, this effect is not 
significant enough to enunciate that the mixing temperature 
has an influential role on the homogeneity within the interval 
variation studied. 

3.2  Results of injection molding experiments

As a second step, after the determination of the homogeneity 
of different feedstocks, the injection molding was carried out. 
In this case the main question was the effect of homogeneity 
on the quality of the sintered end product, especially on the 
occurrence of cracks in the ceramic.

The samples of different runs were classified after the 
presintering and sintering processes, which results can be seen 
in Fig. 9. 

In this case as well, the positive effect of the amount of 
flux is noticeable. The explanation is the same as before: 
the homogeneity of feedstock was improved, hereby less 
separated component remained in the mixture (whether 
powder or paraffin wax), which can cause cracks, voids or any 
heterogeneity in the sintered end product [25,13,14]. The other 
three factors did not have any significant effect on the amount 
of cracked products within the variation interval studied, 
except for the weak positive effect of mixing time.  

4. Conclusions
The introduced test methods can be suitable to determine the grade 

of homogeneity of the ceramic injection molding raw materials.
With the defined mixing settings the homogeneity of raw 

material can be improved.
The flux material has the strongest effect on the homogeneity, 

since increasing the amount of this component can help 
homogeneous mixing of alumina powder and paraffin wax.

Increasing the mixing time has positive effect on the 
homogeneity of the material, but in a much less pronounced 
fashion than the amount of flux.

In the decrease of the amount of cracked ceramics, the 
mixing time and the amount of flux material were found to be 
the most effective input parameters.
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Kerámia fröccsöntési alapanyag homogenitásának 
vizsgálata és optimalizálása a végtermék  
repedési szívósságának fokozása érdekében
Jelen kutatásban a szerzők ahhoz, hogy meghatározzák 
az adott keverési feltételekkel és különböző bemenő 
komponens mennyiségekkel előállított kerámia fröccsöntési 
alapanyag homogenitásának fokát, kapilláris viszkozimetriát, 
sűrűségmérést, valamint fröccsöntési nyomásmérést 
alkalmaztak. Legfőbb megállapításképpen elmondható, 
hogy a folyósító anyag mennyiségének változtatása volt 
a legnagyobb hatással a homogenitás növelésére, mivel 
ez az adalék tudja elősegíteni az alumínium-oxid por és a 
paraffin viasz minél egyenletesebb elkeveredését. Továbbá, 
a keverési idő növelésének pozitív hatása van az anyag 
homogenitására, de sokkal kisebb mértékben, mint a 
folyósító szernek.
Kulcsszavak: alumínium-oxid por, paraffin wax, kerámia 
fröccsöntés, kapilláris viszkozitás, sűrűségmérés, feedstock
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Review of the Glasstec 2014 exhibition in Düsseldorf
Traditionally, the Glasstec is organized in every second year in Düsseldorf and is the largest Glass 
exhibition in Europe. Connected to this trade fare, numerous international conferences organized 
as well: Solar Meets Glass, International Architecture Congress and Engineered Transparency 
International Conference at Glasstec, which are located in the Messe Düsseldorf exhibition 
and congress centre. The last conference has been organized for the third time which was the 
destination of the authors besides of the Glasstec. Present report focuses on the novelties of the 
Glasstec exhibition in year 2014 and the international scientific conferences from the aspect of 
civil engineering.
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1. Bevezetés
Düsseldorf Észak-Rajna-Vesztfália szövetségi tartomány fő-

városa Németországban és az ország egyik jelentős pénzügyi és 
közlekedési központja. Ez is lehet az egyik oka, hogy hagyomá-
nyosan minden második (páros) évben itt rendezik meg Euró-
pa legnagyobb üveges szakmai kiállítását a Glasstec-et, mely az 
idén 2014.10.21-24. között került megrendezésre. A város ha-
tárához érve már óriás plakátokon (1.ábra) hirdetik a kiállítást 
és a pontos megközelíthetőségét. 

	 1. ábra	 Glasstec kiállítást hirdető óriás plakátok, Glasstec északi bejáró épülete.
	 Fig. 1.	 Glasstec exhibition advertising billboards, the north entrance of the Glasstec 

Trade Fair.

A Glasstec kiállításnak és konferenciáknak helyt adó ren-
dezvény is egyben, amelynek helyszíne a Messe Düsseldorf ki-
állítási és konferencia központ, a Rajna partján a város északi 
felén. A szakmai kiállításon felül a látogatók számára számos 
élményt kínál a város önmaga is pl. a sokszínű, dinamikusan 
fejlődő Medienhafen városrész bebarangolásával, az üvegek 
iránt rajongók részére a Stadttor (2.ábra) lenyűgözően transz-
parens és monumentális épületének megtekintését javasoljuk, 
amely szabadon látogatható. A düsseldorfi Stadttor (Városka-
pu) érdekes szimbiózisa az üvegnek, az acélnak, a fának és a 
kőnek. A tervezők (Petzinka, Pink und Partner) ügyeltek arra, 
hogy a tartószerkezeti elemek is láthatóak maradjanak, növelve 
az átláthatóságot [1]. További érdekessége az épületnek a kettős 
homlokzat, a belső homlokzaton bükkfa és üveg, a külsőn pe-
dig acél és üveg anyagok alkalmazása dominál. 

	 2. ábra	 Stadttor, Düsseldorf (jobb oldalon a 240.5 m magas Rheinturm tévétorony).
	 Fig. 2.	 City gate of Düsseldorf (right-hand side is the Rheinturm TV tower with 

height of 240.5 m).

Düsseldorf-Hafen magyarul a düsseldorfi régi kikötő egyko-
ri épületeinek helyébe, ill. azok modernizálásával, látványos 
posztmodern épületeket építettek (3.ábra). A kikötő nyugati 
részén még ipari területek találhatóak, ahová a jövőben high-
end lakóparkot terveznek építeni. 

 

	 3. ábra	 Bal oldali kép: Düsseldorf Medienhafen városrész látképe a Rheinturm 
tévétorony 170 m magasan lévő kilátó szintjéről (látható a híres 
épületegyüttes, melyet Frank O. Gehry építész tervezett); Jobb oldali kép: 
Rheinknie híd, (tervezője: F. Leonhardt).

	 Fig. 3.	 Left-hand side: View of Medienhafen in Düsseldorf from the Rheinturm at the 
level of 170 m (famous buildings designed by Frank O. Gehry); Right-hand 
side: Rheinknie bridge (designer: F. Leonhardt). 
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Düsseldorf környékének híres bronzszínű alkoholos sör itala 
az altbier, amely a helyi sörfőzők receptje szerint felső erjesz-
téssel készül: meleg erjesztést követően, hosszabb ideig hideg 
helyen tárolják, mert alacsony hőmérsékleten jobban tisztul.

2. Nemzetközi konferenciák  
a Glasstec rendezvényen

A Glasstec üvegipari kiállításhoz [2] számos nemzetközi konfe-
rencia kapcsolódik: Solar Meets Glass, International Architecture 
Congress és Engineered Transparency International Conference at 
Glasstec, amelyek helyszíne szintén a Messe Düsseldorf kiállítási és 
konferencia központ. Az utóbbi konferenciát, – amely a szerzők 
egyik úti célját is jelentette a szakmai kiállítás mellett, – immár 
harmadik alkalommal rendezték meg. A kétnapos konferenciára 
feljogosító jegy egyben ingyenes belépőnek számít ugyanazokon 
a napokon a Glasstec kiállítási részére is. Az említett konferenciák 
közül az Engineered Transparency áll legközelebb az építőmér-
nökök érdeklődési területéhez, melyen Jakab András (BME) is 
előadást tartott. A két nap alatt hozzávetőlegesen 70 db előadást 
hallhattunk, közel 200 résztvevő 26 országot képviselt (4. ábra).

	 4. ábra	 Engineered Transparency konferencia helyszíne.
	 Fig. 4.	 Venue of Engineered Transparency conference.

A Drezdai és Stuttgarti Műszaki Egyetemek által szervezett 
konferencia délelőtti megnyitói után két-két meghívott előadó 
számolt be a munkájáról, kutatásaikról illetve az üveg, mint 
szerkezeti anyag jövőjéről. Az első előadó Dr. Jan Knippers 
a Stuttgarti egyetem Szerkezettervezési Intézetének vezető-
je, aki „Transparency in construction through digital workflow” 
(Átlátszóság az építésben a digitalizált munkafolyamatok világá-
ban) címmel tartott előadást. John Kooymans Kanadából érke-
zett, hogy bemutassa északi-amerikai példákon keresztül olyan 
épületek tervezésének és építésének lebonyolítását, amelyek több 
sarkalatos műszaki kihívást jelentenek (Glacier Skywalk, Jasper 
Nemzeti Park, Kanada; Ismaili Centre, Toronto). Az amerikai 
Cristoph Timm „Glass works”, azaz „Üveg munkák” címmel tartott 
előadást a Skidmore, Owings & Merrill LLP (SOM) vállalat egy-
két nagyobb méretű projektjéről, középpontba helyezve az üveg 
szerepét és alkalmazási lehetőségeit, valamint figyelembe véve 
az új innovatív technológiákat a tervezésben és a kivitelezésben 
egyaránt (pl. Chhatrapati Shivaji nemzetközi repülőtér, Mumbai). 
Az előadó bemutatta a chicagói Skydeck üvegpárkányának terve-
zési szempontrendszerét, mozgatási és tisztítási lehetőségeit is. 
Winfried Heusler (Schueco, Németország) a jelen és a jövő üveg-
homlokzat fejlesztéseit mutatta be három példán keresztül, terve-
zési és kivitelezési szempontok alapján. A példák között szerepelt 
az isztambuli Reneszánsz Torony bonyolult geometriával rendel-
kező homlokzatrendszere, ahol a tervezésben egy új paraméteres 
rendszert alkalmaztak a geometriai optimalizáláshoz. 

Az előadásokat követően a konferencia három részre, külön 
előadó termekbe tagolódott, ahol a következő szekciókat lehetett 
meghallgatni: „Üveg és szerkezeti fa”; „Szerkezeti üvegek”; 
„Homlokzat és építészeti tervezés”. Az „Üveg és szerkezeti fa” 
szekció a két anyagnak az együttdolgozási lehetőségeit tárta fel. 
Több előadás is „I” tartók kísérleti vizsgálatával foglalkozott, ahol 
az „I” tartó övei fából, míg gerince üvegből voltak. Más kutatások 
arra irányultak, hogy miként viselkedik a két anyag együtt, ha a 
megszokott üveghomlokzat nem alumínium anyagú megtámasz-
tó rendszerrel dolgozik együtt (pl.: Schüco), hanem az alumíni-
um zártszelvényeket fára cseréljük ki. Ezen kutatásokban vizs-
gálták kísérletekkel a hőtechnikai tulajdonságokat, hőre történő 
alakváltozások hatásait, valamint statikai teherbíró képességeit 
is a szerkezeteknek. A „Szerkezeti üvegek” szekció meglehető-
sen változatos témákat vonultatott fel, mely szekcióban hazánkat 
képviseltük. Többek között szó esett több szempontból is egye-
dülálló központosan terhelt üvegoszlopokról, ahol kísérleti és 
végeselemes modellezéseket is végeztek (5. ábra).

	 5. ábra	 Engineered Transparency konferencia, „Szerkezeti üvegek” szekciója.
	 Fig. 5.	 Structural glass section of Engineered Transparency conference.

Sokan foglalkoztak a hidegen hajlított üvegek tulajdonsága-
ival is, a kiállításon bemutattak egy 2,4 m hosszú 0,8 m széles 
és 5 m-es rádiuszra hajlított üveget, melyre szenzorokat telepí-
tettek, felosztva a felületet cellákra és a terheléssel egy időben 
nagyméretű kijelzőn mutatták be a leginkább terhelt felületi 
cellákat az adott feszültségekkel együtt (terhelési próba volt pl.: 
személyek áthaladása; 6. ábra). 

 

	 6. ábra	 Integrált száloptikai szenzorokkal ellátott hidegen hajlított üveg.
	 Fig. 6.	 Cold bent glass with integration of fiber optic sensors.

A további kutatásokban az előadók vizsgálták többek között 
az alkalmazott fóliák hatását a maradó teherbírásra, valamint 
rendkívüli terhekre pl.: robbanás által keltett légnyomásra. „A 
homlokzat és építészeti tervezés” szekcióban előadást tartottak 
a felületi paraméteres tervezési rendszerekről, az akusztikai 
tulajdonságokról és a hangterhelés csillapítási lehetőségeiről, 
valamint szó volt az üveghomlokzatok által áteresztett fény és 
átláthatóság tervezéséről is. A konferencia rendkívül sokszínű 
volt, hiszen a kísérletező tudományos kutatások mellett szak-
mai felüdülésnek számított a megvalósult ultramodern illetve 
a jövőben tervezett épületek bemutatása is. 
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A konferencia nyitónapjának estéjén a Glasstec aznapi zárása 
után egy exkluzív körútra invitálták a konferencia résztvevő-
ket, ahol a Stuttgarti Műszaki Egyetem által kiállított feszített 
üveghídról is tartottak egy rövid előadást, habár a kiállítás 
idejében le volt zárva, a konferencia résztvevők ráléphettek az 
üveghídra, amely növelte az üveggel szembeni személyes meg-
bízhatósági tapasztalatainkat is.

Két év múlva rendezik meg ismét az Engineered Transparency 
konferenciát 2016. szeptember 20–21-én szintén párhuzamosan 
a Glasstec kiállítással. A bővebb tájékoztatás érdekében a konfe-
rencia honlapját tudjuk ajánlani: www.engineered-transparency.eu 
[3] valamint az idei konferencia kiadványt (ISBN 978-3-86780-
402-8), melyben a korábban említett témák még bővebben, ala-
posabban is tanulmányozhatóak.

3. Üvegipari újdonságok és modern 
üvegszerkezetek a kiállításon

A kiállítás a különféle szakterületek szerint, tematikusan 
tagozódott, átfogó és színes képet nyújtott a termékek, meg-
munkálási technológiák és szolgáltatások területén. Az „Intel-
ligens üvegek” témakörében bemutatásra kerültek az üvegipari 
fejlesztések, intelligens épülethéjak, homlokzat és energia va-
lamint divatos elnevezésén az „üveg design”. Hangsúlyos té-
makörök voltak: az üveggyártás folyamatának optimalizálása 
és a termékminőség; vékony üvegek gyártása (megmunkálási 
és erősítési technológiák); innovatív üvegek az építésben (pl. 
funkcionális bevonatok, többrétegű hőszigetelő üvegek, nap-
elemek, hajlított üvegek, ki/be kapcsolható üvegek), műszaki 
üvegek (pl. LED, LCD, száloptika, sugárzásvédő üvegek); cso-
magolóipari üvegek (pl. gyógyszerészeti és laboratóriumi üve-
gek); kézműves üvegtermékek; üvegek újrahasznosítása. 

A következő alfejezetekben a mérnöki üvegszerkezetnél is 
fellelhető üvegipari újdonságokat mutatjuk be.

3.1. Vékony üvegek
Üvegipari újdonságként mutatkozott be Xensation® Cover 

néven a SCHOTT kémiailag edzett alumínium-szilikát üvege 
(7. ábra). A kémiailag edzett üveg különösen nagy hajlító szi-
lárdsága lehetővé teszi vékony üvegek (pl. 0,56 mm) gyártását 
is. Jellemzően nagy a karcolással szembeni ellenállása és tartós-
sága. A tiszta, igen vékony átlátszó üveg felhasználási területe 
jelenleg a magas ára miatt inkább csak a kijelzők üvegezésénél 
terjedt el. Véleményünk szerint a mérnöki alkalmazásokban 
külső héjként valamint védőréteg szerepét töltheti be a jövőben 
pl. a laminált üvegek területén (8. ábra).

	 7. ábra	 SCHOTT kémiailag edzett alumínium-szilikát üvege.
	 Fig. 7.	 Chemical strengthened alumina-silicate glass from SCHOTT.

	 8. ábra	 Vékony laminált üvegek alkalmazása: mozgatható, összecsukható tető, Gorilla 
Glass, Corning Incorporated, USA (egy réteg vastagsága 0.7 mm; a laminált 
üveg: 5 kg/m2).

	 Fig. 8.	 Application of thin laminated glass: movable, foldable roof, Gorilla Glass, Corning 
Incorporated, USA (thickness of a layer: 0.7 mm; weight of laminated glass: 5 kg/m2).

3.2. Nagyméretű üvegek
A kiállításon nagy feltűnést keltettek a szokványos gyári 

alapüvegek Jumbo méretét is meghaladó különlegesen nagymé-
retű üvegek. A SEDAK GmbH & Co. KG (Németország) kiállí-
tott 3,2 m × 14 m-es üvege, többrétegű és keramikus digitálisan 
nyomtatott bevonattal mintázott is volt egyszerre. A cég a fej-
lesztései és beruházásai eredményeképpen ma már képes ilyen 
nagyméretű üvegek edzésére, laminálására és felületi mintázá-
sára 3,2 m × 15 m üveg méretig.

	 9. ábra	 Nagyméretű laminált üvegek, Sedak cég terméke.
	 Fig. 9.	 Large-scaled laminated glass, product of Sedak Ltd.

NorthGlass (Kína) is kiállította a 3,0 m × 11,2 m nagyméretű 
üvegét, mely 2×12 mm vastag, biztonsági laminált üveg volt ún. 
low iron HS 70 bevonattal ellátva. A NorthGlass cég által gyártott 
legnagyobb elérhető üvegméret a 3,3 m × 18,0 m. Tájékoztatásul 
megjegyezzük, hogy a kiállított üveg tömege 2 tonna!

	 10. ábra	 NorthGlass cég Low-E HS hőszigetelő üveg terméke.
	 Fig. 10.	 Low-E HS insulation glass, product of NorthGlass Ltd.

A Glas Marte Gmbh (Ausztria) bemutatta a világon egyedül-
álló önhordó, hidegen alakított hőszigetelő üvegét (11. ábra), 
mely kétoldali megtámasztással akár 12 m fesztávot is képes 
áthidalni. Ezt úgy tudták elérni, hogy hidegen hajlított vékony 
membrán üvegrétegek között, optimalizált és egyben szabadal-
maztatott geometriájú távtartókat alkalmaztak.
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Megjegyezzük, hogy az ilyen 
nagyméretű üvegek mozgatása, 
szállítása és beépítése rendkívüli 
körültekintést igényel az építésben 
résztvevő minden féltől, továbbá 
korszerű, gépesített anyagmozgatás 
is szükséges. A csomópontok ki
alakításánál a nagyméretű üvegek 
hőmozgásaira is megfelelő figyel-
met kell szentelni.

3.3. Feszített szerkezetek
Transzparens üvegszerkezetek fej-

lesztésében vesznek részt közösen 
és mutatták be a Drezdai Műszaki 
Egyetem Épületszerkezeti Intéze-
tének valamint a Thiele Glas Werk 
és KL-megla GmbH munkatársai 
a feszített tartószerkezetüket. Az át-
látszó üvegszerkezetek fejlesztéseit 
a Német Gazdasági és Energiaügyi 

Minisztérium is kiemelten támogatja. A kiállított 1,2 m széles, jár-
ható feszített üvegszerkezet 9 m-es fesztávú, melyet a két oldalán, 
2×2×12 mm-es VSG üveglapok között futó 24 mm-es átmérőjű 
sodronykötél feszített alá (12. ábra). A feszítés hatására a húzott 
üveg élbe bevitt nyomó igénybevétel segítségével teherbírás növek-
ményt sikerült elérniük. Az esetleges tönkremenetelkor, a feszítőká-
belek hatására a szerkezet maradó teherbírása is kedvezően alakul.

 

	 12. ábra	 9 m-es fesztávú járható feszített üvegszerkezet.
	 Fig. 12.	 Prestressed glass bridge with 9 m span.

3.4. Tenzigrid szerkezetek
A TVT GmbH és a Pizai Egyetem közösen mutatták be szabadal-

maztatott üvegtartójukat, mely elnevezése „Trave Vitrea Tensegrity” 
(13. ábra). A tartó előfeszített acél kötelek által tartott síküveg la-
pokból épült fel, abból a célból, hogy az üvegben ébredő húzófe-
szültségeket csökkenteni tudják. A szerkezet megfelel a biztonságos 
tervezési alapelveknek, mivel e több elemből felépülő rendszerben 
kicsi a valószínűsége annak, hogy egyszerre több elem tönkreme-
netele is bekövetkezzen, így egy-egy elem esetleges teherbírásának 
kimerülése nem veszélyezteti a tartó egészét és az kellő maradó 
teherbírással rendelkezhet. Véleményünk szerint az elgondolás 

	 11. ábra	 Membrán  
hőszigetelő üveg.

	 Fig. 11.	 Insulating glass 
membrane.

helyes, azonban némileg ellentmondásba ütközünk, a jelenlegi 
tendenciákat megfigyelve, mely az egyre növekvő méretű üvegeket 
preferálja. A fejlesztők a kiállításon vízszintes és függőleges üveg 
teherhordó szerkezetek prototípusait is bemutatták (14. ábra).

	 13. ábra	 „Trave Vitrea Tensegrity”.
	 Fig. 13.	 „Trave Vitrea Tensegrity”.

	 14. ábra	 Térbeli üveg elemekből felépülő oszlop.
	 Fig. 14.	 Column made up from spatial glass elements. 

3.5. Lamináló anyagok a maradó teherbírás tükrében
Az egy rétegű üveg rideg anyag, tönkremenetelét követő-

en maradó teherbírással nem rendelkezik. Az építési üvegek 
szerkezetekben való alkalmazásakor, a maradó teherbírás biz-
tosítása sarkalatos pont a mérnökök számára. Az előző fejeze-
tekben bemutatott szerkezeteknél is e kérdést helyezik a közép-
pontba a fejlesztésekkor. A laminált üvegek esetében a megfelelő 
maradó teherbírás eléréséhez kellő szívóssággal és szakítási jel-
lemzőkkel bíró lamináló anyagok kiválasztása nagyon fontos. A 
kiállításon számos lamináló anyag gyártó bemutatkozott, azon-
ban a faraone cég (Olaszország) a SentryGlass® Plus (SGP fólia) 
és az XLAB fóliával gyártott termékein, példával is illusztrálta a 
fóliák hatását a laminált üvegek maradó teherbírására (15. ábra).

	 15. ábra	 Előtető üvegezésének tönkremenetelt követő viselkedése a különféle lamináló 
fóliák hatására (legfelül: SGP+40 kg/m, középen: XLAB+80 kg/m, alul: 
szokványos fóliák).

	 Fig. 15.	 Post facture behaviour of glass canopy with use of different interlayer foils 
(in the top: SGP+40 kg/m, in the middle: XLAB+80 kg/m, in the bottom: 
conventional foils)
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3.6. Fejlesztések a privát szféra védelmében
Az üveg, mint építőanyag egyik legfontosabb tulajdonsága az 

átlátszósága, ill. transzparenciája. E tulajdonsága sok esetben elő-
nyös (pl. természetes fény belső térbe juttatása), azonban néha ne-
gatív tulajdonság is lehet, amennyiben a külső szemlélődők nem 
kívánt tekintetébe ütközünk és az átláthatóság a saját személyes, 
privát szféránkat is zavarhatja. Az üveget belső térelhatárolókban 
alkalmazva gyakran úgy érezhetjük, hogy eltűnt a privát szféránk 
és feszélyezve érezhetjük magunkat, ill. bizonyos eseményeknél pl. 
tárgyalások, pénzügyi tranzakciók bonyolításához szükséges lehet 
a beláthatóság kiküszöbölése, akár ideiglenesen is. Erre a feladatra 
fejlesztették ki a funkcióját tekintve ki/be kapcsolható üvegezéseket 
(16. ábra), melyet a kiállításon számos cég bemutatott. Az ún. LC 
filmben lévő kristályok (liquid crystal = folyadékkristály) feszült-
ség hatására egy irányba rendeződnek és ezáltal a filmréteg átlát-
szóvá válik. Újdonságnak számított a funkcionális termékcsalád-
nál az egy üvegtáblán belül, több szakaszra oszthatóan működő, 
akár automatizált ki/be kapcsolási lehetőség (17. ábra).

	 16. ábra	 DMDisplay ki/be kapcsolható üvege.
	 Fig. 16.	 Off/on switchable glass, product of DMDisplay.

	 17. ábra	 Részlegesen ki/be kapcsolható üvegezés.
	 Fig. 17.	 Partially off/on switchable glass.

3.7. „Játékos” üvegek, lézertechnológia
A kiállítás legszínpompásabb csarnoka az üvegművészeti 

alkotásoké volt, ahol a játékos formáktól az ötletesen kivitele-
zett síküveg lapokból összeállított térbeli alkotásokig minden 
fellelhető volt (18-19. ábrák). Manapság, nem jelent technikai 
akadályt, hogy az üveglapok belsejében alkosson a művész 
mintázatokat, mivel a lézertechnológia segítségével ma már 
akár ipari méretekben is lehetséges. A mérnökök számára köz-
tudott, hogy az üveg felületére felvitt mintázatok – akár savma-
ratással, homokfúvással vagy a beégetett keramikus bevonatok 
– csökkentik az üveg szilárdságát. Kérdés merül fel, hogy az 
üvegszerkezeteknél, üveg térelhatárolóknál a jövőben alkalma-
zott pl. lézertechnológiával, az üvegek belsejébe bevitt mintázat 
milyen hatással van az üveg szilárdságára?

	 18. ábra	 Belugát ábrázoló sík üveglapokból álló térbeli alkotás (JYC).
	 Fig. 18.	 Spatial glass art consisting of plane glasses, illustrating a beluga whale (JYC). 

	 19. ábra	 A „betonos szíveket” is megmelengető üvegművészeti alkotások.
	 Fig. 19.	 Glass art which can warm the heart of a concrete expert as well.

4. Kitekintés
A Glasstec-el szorosan együttműködnek más konferenciák 

is, amelyek hirdették magukat pl.: GPD (Glass Performance 
Days). A GPD konferencia sorozat, szintén világszinten hir-
deti és reklámozza az üveget, mint építőanyagot. A GPD 2015 
szervezői Düsseldorfban is jelen voltak és az óvárosban biztosí-
tottak lehetőséget a kiállítóknak és cég képviselőknek valamint 
a konferencia résztvevőknek, hogy oldottabb körülmények 
között teremthessenek (üzleti) kapcsolatokat az ún. GPD Pub-
ban, melynek kötetlen hangulatát mi is élvezhettük.

A 2014. évi Glasstec körültekintő szervezői arról is gondoskod-
tak, hogy a telefonokra a Glasstec-hez kapcsolódó alkalmazást is 
le lehetett előzetesen tölteni, hogy a keresett standok illetve cé-
gek pozícióját könnyedén beazonosíthassák a látogatók. Az al-
kalmazás a cégkeresőn kívül még részletesebb információkat is 
tartalmazott pl.: a cégprofilról, elősegítette, hogy minden látogató 
eljusson az érdeklődési körének megfelelően a kiállító cégekhez.

A szerzők remélik sikerült az olvasók figyelmét e beszámoló-
val felkelteni a két évente Düsseldorfban megrendezésre kerülő 
Glasstec-re, és mások is kedvet kapnak és ellátogatnak a nem-
zetközi kiállításra és konferencia rendezvényre. 
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Welcome to ic-rmm2  
We are pleased to announce the organization of the 
2nd INTERNATIONAL CONFERENCE ON RHEOLOGY AND 
MODELING OF MATERIALS to be held near city Miskolc 
in mountain Bükk  in one of the most beautiful places of 
Hungary in Hunguest Hotel Palota Lillafüred, October 
5-10, 2015.
The idea to organize in Hungary the 2nd International 
Conference on Rheology and Modeling of Materials we 
have received from prospective scientists, physicists, 
chemists, mathematicians and engineers from Asia, 
Europe, North and South America including China, 
India, Japan, Korea, Russia, Turkey, Estonia, France, 
Italy, United Kingdom, Chile, Mexico, USA. As organizers 
we hope that you will attend on ic-rmm2 and we are 
looking forward to welcome you on this international 
conference in Miskolc-Lillafüred, Hungary. Event  
ic-rmm2 is sponsored by several universities, scientific 
journals, societies and organizations around the World.

The objectives  
The aims of the 2nd International Conference on Rheology and Modeling of Materials are the fostering of 
interdisciplinary collaboration and interaction among scientists, researchers, PhD students as well as product 
and technology developer engineers. The international conference ic-rmm2 provides a platform among leading 
international scientists, physicists, chemists, mathematicians, researchers, PhD students and engineers for discussing 
recent achievements in measurement, modeling and application of rheology in materials technology and materials 
science of liquids, melts, solids, powders, crystals and amorphous structures. 
Among the major fields of interest are the influences of temperature, mechanical stresses, deformation speeds and 
times on rheological properties, material structures and phase transformation of foams, emulsions, suspensions, liquids, 
powders, crystals, foods, cosmetics, polymers, plastics, petrochemicals, melted metals, glass and competitive materials 
like nanomaterials, pharmaceuticals, medical- and biomaterials, ceramics, films and coatings, advanced metal alloys, 
composites, hetero-modulus, hetero-plastic and hetero-viscous complex material systems, hybrid materials, … etc. 
Multidisciplinary applications of rheology as well as mechanical and rheological modeling in material science and 
technology encountered in sectors like food, bio- and medical materials, ceramics, glass, thin films, polymers, 
clays, construction materials, energy, aerospace, automotive and marine industry. Rheology in physics, chemistry, 
medicine, biosciences, cosmetics, environmental and earth sciences and in engineering and industries are of particular 
interests.

Further information can be obtained from Prof. Dr. László A. Gömze by e-mail femgomze@uni-miskolc.hu

ic-rmm2
2nd INTERNATIONAL CONFERENCE ON RHEOLOGY

AND MODELING OF MATERIALS
in Miskolc-Lillafüred, Hungary, 5-10 October, 2015.
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Applications

The steel industry produces not only metal, but also a by-product 
which has been successfully used in many construction or agriculture 
applications. Nowadays, about 87 wt% of ferrous slag produced in 
Europe is used for building purposes. Using slag instead of natural 
materials is a sustainable alternative with high durability in several 
applications.

Slag is...

… proven over centuries. From the beginning of the Iron Age, 800 B.C., 
through the invention of the blast furnace process in the 18th century, 
slag products have been successfully marketed and put to beneficial 
use.

... ecological and intelligent.  With various techniques for further 
processing, slag is prepared for a wide range of applications - as 
building materials or fertilisers. Through recycling, a portion of the 
steel slag is reused in the blast furnace as calcium and iron bearing 
material.

... for roads. Slag is exceptionally well suited for road construction: 
as porous asphalt and as other construction materials with positive 
characteristics like durability and high skid resistance.

... for bridges. Slag is used for demanding construction projects such as 
bridges and skyscrapers.

... for waterways. In hydraulic engineering – such as in building locks, 
river bottoms and bank reinforcements – slag is a proven material.

... as fertiliser. Slag products have been successfully used as fertilisers 
for generations.

The use of slag is ecologically sound and economically smart.

The European Association representing
metallurgical slag producers and processors

Building Materials Institute, FEhS – Institut für Baustoff-Forschung e.V.
Bliersheimer Strasse 62, 47229 Duisburg-Rheinhausen, Germany
Phone     +49.2065.9945-0 Fax         +49.2065.9945-10
E-Mail     info(at)euroslag.org  http://www.euroslag.com

From roads to fields, 
slag is safely used  
in a wide range of 
activities with high 
quality expectations.

“Porous asphalt” designed for noise 
reduction

Rheinkniebrücke in Düsseldorf, Germany

Steel slag asphalt used on heavily traf-
ficked road
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Sustainability & the Environment
Glass is a sustainable, fully recyclable material which provides great environmental benefits such as contributing to mitigating climate change 
and saving precious natural resources. It is also highly appreciated in many applications for its inert nature and its contributions to safeguarding 
people’s health and well being.

Mitigate climate change
In many of its application glass can help to save energy. It is most obvious in the case for insulating glass for windows and facades but also for 
less known products such as weight-lightening reinforcement glass fibre used in automotive, aviation and other transport modes to reduce 
the weight of vehicle and their fuel consumption.
Glass is also used to generate renewable energy through solar-thermal and photovoltaic applications and wind turbine, which largely profit 
from light weight reinforcement glass fibres.

Save natural resources
Glass is a resource efficient material which is made of abundant natural raw material such as sand and glass waste (cullets). Glass is a fully 
recyclable material that can be recycled in close loop over and over again.
This is particularly true for glass bottles which on average have a recycling rate varying from 50% to 80%. Thanks to glass recycling, significant 
amounts of raw materials are saved and natural resources are preserved. Glass recycling also helps in saving energy as cullets melt at a lower 
temperature than raw materials. Consequently, less energy is required for the melting process.
In other glass sectors, considerable efforts are made to recycle glass after use even though each sector has its own specialities and quality 
requirements. The amount of solid waste produced by the glass industry during manufacturing is extremely low as almost all glass waste 
(cullets) are immediately recycled and put back to furnaces to serve as raw material.

Safeguard people’s health and well-being
Glass is among the preferred materials not only for its aesthetics but also for its own characteristics. Glass preserves taste and vitamins. As 
an inert material, it guarantees that food and beverages placed in glass containers are not stained by the packaging. It is also commonly used 
in the pharmaceutical industry to preserve the properties of medicines. In another side of the medical sector, optical glass helps improve the 
vision of millions of Europeans.
In construction as well, architects not only use large glazed areas for their energy-saving properties but also because they provide natural 
light into buildings which enhance living and working conditions of occupants. Studies show that glass in buildings, through all these benefits, 
contribute to people’s well-being and improved health conditions.

Contact us

Avenue Louise 89 / 5, B-1050 Brussels | info@glassallianceeurope.eu | www.glassallianceeurope.eu
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