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A b s t r a c t

The research focuses on the issues concerning a process of multiphase liquids transport in gran-
ular porous media driven by the capillary pressure. The current publication is meant to introduce 
the results of experimental research conducted to evaluate the kinetics of imbibition and emulsions 
behavior inside the porous structures. Moreover, the influence of dispersed phase concentration 
and granular media structure on the mentioned process was considered. The medium imbibition 
with emulsifier-stabilized emulsions composed of oil as the dispersed phase in concentrations  
of 10 vol%, 30 vol%, and 50 vol%, was investigated. The porous media consisted of oleophilic/hydro-
philic beads with a fraction of 200–300 and 600–800 μm. The experimental results provided that 
the emulsions imbibition in such media depended strong on its structure compare to single-phase 
liquids. The increase of the dispersed phase concentration caused an insignificant mass decreasing 
of the imbibed emulsions and height of its penetration in a sorptive medium. The concentrations 
of the imbibed dispersions exceeded their initial values, but reduced with permeants front raise in 
the granular structures that can be defined as the influential factor for wicking process kinetics.

Symbols
As – cross-section area of a porous medium, m2,
Df – pore fractal dimension, –,
db – average diameter of beads in a granular medium, m,
dt – diameter of a tube, m,
fn – fragment of a porous medium, m, 
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gmail.com



86 Olga S. Shtyka et al.

Technical Sciences 21(2) 2018

hc – height of a liquid front in a capillary, m,
him – imbibed liquid height, m,
hm – height of a porous medium, m,
hmax – maximal height of an imbibed liquid, m,
mim – imbibed liquid mass, kg, 
Ls – distance in the flow direction, m, 
K – proportionality coefficient, m2, 
kkc – Kozerny constant, –,
rav – average pore radius of the investigated porous medium, m,
rc – radius of a capillary, m, 
rh – hydraulic radius, m,
rmax – maximum pore radius, m,
rp – radius of pore, m,
Sin – initial saturation, –,
Sim – medium saturation after imbibition, –,
tim – time of imbibition, s,
φd – initial dispersed phase concentration, vol%,
φim – dispersed phase concentration of an imbibed emulsion, vol%, 
ε – porosity of a medium, –,
ρ	 – density of a wetting liquid, kg/m3,
δ – pore shape parameters, –,
η – viscosity of permeant, Pa∙s, –,·
σ – surface tension, N/m,
θ – contact angle between a penetrating liquid surface and pore surface, 0°,
ψ	 – angle formed between an inclined tube and free liquid surface, 0°,
λe – average length of a permeant path, m,
τ	 – tortuosity of the pores in a medium, –,
HLB – hydrophilic-lipophilic balance.

Introduction

A porous medium consists of a matrix as skeletal portion and an intercon-
nected or unconnected network of capillary channels, which are usually char-
acterized by an irregular shape, the different size and structural organization. 
One type of porous structures is the granular media, which can characterized 
with the different porosities, dimension and shape of particles (kOWaLSki 2004, 
StrzeLecki et al. 2008, MaSOODi, PiLLai 2010). The representatives of such 
media can be the void systems of soil, sands and sandstones, sorbent composed 
of silica gel, concrete specimen composed of vermiculite, etc. (chatterJee,  
GuPta 2002, MaSOODi, PiLLai 2010, carbaJO et al. 2015). Over the last decades,  
a lot of researches have focused on the liquids flow through porous structures.  
The process of liquids transport driven by the capillary pressure and balanced 
by viscous drag force and gravy acceleration, is known in literature as the spon-
taneous imbibition or wicking (kOWaLSki 2004, MaSOODi et al. 2007, MaSOODi, 
PiLLai 2010). The suction pressure derives as a result of pore walls wetting 
with a permeant due to interchanging of their surface energies. The imbibition 
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occurs in case when an adhesion predominates a mutual force of attraction 
between molecules in a permeating liquid (ChatterJee et al. 2002, MaSOODi 
et al. 2007, MaSOODi, PiLLai 2010). 

The prediction of the imbibition process in porous media is of the practical 
importance thanks to its relevance as a fundamental phenomenon in numer-
ous industrial technologies and nature. Presently, there has been a continuous 
discussion concerning the single-phase liquids wicking in the different porous 
media and its mechanisms (SiebOLD et al. 2000, ZhMuD et al. 2000, HaMraOui, 
NyLanDer 2002, Xue et al. 2006, MaSOODi et al. 2007, MaSOODi, PiLLai 2010). 

The equation firstly suggested the analytical explanation of a liquid rise 
in the capillary is known as the Lucas–Washburn equation, but its relevance 
is extended to describe a process of the porous media imbibition. However, the 
model application for such a reason has a set of limitations connected with dis-
regard of the influential factors (ZhMuD et al. 2000, FrieS et al. 2008, MaGGi 
et al. 2012). On the other hand, there are the numerous efforts to modified the 
mentioned equation due to capturing the constitutive issues such as a mean pore 
radius (HaMraOui, NyLanDer 2002, Benavente et al. 2002, MaSOODi et al. 
2007), tortuosity and shape of pores (Benavente et al. 2002, Yu 2008, Zhao, 
Li 2009, Cai et al. 2012, 2014), changes of contact angle (HaMraOui, NyLanDer 
2002, SiebOLD et al. 2000, Chebbi 2007, DiGiLOv 2008), roughness of pores 
wall (Martic 2003, Liu 2014), surface tension (HaMraOui, NyLanDer 2002), 
and a permeant viscosity (SiebOLD et al. 2000, Xue et al. 2006, DiGiLOv 2008). 

The influence of the dynamic contact angel was studied in the work of SiebOLD 
et al. (2000) by means of model experiments with capillary rise of the organic 
single-phase liquids in a glass cylinder tube and in columns filled with powders. 

The experiments concerning water and ethanol rise in the vertical glass 
capillaries differed with a radius (0.4–1 mm) was performed and analysed in the 
publication of haMraOui and nyLanDer (2002). The obtained results allowed 
to represent a model, which considered the energy dissipation caused mainly 
by gravity and surface tension during a liquid rise. To account these influential 
factors, the introduction of a retardation coefficient was proposed (HaMraOui, 
NyLanDer 2002).

Another model for description of the single-phase liquid penetration rising in 
a capillary considered the hydrostatic effects (Xue et al. 2006). The short-time 
and long-time analytical solutions for the dynamics of a fluid penetration in  
a capillary was also discussed (Chebbi 2007). MaSSODi et al. (2007) compared 
the adequacy of capillary and energy balance models with Washburn equation 
using independently measured parameters. The effect of a permeant viscosity 
and dynamic contact angle on the liquid rise dynamics in a vertical capillary 
was investigated experimentally and debated in the work of DiGiLOv (2008). 
To conclude, a majority of the reviewed previously models considered mostly 
interaction on the border of solid-liquid and gas-liquid phases. 
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The model initially based of LWE and modified by the correction fac-
tors relating to porous media structure such as the pore shape, i.e. round-
ness, its effective radius, and tortuosity was used to predict the weight rate  
(Benavente et al. 2002). There is another approach related to the spontaneous 
imbibition of a wetting permeant into gas-saturated porous media consisting  
of a complex structure of pores based on their fractal geometry (Yu 2008, Zhao, 
Li 2009, Cai et al. 2012, 2014). The mentioned models allowed to characterize 
the imbibition process in a variety of the porous media, i.e. rocks, soil, fibrous 
material and bio-structures, etc. (Benavente et al. 2002, Yu 2008, Zhao, Li 
2009, Cai et al. 2012, 2014). 

To conclude spontaneous imbibition in porous media is a complex physical 
process, which depends on numerous parameters and in the recent publications 
there is a great deal of the mathematical models to predict this phenomenon. 
However, the issue regarding the porous structure imbibition with liquids com-
posed with several phases has not yet been fully investigated experimentally 
and described by theoretical models. 

Thus, the present work focuses on a study of the kinetics of granular 
structures imbibition with two-phase liquids such as oil-in-water emulsions.  
In the current publication, there is a discussion of the hypothesis that the porous 
media imbibition with the multiphase permeants differs considerably from the 
process with single-phase liquids, and its validation using the obtained exper-
imental results. Such a deviation can relate to the obstruction of penetration 
path by the dispersed phase. The dependence of imbibition rate on the emulsions 
properties, i.e. the fractional composition, viscosity, and structure of the granular 
porous media was also currently considered. 

Materials and methods

In these experiments, the object of investigation was a granular medium 
consisting of spherical hydrophilic/oleophilic grains. The beads were produced 
and obtained from “Alumetal-Technik” (Lodz, Poland). The porous structures 
differed by a size of the particles diameter, which was in a range of 200–300 
and 600–800 μm. The bulk density was equal to 1621±5.2 and 1728±1.2 kg/m3. 
The porosity of prepared media was 0.36±0.011 and 0.37±0.013, respectively.

The wicking liquids were oil, distilled water and their stabilized emul-
sions with the different dispersed phase concentrations, i.e. 10 vol%, 30 vol%,  
and 50 vol%. The oil-in-water emulsions were prepared by means of mechanical 
stirring during 600 s. The vegetable oil was produced by EOL Polska Sp. z.o.o., 
Poland. The used non-ionic emulsifier was Rokacet O7 (PCC Exol SA, Poland) 
composed of ethoxylated oleic acid. The fraction of the emulsifier equalled 2 vol%. 
The emulsions components properties are given in Table 1.
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Table 1
Physicochemical characteristics of the basic liquids (T=23±1ºC)

Component Viscosity 
[mPa·s]

Surface tension
[mN/m]

Density 
[kg/m3]

HLB*
[–]

Contact angel 
[degs]

Dispersed phase 53.2±0.4 32 ±1.7 922±1.6 –  22.4±2.1
Emulsifier  50.2±0.6  36 ±1.8 908±2.7 10.6  24.3±2.7

* HLB – hydrophilic-lipophilic balance

The density of liquids was measured using the pycnometric method.  
The prepared dispersions differed from each other by density, thus, for 10% 
emulsion it was 990.1±1.31 kg/m3, in case of 30% one, it was 973.9±1.43 kg/m3. 
For emulsions with the dispersed phase concentration of 50%, density equaled 
959.1±2.18 kg/m3. The surface tension was defined by means of a tensiometer 
KRÜSS K100 (KRÜSS GmbH, Germany). The viscosity of permeating liquids was 
measured by a shear rheometer Bohlin CVO-120 (Malvern Instruments, UK). 

The kinetics of the imbibition process evaluated as changes of the imbibed 
emulsion mass and the height of its front penetration versus time. They were 
investigated using the classical wicking test, during which the porous medium 
was directly submerged in a liquid. The used experimental stand is shown 
schematically in Figure 1.

dt

fn

f2

f1

4

1

5

3

2

hmax

h
m

h
im

Fig. 1. Scheme of the experimental stand: 1 – reservoir with a liquid,  
2 – tube with a diameter dt, 3 – dry granular bed in a tube, 4 – balance, 5 – fixator of a tube
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The process was observed and followed till the equilibrium state achieving 
when  the mass changes became negligible small, i.e. less than 0.001 g per 300 s.  
After the imbibition test, in the obtained samples the concentrations  
of the imbibed emulsions were defined at certain heights of liquids penetration, e.g.  
f1, f2 ... fn, as in Figure 1. The nephelometrical method was used to measure such 
concentrations by means of the optical analyser TurbiscanTM LAB (Formulac-
tion, France). The mentioned methods have been reported in details elsewhere 
(Sęk et al. 2015, Shtyka et al. 2016).

All experiments were performed at the temperature of 23±1ºC and atmo- 
spheric pressure. Three independent replications were conducted for each type 
of liquids and their mean value was considered as the obtained result.

Results and Discussion

Changes of imbibition kinetics versus time 

The kinetics of imbibition process as mentioned previously, was character-
ized as the changes of wicked emulsion mass mim and height of its penetration 
him as a function of time tim. The obtained results on the mass variation are 
represented in Figure 2. The highest mass of the imbibed liquid was observed 
for water, i.e. 25.2 10–3 kg. Among the investigated two-phase liquids it was 
obtained in case of emulsions with the lowest dispersed phase concentration, i.e. 
φd =10 vol% for both granular media (Figs. 2a and 2b). In contrast, the lowest 
one was derived for oil, i.e. ~9.5 10–3 kg (Fig. 2). The tendency of imbibition 
was the similar for both investigated granular media, but higher values of the 
mass were obtained in case of a bed with particles diameters of 200–300 μm.  
Consequently, the increase of beads size caused the decrease of imbibed mass. 
Thus, for emulsions the mass value reduced twice, for water by about 30% and 
only for oil such difference was negligibly small (Fig. 2). 

To summarize, the emulsions imbibition in the granular media considera-
bly differed from the process of their pure components wicking, and depended 
strongly on the hydraulic radius of pores. The difference between the masses  
of imbibed emulsions was lower than 1.1 g, thus, the initial concentration  
of the dispersed phase is considered as a less significant factor.

Figure 3 represents the comparison of the obtained results related to the 
height changes versus time. In this case, the beads and consequently, pores radius 
were proved to be the influential parameter. As shown on the graph, the highest 
values were observed for a bed with smaller particles diameter, i.e. 200–300 μm 
(Fig. 3). The maximal value of experimental data error was equal to 3.8% for  
a medium with beads diameter of 200–300 μm, and up to 10% for another type.
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Fig. 2. Changes of wicked liquid mass mim versus time tim during emulsions imbibition in 
granular media with beads diameter of: a – 200–300 μm, b – 600–800 μm

The maximal height of emulsions penetration depended on the initial dispersed 
phase concentration in case of granular diameter of 200–300 μm (d1 in Fig. 3). 
Thus, for 10% emulsion such value was the highest and equalled 0.083 m, for 
30% it was about 11% lower, i.e. 0.074 m, and 0.069 m in case of 50% emulsion. 
The data also showed that for another porous medium with a particles fraction 
of 600–800 μm, such difference between the heights of emulsions fronts was 
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insignificant, and the imbibition process achieved more quickly the equilibri-
um state (d2 in Fig. 3). Analysing the data presented in Figures 2 and 3, it is 
possible to conclude that the structure of a granular medium can be admitted 
as one of the main factor defining a trend of the multiphase liquids imbibition.

Approximation of the experimental data on the emulsion imbibition

The accuracy of the proposed in literature models to describe the liquids 
wicking in porous structure and possibility of their application to predict the 
dispersions penetration were also discussed in the current work. The obtained 
experimental data on emulsions imbibition in the granular media were approx-
imated by equations mentioned previously in introduction. 

The classical Lucas-Washburn equation is frequently used to describe the 
capillary rise in one cylinder or their bundle, but its application is extended to 
characterize imbibition process in porous structures (kOWaLSki 2004, MaSOODi 
et al. 2007, FrieS, Dreyer 2008, MaSOODi, PiLLai 2010). In case when the 
gravity force is small enough to be negligible in comparison with the capillary 
force (pc>>ρghc), the equation has the following form (kOWaLSki 2004, MaSOODi 
et al. 2007):

0 500 1000 1500 2000 2500 3000 3500

0

2

4

6

8

d :1 φd 10% φd 30% φd 50%

d :2 φd 10% φd 30% φd 50%

tim [s]

h
im

[1
0

k
g
]

–
2

Fig. 3. Changes of an imbibed liquid height him versus time tim during emulsions imbibition  
in granular media with beads diameter of: d1 – 200–300 μm, d2 – 600–800 μm



 Analysis of Process of Emulsions Transport in Hydrophilic/Oleophilic Granular…  93

Technical Sciences 21(2) 2018

 
2 cos ,

2
c

c
rh t 


=   (1)

where:
hc – the height of a liquid front in a capillary, 
t – the time of rise, 
η – the viscosity of a permeant and σ is its surface tension, 
rc – the radius of this capillary, 
θ – the contact angle between a penetrating liquid surface and pores surface. 

The expression for a liquid height hf rise for the polymer wicks proposed in 
the publication of MaSSODi et al. (2007). This equation considers such peculiar-
ity of a porous medium as the tortuosity of pores in the investigated medium	τ, 
and it can be written as: 

 2
2

cos ,
2

h
f

rh t 


=   (2)

where:
rh – the hydraulic radius. 

The hydraulic radius is calculated according to Kozeny-Carman theory. Thus, 
the hydraulic radius can be calculated as (kOWaLSki 2004):

 

1 ,16h br d 


 
 
 

= −   (3) 

where:
db – the average diameter of beads in a granular medium. 

The tortuosity can be calculated as a ratio of the average length of a permeant 
path λe to the distance in flow direction Ls (DuDa et al. 2011):

 
,e

sL
 =   (4) 

In the discussed publication, the capillary model was also presented to predict 
a permeant front height rise considering the porosity	ε, the proportionality coef-
ficient K, known also as the permeability or hydraulic conductivity parameter. 
The represented model neglects the gravity effect, and has the following form 
as (MaSOODi et al. 2007): 

 2 4 cos ,f
p

Kh t
r

 


=   (5)

where:
rp – the mean pore radius. 
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The permeability regarded in this equation can be calculated using Kaviany 
model which considers the porosity of investigated bed and average diameter  
of beads. Thus, this parameter is expressed as (kaviany 1995):

  
3

2
2 ,

36 (1 ) b
kc

K d
k



=

−
   (6)

where:
kkc – the Kozerny constant, which is equal to 5 for a bed packed with beads 

(kaviany 1995, kOWaLSki 2004). 

The permeability of a granular medium can also be determined according 
to the following equation (RuMPF, GuPte 1975):

  
5.5

2.
5.6 bK d=   (7)

Fries and Dreyer analyzed the capillary rise of a wetting liquid in a cylinder 
or porous medium considering the gravity term. The equation has the following 
form (FrieS, Dreyer 2008):

  
2( / )( ) 1 ,b t aah t e

b
− = − 

    (8)

and related to the spontaneous imbibition in porous structures by means of 
coefficients, which are expressed as: 

 
cos

,
4

pr
a

 


=    (9)

  
2 sin

,
8
pgr

b
 


=   (10)

where:
ψ	– the angle formed between an inclined tube and free liquid surface.

There is a group of the mathematical models that describe the kinetics of 
spontaneous imbibition in term of mass changes with time (Benavente et al. 
2002, Li, hOrne 2004, MaSSODi et al. 2007, Cai et al. 2012, 2014). The increase 
of an imbibed mass can be represented in relation to the height of liquid front 
hf according to the equation (MaSSODi et al. 2007): 

  2 ,p fm r h=   (11) 

benavente et al. (2002) derived a model that considers the imbibition weight 
related to the structural parameters of porous medium, such as tortuosity τ,  
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pore shape parameters, denoted as δ, and the average pore radius rav of the 
investigated porous bed. The equation can be represented as:

 
2 2 2

2 cos ,
2

s avA rm t   


=   (12)

where:
As – the cross-section area of a porous medium (Benavente et al. 2002). 

The tortuosity of a granular medium can be calculated analytically using 
Du Plessis–Masliyah equation (Du PLeSSiSS, MaSLiyah 1991):

  2/3/ 1 (1 ) ,   = − −   
 (13)

Thus, the tortuosity was equal to 1.4 that was also confirmed experimentally 
due to microscopic images analysis of porous structure. 

The influence of the investigated porous media saturation with a wetting 
liquid was taken into consideration in Li-Horne equation (Li, hOrne 2004). It is 
introduced as the difference between the initial saturation Sin and the medium 
saturation after imbibition, Sim. The equation can be written as follows: 

 
2 2

2 2 ( ) cos ,s im in

p

A K S Sm t
r

   


−
=   (14)

The porous bed might be not fully saturated by a wetting permeant during 
the spontaneous wicking due to gas phase entrapment or the partial connectivity 
of pore voids, i.e. in rocks, soil, building materials, concrete, etc. 

cai et al. (2012, 2014) proposed an approach to predict the spontaneous 
imbibition of a wetting liquid on the base of fractal geometry. The mass changes 
versus time is expressed in a form of:

 
2 2 2

2 max
2

2cos ,
1 32

fs

f

DA rm t
D

   
 

−
=

− −   (15) 

where:
rmax – the maximum pore radius, which can be calculated as a ratio (yu 2005, 

Cai et al. 2014):

 max 1/4 ,
( / (4 ))

av

f f

rr
D D

=
−   (16)

where:
Df – the pore fractal dimension (Xu, yu 2008, Cai et al. 2012, 2014). 
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The graphs plotted in Figure 4 introduce the comparisons between the ex-
perimental data and the predictions by equations presented in the current work. 
It can be noted that Equation 1 describes more precisely experimental data on 
the height changes than others, but till tim = 600 s. Further, a trend towards 
lower than the equation prediction (Fig. 4a). 
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Fig. 4. Comparisons of the emulsion imbibition process predicted by the models  
and experimental data: a – height him changes versus time tim,  

b – mass mim changes versus time tim. The parameters used are As = 9.62 cm2,  
ρ = 0.959 g/cm3, σ = 36 mN/m, rh = 22.9 μm, η	= 87.35 mPa·s, and θ=30°
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The data in Figure 4b were obtained both experimentally and analytically, 
and represent the imbibed mass changes versus time. More accurate approxima-
tion was observed in case of Equation  12, but till tim = 1,800 s. Thereafter, the 
mass increase slowed down and the imbibition process achieved the equilibrium  
state (Fig. 4b). To summarize, the trends of the experimental data differed from 
those obtained analytically by mean of models.

Peculiarities of imbibition process in case of emulsions

The results on viscosity changes with increase of the dispersed phase concen-
tration are shown in Figure 5. Its increase caused changes of emulsion viscosity 
and its behavior at the different shear rates. The investigated disperses behaved 
as the Newtonian liquids and flow curves are approximated by a straight line  
if the dispersed phase concentration is less than 30%. Whereas  other emulsions 
with higher concentrations behaved as the non-Newtonian liquids (Fig. 5). 

Fig. 5. Viscosity of the investigated emulsions at the different shear rates γ

The results of emulsions concentration changes versus the height of their 
front penetration in the porous media are plotted in Figure 6. 

According to the experimental data, the imbibed emulsions revealed a ten-
dency to decrease concentration with the increase of their penetration height 
in both granular beds. To compare, the highest dispersed phase concentrations 
were observed for porous media with beads diameter of 600–800 μm, whereas  
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the height of penetration in this case was the lowest one, i.e. less than 0.04 m  
(Fig. 6). It related to pores structure, i.e. hydraulic radius, which was wider 
compared to another type of medium, but it was still enough to induce the cap-
illary forces.

At him ≤ 0.02 m, the concentration of imbibed emulsions was recognized 
as maximal in both experiments. Furthermore, the concentration of imbibed 

Fig. 6. The dispersed phase concentration φim changes with the height him for emulsions 
penetration in granular media with beads diameter of: a – 200–300 μm, b – 600–800 μm
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emulsions exceeded their initial values φd, the exception was observed for 50% 
emulsions at 0.03 m ≤ him. As shown in Figure 6, the obtained concentrations 
were lower for emulsions with φd of 10 vol%. 

Conclusions

The imbibition of multiphase liquids in granular media differs significantly 
from the same process with single-phase liquids. There was a strong influence 
of the pores structure on wicking process that revealed the increase of the im-
bibed mass and penetration height with the decrease of particles diameter in  
a granular bed. Though such a factor was of less significance for the investigated 
single-phase liquids, especially for oil. 

The highest mass of imbibed emulsion and penetration height were obtained 
for emulsions with the lowest dispersed phase concentration and consequently, 
viscosity. The increase of oil content in an emulsion was a reason of the insignif-
icant reduction of the imbibed mass in both investigated media. The difference 
between the heights of permeant penetration was derived only in case of porous 
media with beads diameter of 200–300 μm.

The comparisons between the obtained experimental data and those predicted 
by the equations shown that they disallow to describe the emulsions imbibition in 
porous structures with the sufficient accuracy. The limitations might be related 
to the several aspects: i) emulsions are recognized as heterogeneous multiphase 
systems, consisting of immiscible components with different physicochemical 
properties, and ii) their composition changes during wicking process.

On the one hand, the concentrations of imbibed emulsions exceeded their 
initial value at him ≤ 0.02 m. On the other hand, there was a general tendency 
of concentrations decrease with front raise in both granular media. The highest 
value of the dispersed phase was observed for a bed composed of 600–800 μm 
beads. Consequently, higher radius of pores allows to prevent the penetration 
paths obstruction with emulsion droplets. The effect of permeants concentra-
tion increase was the viscosity changes, and as a result, the lowest height  
of penetration was observed.

The experimental data on the spontaneous imbibition discussed in this 
publication, can facilitate understanding of two-phase liquids behaviour inside  
the granular media during their transport by the capillary force. The obtained 
results can be appropriate to predict and describe the imbibition of multiphase 
liquids in porous media with different particles sizes, for example sorbents and 
such structures as soils, sand, rocks, and others.
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A b s t r a c t

The aim of the study was to determine the effect of high voltage electrical stimulation (330 V, 
17 Hz, 120 s) of beef half-carcass and heat treatment on tenderness and water holding capacity 
of meat. The experimental material was a semimembranosus muscle derived from Polish Hol-
stein-Friesian heifers (n = 12). In the experiment, a forced and natural air circulation ovens were 
used; the raw material was heated at 170ºC to obtain a final temperature from 55 to 80ºC inside 
the beef. Results showed that electrical stimulation improved tenderness of roasted beef, which 
was demonstrated in the decrease in the maximum shear force from 39% to 26%. The electrical 
stimulation had a negative effect on cooking losses during roasting and water content in the final 
product. It has also been shown that studied quality attributes of beef depends on the type of heat 
treatment. Beef prepared in forced air circulation oven, were characterized by lower water content 
and higher values of maximum shear and compression forces than those heated in natural air 
circulation oven.

Subscripts
ES – electrically stimulated sample,
C – control sample,
NC – heat treated in natural air circulation oven,
FC – heat treated in forced air circulation oven.
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Introduction

Electrical stimulation of carcasses of slaughter animals is one of the tech-
nological treatments that are aimed at improving the sensory attributes of 
meat, in particular tenderness (FerGuSSOn et al. 2000, hWanG et al. 2003, 
kiM et al. 2013). This method consists in carcass muscle tissue exposure to 
the impact of an electric current imitating nervous impulses, within the first 
hour after slaughter (rinG, tayLOr 1988, rOGOW, MOJSenkO 1981, ŻyWica 
1998). Endogenous biochemical and ultrastructural transformations induced by 
electrical stimulation effect a change in post-slaughter properties of the muscle 
tissue. This change is manifested by increased tenderness, elongated stability, 
as well as improved flavor, juiciness, and color of the tissue (Devine et al. 1999, 
GeeSink et al. 1994, PaLeari et al. 1991, raShiD et al. 1983). 

The improvement of these traits of meat increases its eating and processing 
usability. For this reason, electrical stimulation is applied to process of beef and 
lamb meat (bOutOn et al. 1980, eikeLenbOOM et al. 1985, hWanG et al. 2003, 
JOneS et al. 1991, tOOhey et al. 2008), and also to improve quality attributes 
of meat from such animals as alpacas (SMith et al. 2016), donkeys (POLiDOri 
et al. 2016), and goats (kaDiM et al. 2014).

Based on long-standing investigations, the improvement of tenderness  
of electrically stimulated meat is believed to result from: 

– activating the calpain enzymes, specifically μ-calpain, has been found to 
be responsible for the majority of postmortem proteolysis of muscle proteins 
associated with tenderness in the first 72 h postmortem (anDerSOn at al. 
2012, FerGuSOOn et al. 2000, GeeSink et al. 1994, GeeSink et al. 2006, huFF- 
-LOnerGan et al. 2010),

– prevention of cold shortening through reducing the concentration of ATP 
and other high-energy phosphatides and through rapidly reduced pH owing to 
enhanced glycolysis (chryStaLL and Devine 1978, GariePy et al. 1995, hWanG 
et al. 2003, SOareS, areaS 1995),

– physical damages inside the stimulated tissue (SOrinMaDe et al. 1982, 
ŻyWica et al. 1998),

– increased activity of lysosomal enzymes, probably, the rapid decrease  
of pH accelerates the disruption of lysosomes, thereby causing release of proteases 
(cathepsin-C and ß-glucuronidase) to the intra- and inter-cellular compartments 
at still high temperature (DutSOn, 1980, GeeSink et al. 1994, SOareS, areaS 
1995, SOnaiya et al. 1982),

– destabilization of collagen fibers (GeeSink et al. 1994, LeSióW 1993).
Earlier studies demonstrated the highest rate of post-slaughter transforma-

tions of beef, accelerated by the electric current, to occur in the first 24 h post 
slaughter (GeeSink et al. 1994, POLiDOri et al. 1996, SOareS, areaS 1995). 
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The non-stimulated beef needs to undergo the ageing process (lasting from  
9 to 14 days) to develop all desirable sensory traits. 

To get the full picture of the effect of electrical stimulation on the culinary 
quality of beef, a study was undertaken to analyze the dynamics of changes in 
the electrically stimulated muscle tissue after the first 48 h of carcass ageing 
under chill conditions in a meat processing plant. This objective was accom-
plished by determining the effect of high-voltage electrical stimulation of beef 
carcasses and the effect heat treatment under conditions of forced and natural 
air circulation on the tenderness and water holding capacity of roasted beef.

Materials and methods

The experimental material consisted on semimembranosus muscle from 
half-carcasses of heifers of Polish Holstein-Friesian breed of the Black-and-White 
variety (n = 12) aged ca. 18 months and mean final body weight of 340±22 kg. 
Animals were slaughtered according with the technology used in meat processing 
plants (ŻyWica, banach 2014). Left half-carcasses, 40 min after slaughter, were 
subjected to electrical high voltage stimulation using a device of own construc-
tion applying 330 V AC, 17 Hz, for 120 s. Right half-carcasses were the controls. 
After ca. 48 h of storage in the cooling conditions (±4ºC, 0.5 m s–1), from the 
electrically stimulated (ES) and non-stimulated (C) half-carcasses semimem-
branosus muscles were cut, divided into a samples of ca. 300 g and dimensions 
90×60×60 mm (n = 72). The samples were analysed without any further ageing. 
The pH of the samples was measured using a pH-meter type HI 8314 C equipped 
with a stiletto electrode FC 200. The samples were then heat-treated (temp. 
170ºC) in ovens: with natural (NC) and forced air convection (FC) to obtain in 
its geometrical center temperature: 55; 60; 65; 70; 75 and 80°C (monitored with 
thermocouples). Roasts were cooled to room temperature (22°C) for 60 min.

Texture of the analyzed material was evaluated with two types of tests 
performed using the INSTRON 45942 apparatus:

A. shear force test – a Warner-Bratzler single-knife system 2830-013 type. Ten 
cubicoids with the cross-section area equal to 1 cm2 were cut out (at 200 mm/min)  
from each sample perpendicular the muscle fibers. Peak or maximum shear 
force across the fibres was expressed in N. 

B. compression test – a 2830-011 type piston, 30 mm in diameter and 10 mm 
in thickness. This test consisted in one-time compression of the samples to 50% 
of their initial height; with the direction of applied force being perpendicular to 
the direction of muscle fiber arrangement. Peak or maximum shear force across 
the fibres was expressed in N.

To determine water-holding capacity (WHC) of the samples, they were weighed 
before and after the compression test. Whatman No. 1 filter paper (Whatman 
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Laboratory Division, Maidstone, England) was placed under each sample, into 
which the drip caused by compression absorbed. The expressible water content 
was calculated from the formula:

                                                                    m1 – m2Expressible water content = ·100 [%]
                                                                         m2

where: 
m1 – weight of meat sample [g], 
m2 – weight of filter paper without meat sample before pressing [g], 
m3 – weight of filter paper with meat juice after pressing [g].

The surface area of the trace of drip on the filter paper was measured using 
a computer system for image analysis with JAVA and MOCHA software (JanDeL 
ScientiFic, San raFaeL CA, USA).

Cooking losses were calculated as the percent in weight differences between 
the raw and roasted beef based on the raw weight. After thermal treatment, the 
samples were first left until reach the room temperature and then weighted. 
Water content in raw and roasted beef was determined using the oven drying 
method (dying at 103 ± 2ºC to a constant weight, PN-ISO1442, 2000),

Data was first carefully examined to eliminate outliers. A general linear model 
(one-way ANOVA) was used to determine significant differences (p < 0.05) among 
samples with different temperatures and roasting conditions used in the experi-
ments. Multiple comparisons were done by the Tukey’s test. All statistical analyses 
were done using STATISTICA.10 software (StatSoft, Inc., Tulsa, OK, USA).

Results

The raw material collected for analyses was characterized by water content 
of 75%; no significant differences were demonstrated between the samples in 
this respect. Also, the samples did not differ in the pH value which reached 
5.64±0.05 (C) and 5.68±0.07 (ES). 

Effect of electrical stimulation and heating methods  
on cooking losses and water content in roasted beef

Regardless of raw material preparation method or type of the oven, the cooking 
losses and water content in the roasted beef depended on the final temperature 
inside the roast. Roasting temperature increase caused an increase in cooking 
losses and a decrease in water content in the products. 
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Weight losses caused by NC treatment in the analyzed range of final tem-
peratures were as follows: from 14.95% to 41.35% in the control samples, and 
from 18.40% to 38.53% in the stimulated samples (Tab. 1). The FC treatment 
caused higher than NC losses which ranged from 25.71% to 38.56% (C) and 
from 26,50% to 39,27% (ES) at temperatures between 55 ºC and 75ºC (Tab. 2). 
The samples heated to the internal temperature of 80ºC were characterized by 
weight loss of 39% (C and ES). A similar value of weight loss (38.53%) was noted 
during the treatment of ES samples in the oven with natural air circulation. 
The electrical stimulation had a negative effect on weight losses during heat 
treatment. At each analyzed temperature, the NC treatment caused significantly 
higher weight losses in the ES samples (p < 0.05). Such a dependency was also 
noticed during FC treatment, but only at temperatures of 60ºC, 65ºC, and 70ºC. 
The weight losses had a strong effect on water content of the samples. A high-
er water content was determined in the NC (71.11%–63.38%) than in the FC 
(68.62%–62.91%) roasted beef (Tab. 1, 2). The electrical stimulation had a neg-
ative effect on water content in the roasted beef; and this effect was particularly 
noticeable in FC roasted beef (Tab. 2). Regardless of the final temperature the 
samples were heated to, the content of water was significantly lower (p < 0.05) 
in the ES than in the C samples. 

Effect of electrical stimulation and heating methods  
on tenderness and WHC of roasted beef

The value of the maximum shear force, used to evaluate meat tenderness, 
depended on the final temperature the meat was heated to and on the method of 
its preparation (C and ES). Regardless of the treatment method, the ES samples 
were characterized by a significantly lower (p < 0.05) value of the maximum shear 
force which was similar for both NC (27.9 N–49.7 N) and FC (27.3 N–54.2 N)  
samples – Figure 1. 

The roasted beef made of non-stimulated meat, roasted in FC, was charac-
terized by the maximum shear forces ranging from 49.6 N to 81.5 N, whereas 
shear force of the NC samples ranged from 31.6 N to 58.0 N (Fig. 1). 

Results showed that ES improved meat tenderness, decreasing the maximum 
shear force from 39% (55–75ºC FC) to 26% (70ºC NC). 

The force needed to induce 50% compression of the samples, as well as meat 
WHC, and drip area were influenced by both the final temperature of meat 
and the usage of electrical stimulation. Regardless of the heating method, the 
samples from the stimulated carcasses were characterized by a lower compres-
sion force compared to the control samples. The greatest impact of electrical 
stimulation on roasted beef compression force decrease was observed during 
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compression of the samples heated to 80ºC. The maximum compression force  
of the ES roasted beef was lower by 27% (NC) and by 37% (FC) than that of the 
control samples (Fig. 2).

Higher values of the maximum compression force were determined in the FC 
(from 34.7 N to 68.3 N for C samples; from od 23.7 N do 43.2 N for ES samples) 
than in the NC (from 33.3 N to 56.5 N for C samples; from 20.1 N to 41.2 N  
for ES samples) roasted beef (Fig. 2). An increase in the final temperature  
of samples caused a decrease in roasted beef WHC. The electrical stimulation 
diminished WHC of roasted beef in all analyzed variants.

ES – electrically stimulated sample
C – control sample 
NC – heat treated in natural air convection oven
FC – heat treated in forced air convection oven
A, B – means in each temperature with different letters differ significantly  

at P < 0.05
Fig. 1. Maximum shear force of the roasted beef depending  

on the final temperature: a – NC, b – FC
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ES – electrically stimulated sample
C – control sample  
NC – heat treated in natural air convection oven
FC – heat treated in forced air convection oven
A, B – means in each temperature with different letters differ significantly  

at P < 0.05
Fig. 2. Maximum compression force of the roasted beef depending  

on the final temperature: a – NC, b – FC

Result showed that ES samples, both heated in NC and FC, were character-
ized by lower WHC compared to the control samples. For the NC-heated samples, 
the difference in WHC between the C and ES samples decreased along with an 
increase of the final temperature. This difference reached 5.52% in the roasted 
beef heated to 55ºC, 4.15% in those heated to 65ºC, 1.24% to 75ºC, whereas no 
significant differences were noted in the roasted beef heated to 80ºC (Fig. 3).
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ES – electrically stimulated sample
C – control sample
NC – heat treated in natural air convection oven
FC – heat treated in forced air convection oven
A, B – means in each temperature with different letters differ significantly 

at P < 0.05
Fig. 3. Water-holding capacity (WHC) of the roasted beef depending on the final temperature: 

a – NC, b – FC

During FC heating, WHC of C samples was significantly higher (p < 0.05) 
than that of the ES samples in the whole range of the analyzed temperatures. 
This difference reached 1.89% in the samples heated to 55ºC, 2.13% in those 
heated to 65ºC, and 1.25% in the samples heated to 80ºC (Fig. 3).

The one-way analysis of variance indicated a significant effect of both  
of factors: the final temperature and electrical stimulation on the studied quality 
attributes of the roasted beef.
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Discussion

Effect of electrical stimulation and heating method  
on cooking losses, water content and WHC of roasted beef

Total cooking losses caused by the heat treatment depended primarily on the 
final temperature, rate of heating, and electrical stimulation treatment. Higher 
cooking losses in the FC samples may be attributed to the forced circulation  
of air which, apart from creating more favorable conditions for heat penetra-
tion, facilitates more intensive evaporation of water. In all samples, the in-
crease of the losses was the fastest in a temperature range from 55ºC to 70ºC.  
This may be due to the fact that in this range of temperatures changes occur 
in two main structural proteins of meat: actomyosin complex and collagen. 
The extent of losses had a great effect upon WHC of the roasted beef. An in-
crease in the final temperature inside the heated product was accompanied by 
a decrease in water content and WHC of the roasted beef, and in drip surface 
during compression. 

Investigations addressing the effect of electrical stimulation on cooking losses 
indicate both a negative effect of this treatment on the analyzed trait (bOutOn 
et al. 1980, GeeSink et al. 1994), a lack of its effect on water holding capacity 
(bOWLeS et al. 1983, POSPiech et al. 1992, raShiD et al. 1983, ShivaS et al. 
1985) as well as its positive influence on the extent of losses (hOStetLer et 
al. 1982, POWeLL 1991, rOGOW, MOJSenkO 1981). hOStetLer et al. (1982), 
who obtained a lesser by 6% drip during heating ES samples compared with  
C samples, pointed to the feasibility of increasing the number of water-binding 
sites in proteins as a result of structural changes induced by the flow of electric 
current. bOutOn et al. (1980), who compared C and ES samples (voltage from 
45 V to 1,100 V), achieved higher scores for WHC in the case of the stimulated 
samples despite greater losses noted for these samples during heat treatment.  
On the other hand, SaveLL et al. (1981) demonstrated that WHC of the ES samples 
not to differ significantly from that of the C samples after 24 h of chill storage. 
But as the ripening time extended the difference between the C and ES samples 
was increasing, i.e. WHC of the ES samples decreased. In turn, POWeLL (1991) 
and OLSSOn et al. (1994) concluded that electrical stimulation contributes to  
a significant (p < 0.05) improvement of WHC, regardless of the age of animals and 
ripening duration. Some other authors indicate no effect of electrical stimulation 
on WHC of the products (bOWLeS et al. 1983, ShivaS et al. 1985). 

A lower water content, WHC, and drip surface were demonstrated for the FC 
than for the NC heated samples. Alike results were published by other authors 
dealing with similar research issues who showed increased losses, decreased 
water content and WHC of roasted beef along with temperature increase (eike-
LenbOOM et al. 1998, naeWbaniJ et al. 1983, PaLka et al. 1999). 
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Effect of electrical stimulation and heating method  
on tenderness of roasted beef

Results of the experiment allow concluding the electrical stimulation treat-
ment improved tenderness of all samples and caused lesser differences between 
the maximum shear forces in the ES samples heated to temperatures from 55 
to 80ºC in both NC and FC. The FC-treated control samples were characterized 
by higher maximum shear forces than these heated in NC. 

Changes in the maximum shear force are associated with transforma-
tions of proteins that are determined by temperature of the roasting process.  
The increase in the maximum shear forces at temperatures ranging between 
55 and 60ºC may be induced by denaturation of myofibrillar proteins of meat, 
myosin and -actinin in particular, and by granulation of the epimysium.  
A decrease in the maximum shear force at 65ºC, followed by its increase may 
be explained by the fact that at a temperature of ca. 65ºC the denaturation 
process begins in muscle collagen, whereas changes observed at a temperature  
of ca. 70ºC include fragmentation of myofibrills in the Z line coupled with dena-
turation of titins, and shrinkage of collagen fibers in the endomysium (Fritz 
et al. 1992, MartenS et al. 1982, PaLka, Daun 1999). According to zaLeWSki 
(1995), once the temperature of ca. 65ºC is reached inside the muscle, there occurs 
a respective, small denaturation of muscle fiber proteins, which contributes to 
softness and WHC of a dish. PaLka and Daun (1999) concluded that analyzed 
texture parameters, such as springiness, cohesiveness, chewiness, modulus of 
elasticity, initial stress, and hardness, changed during heating independent-
ly and their values increased along with temperature increase reaching their 
maxima in a temperature range from 70 to 100ºC. eikeLenbOOM et al. (1998) 
also obtained the lowest value of the shear force for the samples heated at  
a temperature of 65ºC. The course of values of the maximum compression force, 
presented by these author, is very similar to that shown in this paper. 

Temperature increase during roasting caused an increase in the value  
of the maximum compression force in all analyzed samples. Results showed 
also the FC treatment to induce an increase in the maximum force during com-
pression compared to the NC-heated samples. Presumably, this increase may 
be linked with structural changes of meat proteins and a lower water content 
in the FC-heated beef. This method of roasting makes meat more dry and more 
resistant during compression. It is generally accepted (PaLka, Daun 1999) that 
heat-induced changes evoke a softening effect in the connective tissues and that 
denaturation of myofibrillar proteins causes the hardening effect. The culinary 
cut used in the study has very little collagen, hence the effect of hardening as 
a result of denaturation of myofibrillar proteins is especially tangible and is 
manifested by the increased maximum forces of shear and compression. 
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cOntreraS-caStiLLO et al. (2016) found that the direct application of low-volt-
age electrical stimulation (104 V) on muscle did not significantly affect the rate 
of meat tenderisation or degradation of myofibrillar proteins in beef evaluated 
during post mortem ageing (up to 28 days pm).

The improvement of tenderness, presented in this paper, may be explained 
by the fact that electric current flow through a carcass causes physical damages 
inside the stimulated tissues, destabilization of collagen fibers, enhanced activity 
of lysosomal enzymes, as well as accelerated decrease in the activity of µ-calpains, 
and proteolysis of myofibrillar proteins (GeeSink et al. 1994, OStOJa, kOrze-
niOWSki 1992, SOareS, areaS 1995, SOnaiya et al. 1982, ŻyWica et al. 1998). 

The positive effect of electrical stimulation on beef tenderness was also demon-
strated by other authors who unanimously reported about its improvement as  
a result of this treatment (bOutOn et al. 1980, hOStetLer et al. 1982, PaLeari 
et al. 1991, POWeLL 1991, SaveLL et al. 1981, raShiD et al. 1983, rOGOW, 
MOJSenkO 1981, SOnaiya et al. 1982). 

Conclusions

Results of the study presented in this paper indicate a positive effect of 
electrical stimulation on tenderness of roasted beef. In most of the analyzed 
samples, regardless of the final temperature and heating method, lower shear 
and compression forces were achieved after the electrical stimulation. 

It was shown also that investigated quality attributes of roasted beef de-
pended on heating method. The beef obtained as a result of roasting in forced 
air circulation oven, were characterized by lower water content and higher 
shear and compression forces than those roasted in natural air circulation oven. 
Quality attributes varied depending on final temperature inside the beef cuts. 
The roasts prepared from electrical stimulation beef heated to 65 and 70ºC in 
natural air circulation oven, had the best quality.
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A b s t r a c t

Pellet boilers are increasingly popular on the market, largely due to the fact that their use does 
not demand constant control by the user, but is reduced only to replenishing fuel and cleaning the 
combustion chamber and heat exchanger every few days. However, this functionality creates ad-
ditional costs in terms of power consumption due to the work of boiler components, such as the 
pellet igniter, screw conveyors motors, fan, pump and controller. The purpose of this research was 
the analysis of the power demand and energy consumption of the electricity devices installed on 
the automatic pellet boiler in two operating modes, determining the total energy consumption and 
costs of electricity due to heating seasons in each mode. In the first mode, the boiler worked with 
modulated power, and in the second the boiler was working with nominal power. To carry out the 
mentioned research, a pellet boiler installed in the AGH UST Laboratory of Renewable Energy 
Sources in Miękinia was used. All the data obtained was used to simulate the total electricity con-
sumption during one standard heating season and the costs involved. In the first case the boiler 
consumed 623,195 kWh of electricity per heating season and in the second the boiler consumed 
304,503 kWh electricity per heating season. Although electricity consumption in the modulated 
mode is higher, the total cost of heating is lower, due to lower fuel consumption.

Correspondence: Grzegorz Pełka, Katedra Surowców Energetycznych, Akademia Górniczo-
-Hutnicza im. S. Staszica w Krakowie, al. Mickiewicza 30, 30-059 Kraków, e-mail: gpelka@geol.
agh.edu.pl



118	 Grzegorz	Pełka	et	al.

Technical Sciences 21(2) 2018

Introduction

Today, when sustainable energy usage is a key element of the modern world 
and the EU has set itself the 3×20 target to achieve, the growth in renewable 
energy usage and improvements of energy efficiency is so important (ruOkaMO 
2016), the pellet boilers can help to achieve each of the three goals, which em-
phasize the reduction of greenhouse gas emissions, growth in renewable energy 
usage and improvements of energy efficiency.

In recent years, pellets have become an important fuel for heat and electric-
ity production in Europe. Pellets have a higher fuel density and hence demand 
less transportation and storage surface. In comparison with unprocessed bi-
omass, pellets present a lower moisture content, higher effective heating val-
ue, uniform shape, clear burning and reduction of ashes (MOLa-yuDeGO et al. 
2014). An increase in the Polish market of pellet boilers has also been observed.  
In 2014, 26,000 units of biomass boilers were sold and 14% of the total amount 
were pellet boilers (IEO 2015). Automatic solid fuel boilers need electricity to 
work, and the amount of the electricity is rarely stated by producers. Due to 
their fully automatic workings, the ease of boiler use, the small amount of ash 
and lack of pollution in the boiler room, all combine to make the pellet boiler 
increasingly popular (Górecki et al. 2015).

Pellet boilers are devices which produce the lowest emissions of air pollutants 
compared to other solid fuel boilers, but the problem of hazardous substanc-
es in flue gas cannot be eliminated (bieranOWSki, OLkOWSki 2009, MuSiL-
SchLäFFer et al. 2010). Most pellet boilers offered on the market are of the fifth 
best class according to PN-EN 303-5:2012 standard (kaczMarczyk et al. 2015).  
The nominal heating power efficiency currently produced pellet boilers is over 
90% (SchWarz et al. 2011). According to carLOn et al. (2015) the annual effi-
ciency (measured as a quotient heat produced by the boiler and energy consumed 
in the fuel) for standard house from 2004 was 83%, when efficiency during the 
standard testing conditions in nominal load was 93.2% and during the part load 
was 90.9%. The boiler work in modulating power mode.

The electricity demand of pellet boilers depends on the thermal power and 
equipment of the boiler. From 1st April 2017 energy labeling for solid fuels boilers 
has become obligatory. According to EU Commission Regulation No. 2015 /1187 
solid fuel boilers may exist in the class from G to A++, and from 26th September 
2019 the energy labels will be from class D to A+++. The electricity consumed by 
the boiler has a large influence on the final result of the energy label. Defining 
real electricity consumption is important to demonstrate the impact on the total 
costs caused by the consumption of energy by a pellet boiler. Data obtained are 
necessary to check real power and electricity consumption. The knowledge about 
power and electricity consumption is necessary for designing a self-supplying 
electricity system for a pellet boiler. 
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The main aim of the investigation was to determine the electricity con-
sumption and power demand by a pellet boiler in the various operating modes  
of the boiler. The values are important for further research and the construction 
of a prototype of an energy generator for supplying the boiler. Furthermore, the 
total energy consumed by a pellet boiler and the costs of electricity was investi-
gated. The costs generated by a pellet boiler are important for users. The results 
were discussed and the cheapest mode of pellet boiler operation was indicated.

Material and methods

Description of pellet boiler 

The measurements were conducted in 2016 in the educational boiler room 
in the AGH UST Laboratory of Energy Sources and Energy Saving in Miękin-
ia. The fully automatic pellet boiler with a nominal power 25 kW was used to 
carry out the research. It is a high-performance device (89–92%) and fulfills 
the requirements of a fifth-class boiler according to the PN EN 303-5:2012 
standard. In the pellet boiler, there is a burner with modulated power ranging 
from 5 to 25 kW. The burner has an electric resistance igniter for the automat-
ic ignition of pellets, a stoker feeding system to fuel supply to the grate and a 
moving grate for improving deash. The ash is removed from the burner by the 
air stream and the moving grate, which moves every five minutes. The ash is 
collected in the ash box and must be removed manually about every two weeks. 
The functionality of the pellet boiler is controlled by an electronic controller 
(technical documentation of pellet boiler, on-line).

The electric devices contained in a boiler are:
– pellet igniter, 
– screw conveyors motors, 
– fan, 
– pump,
– controller.
The working parameters of particular components were set by the boiler 

installer.
The pellet boiler has four working stages. The first stage is ignition. It starts 

with switching on the fan, which removes ash from the burner. Then a starting 
dose of fuel is supplied to the burner, and the igniter is activated. The purpose 
of this step is to warm up the fuel to ignition temperature. The igniter works 
until a signal from the light sensor appears and the fan in this operating mode 
is in constant operation. The fuel is transported from hopper to burner using 
two different screw conveyors and these devices work periodically.
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After ignition, the boiler goes into the heating operation mode. During the 
heating operation mode, the screw conveyor motor, fan and stoker are working. 
The circulation pumps are activated when the boiler obtain the expected tem-
perature (in the analyzed case, only the central heating pump). The burner can 
work at four power levels. While working at nominal power, parameters such as 
time of fuel supply and airflow power are set by the user. In case of lower power 
usage etc. ½; ¼; ⅛, the time of fuel supply and fan power are properly reduced. 
The burner works with nominal power as long as the boiler water tempera-
ture remains at 7°C below the expected temperature. Above this temperature,  
the controller modulates the burner power.

When the expected temperature is reached, the boiler switches to extinguish-
ing mode. During this stage, fuel is not supplied and the fan begins working 
at full power to finish burning the last fuel and to blow ash from the burner. 

After extinguishing mode, the burner goes over to standby mode, while the 
controller measures the temperature of the water supply. When the temperature 
is lower than the expected temperature minus the modulation temperature, the 
boiler starts the ignition process again. 

A simplified algorithm for the operation of the pellet boiler is shown on Figure 1.  
When the process starts, a controller measures the light intensity on the burner. 
If the measurement is higher than 200 [–] the boiler runs, otherwise an outflow 
water temperature measurement is conducted. The controller starts the ignition 
mode when the outlet water temperature is lower than the set temperature mi-
nus the outflow water hysteresis, otherwise the controller is on standby. Ignition 
end when the light intensity on the burner is higher than 200 [–] and then the 
heating mode operation is initiated. Heating power in this mode is independent 
of the current temperature of water exiting from the boiler. When this temper-
ature exceeds a set temperature, the extinguishing mode begins. The last stage 
is standby mode where the controller measures light intensity on the burner and 
the temperature of outflow water. The working stage depends on the settings  
of the device parameters and current heat power demands of the building.

Description of measurements

Power demand and energy consumption were measured by a single-phase 
electricity meter using the RS485 communication protocol to send data to  
a computer. Measurements of power demand were made separately for each 
device and in every mode of the operation of the pellet boiler. 

Electricity consumption measurements were also conducted during every 
operating mode: initiating the burner, working with modulated power, extin-
guishing and standing by. The received values were read for ten minutes and 
recorded automatically every five seconds. In later considerations, averaged 
values were used.
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Simulation

The calculations of the energy consumption under the two different operation 
systems (modulated and constant power) of the boiler were conducted. 

The data presenting the typical yearly weather and statistical climate 
information for Krakow to calculate energy consumption was collected from  
the Ministry of Infrastructure and Construction website (www.miib.pl, on-line).

Simulations were conducted in a developed spreadsheet for a theoretical single 
family detached home. All parameters of the building were assumed, internal 
gains were 20 kWh/m2a and external (solar) gains were 50 kWh/m2a. The heat 
energy demand is 25 kW and heating area is 250 m2. The location is in the third 
climate zone (according to standard PN-EN 12831) with an external design 
temperature equaling –20°C. The analysis was performed with the assumption 
that the heating season lasts for nine months – from September to May. 

In the first scenario the controller modulates the power of boiler to main-
tain a constant temperature inside the building (20°C). The burner can work 
at full-power or with reduced power (50%, 25%, 12,5%). The controller chooses 
the intervals of work with appropriate power to cover the temporary heating 
power demands of the building. The temperature inside the building can increase 
above 20°C only when the temperature outside is higher than 20°C. The boiler 
switches on when the risk of an inside temperature reduction below 20°C occurs. 

The second scenario assumes the boiler working with nominal power (25 kW),  
in order to maintain a temperature inside the building between 20°C and 22°C. 
This scenario also assumes that heat will be accumulated in the building’s con-
struction. An established range of temperature changes are dictated by thermal 
comfort inside the building. The boiler is turned on when temperature inside 
the building drops below 20°C and it is turned off when the temperature inside 
the building increases above 22°C.

The assumption of different temperatures for both scenarios is deliberate.  
In a scenario with modulating power the indoor temperature is possible to achieve 
by choosing boiler power properly while in a scenario with constant power it is 
necessary to assume that the temperature range inside of the building is chang-
ing. It is due to the building’s construction acting as an accumulator of energy 
produced by the boiler and it is a disadvantage of this solution.
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Results and discussion

Results of laboratory tests 

The results of the measurements of power demand are shown in Table 1. 
The igniter has the highest power consumption among the all components  
of boiler. The pump can work with three different power values, depending on 
flow resistances occurring in central heating installation. The measurement  
of the grate’s motor and controller’s monitor did not result in any power con-
sumption, due to their small power demands. For this reason, the controller’s 
monitor power demand was not taken into consideration in further calculations 
and the grate’s motor power demand was taken from technical documentation. 
The average values of power demand are presented in Table 1. 

Table 1
Results of measurements of power demand (average values)

Device Power [W]
Fan 25
Pellet igniter 215
Fuel hopper conveyor motor 31
Mechanical stoker 32
Grate motor 2

Pump
speed III 78
speed II 62
speed I 55

During measurement the pellet boiler worked continuously with a nomi-
nal heating power (25 kW) for 85 minutes and consumed 0.13 kWh of energy. 
Minimal power demand was 23 W (when only the fan was working) and max-
imal power demand was 362 W (when creating an ignition, the fan and screw 
conveyor motors are working). The average power demand of the pellet boiler 
was 91 W. According to research conducted in the Austrian Bioenergy Centre 
GmbH, different pellet boilers at full load and under electrical demand give 
results ranging from 0.2 to 1.8% nominal heat capacity (MOSer et al. 2006). 
According to Laicane et al. (2015), for a 15 kW pellet boiler, the electricity power 
demand is 150 W. During winter the boiler works 24 hours per day to ensure 
continuous operation. The electricity demand in pellet boilers also depends on 
the operation mode. For example, a 10 kW boiler in the on/off mode can consume 
as much as 172 W, but in modulating power mode, when the same boiler can 
work with constant heating power at 3 kW, the power demand can be reduced 
to 95 W (haLLer, kOnerSMann 2008). The tested boiler showed a lower power 
demand than quoted examples. 
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Simulation results 

The results of calculations from both scenarios are presented in Table 2 and 
Table 3. A simulation of a scenario in which the boiler is working with modulated 
power showed that the boiler would work for 6,134 hours and would be switched 
off 356 times. In this time it would consume 623,195 kWh energy at a cost  
of 405.08 PLN (0.65 PLN for 1 kWh). The highest power consumption during  
the heating season was caused by the central heating pump (more than 402 kWh).  
Energy consumption by the circulating pump alone represented 64.57 percent 
of the total energy consumption by the heating installation.

In the second case (working at only 25 kW heating power) the pellet boiler 
would work 2,596 hours and be switched off 143 times. During the operation, 
the boiler would consume 304,503 kWh of energy, at a cost of 197.93 PLN.  
As before, the highest consumer of energy was the circulating pump. It represents 
53 percent of the total energy consumption in this mode.

Due to the hysteresis of the internal temperature of 2 K, in the nominal 
operating mode, the number of boiler launches was lower than in the modulated 
mode. In the case of lowering the internal temperature hysteresis, the number 
of boiler outputs for nominal power would far exceed that of a boiler with mod-
ulated power.

In fact, the amount of energy and cost of electricity consumption depends on 
many factors. The first one is the climatic zone in which the building is located. 
The colder the climate, the higher the heat demand and the resulting longer 
working of the boiler and higher costs. The second factor are the applied sets 
of devices which are installed in the boiler and their individual parameters 
(the number of pumps, an additional mechanism to remove ash and soot, etc.).  
The mentioned simulations assumed two extreme ways of using the boiler while the 
real energy consumption would depend on user habits and expected thermal comfort.

The analysis of the total cost of heating has also been conducted. Pellet boiler 
a seasonal efficiency in the first scenario is assumed as 75% and in the second 
case is assumed as 83% (according similar conditions as the carLOn et al. 2015). 
In the first scenario efficiency is reduced by reason of part load working and 
twice more ignitions. To assume more detailed efficiencies for the considered 
boiler there are need conduct experimental tests of the system (carLOn et al. 
2016). The cost of the pellets would be 8,847.30 PLN if the boiler would work with 
modulated power and 8,474.20 PLN if the boiler would work with constant power. 
In the scenario with modulated power, the total cost would be 9,252.38 PLN.  
In the second scenario, the total cost would be 8,672.13 PLN and lower by 6.67% 
than the first scenario. Although maintaining a higher temperature in the 
building (from 20°C to 22°C instead a constant 20°C), the total costs of heating 
would be lower, because the boiler efficiency is higher and thus cause lower fuel 
consumption. All costs are presented in Table 4.
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Table 2
Energy consumption of a particular electric devices during a heating season  

where the controller modulates the boiler power

Phase Device Function Power 
[W] Time [s]

Energy 
consump-

tion 
[kWh]

Cost 
[PLN]

Share 
[%]

Ignition

fan
scavenge 28 10,680 0.083 0.05 0.01
working 24 32,040 0.214 0.14 0.03

fuel hopper 
conveyor 
motor 

fuel 
supply 31 10,680 0.092

0.06 0.01
mechanical 
stoker

fuel 
supply 32 10,680 0.095 0.06 0.02

pellet igniter ignition 215 32,040 1.914 1.24 0.31

Operating 
mode

fan

working 
at 100% 
of power

29 1,296,142 10.441
6.79 1.68

working at 
50% 
of power

27 10,648,838 79.866
51.91 12.82

working at 
25% 
of power

26 7,386,292 53.345
34.67 8.56

working 
at 12.5% 
of power

24 2,752,085 18.347
11.93 2.94

fuel hopper 
conveyor 
motor fuel 

supply

31
25 kW 457,623 8.008 5.21 1.29

12.5 kW 1,879,868 32.898 21.38 5.28

mechanical 
stoker 32

6.25 kW 651,961 11.409 7.42 1.83
3.125 kW 121,458 2.126 1.38 0.34

grate motor cleaning 
the burner 2 1,752,647 0.974 0.63 0.16

pump
speed III 78 – – –  
speed II 62  22,083,358 380.324 247.21 61.03
speed I 55 – – – –

Extin-
guishing

mechanical 
stoker

exhaustion 
of stoker 32 14,240 0.127 0.08 0.02

fan scavenge 29 106,800 0.860 0.56 0.14

pump
speed III 78 – – – –
speed II 62 1,281,600 22.072 14.35 3.54
speed I 55 – – – –

SUM 25,194,269 623.195 405.08 100.00
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Table 3
Energy consumption of a particular electric devices during a heating season  

where the boiler is working with nominal power

Phase Device Function Power 
[W] Time [s]

Energy 
consumption 

[kWh]
Cost 

[PLN]
Share 

[%]

Ignition

fan
scavenge 28 4,290 0.033 0.02 0.01
working 24 12,870 0.086 0.06 0.03

fuel hopper 
conveyor 
motor 

fuel supply 31 4,290 0.037 0.02 0.01

mechanical 
stoker fuel supply 32 4,290 0.038 0.02 0.01

pellet 
igniter ignition 215 12,870 0.769 0.50 0.25

Operating 
mode

fan

working 
at 100% of 
power

29 9,342,000 75.255 48.92 24.71

working 
at 50% of 
power

27 – – –  

working 
at 250% of 
power

26 – – –  

working at 
12.5% of 
power

24 – – –  

fuel hopper 
conveyor 
motor

fuel supply 31
3,298,337 57.721 37.52

18.96

mechanical 
stoker fuel supply 32 0.00

grate motor cleaning 
the burner 2 741,429 0.412 0.27 0.14

pump
speed III 78 – – –  
speed II 62 9,342,000 160.890 104.58 52.84
speed I 55 – – –  

Extin-
guishing

mechanical 
stoker

exhaus-
tion of 
stoker

32 5,720 0.051 0.03 0.02

fan scavenge 29 42,900 0.346 0.22 0.11

pump
speed III 78 – – –  
speed II 62 514,800 8.866 5.76 2.91
speed I 55 – – –  

SUM 23,325,796 304.503 197.93 100.00
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Conclusions

In this paper the power demand of particular devices of a pellet boiler and 
an average power demand of the whole boiler are specified, amounting to 91 W.  
The highest electricity consumption from all of the electric devices installed  
in the pellet boiler comes from the circulating pump. Circulating pumps working 
in an installation should be high-quality pumps of the highest energy class and 
thus low power consumption.

The cost of the power consumption of a pellet boiler is strongly depend-
ent on its manner of usage. The paper presents the electricity consumption  
of a pellet boiler in two extremely different ways of using boilers. The foregoing 
calculations have shown that the cost of electricity in a scenario where the boiler 
works at nominal power is half as cheap. Unfortunately, it is associated with  
a lower level of comfort, due to the temperature fluctuations of 2°C a few hours. 
Despite the fluctuations of temperature occurs, the final energy consumption 
and the costs are lower when the boiler works with constant power and this is 
caused by burning less fuel connected with higher boiler efficiency. Modulating 
power boiler increase thermal comfort inside the building but raises costs of 
exploitation. Buffer tank usage could be solve the problem with lower thermal 
comfort connected with using constant power pellet boiler. But it could increase 
the pellet consumption due to decrease overall system efficiency.

The analysis of power demand and energy consumption of particular pellet 
boilers devices will be used to conduct further investigations about alternative 
power supplies for these kinds of boilers.
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A b s t r a c t 

The paper presents the analysis of the influence of fasteners and connections flexibility on 
displacements of symmetrical single-bay pitched-roof steel building, including trapezoidal cladding 
acting as a diaphragm. The purpose of the article was to compare numerical models with and without 
taking into consideration fasteners and connections flexibility in order to observe the differences in 
transverse stiffness of the building during modifying model from the simple one to more complex 
and precise. The analyses were carried out for the 3D structure. Fasteners and connections were 
substituted by equivalent beam finite elements. Corrugated sheets were replaced by three types 
of equivalent orthotropic shell models and the influence of the choice of the model on the stiffness 
of the building was observed. The results showed that in the analysed structure the flexibility of 
fasteners and connections has negligible effect on transverse displacements of the building in the 
case of four sides fastening of the sheeting, however in the case of two sides fastening the influence 
significantly increases. 
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M0, MA, MB – types of sheeting model used in structural models: infinitely rigid plate (M0), pre-
defined orthotropic plate with the trapezoid plate geometry selected by user (MA), 
orthotropic plate with orthotropic matrix calculated and defined by user (MB)

2K/4K – two/four sides fastening of the shear panel
∆ – displacement measured in mm
c – in-plane shear flexibility of panel measured in mm/kN

Introduction

Trapezoidal cladding of the steel building has an undeniable effect on the 
stiffness and spatial character of work of the structure and, by extension, on 
deflections and cross-sectional forces of particular structural members. Although 
the idea of stressed skin design (diaphragm design) has been widely known for 
many years, in traditional design it is usually omitted. It seems that the biggest 
obstacle which hinders the popularity of diaphragm design in engineering practice 
is the lack of enough universal, verified and simple to apply procedures. More 
and more effective methods of including the stressed skin effect in structural 
calculations are still being searched and developed. Examples can be found in 
bróDka et al. (1999), EN-1993-1-3:2006, European Recommendations (er) 
(1995) provided by European Convention for Constructional Steelwork (ECCS), 
GrynieWicz and SzLenDak (2016a, 2016b), JOó and Dunai (2015), LenDvai 
and JOó (2016), naGy et al. (2015, 2016). The development of numerical tools 
which support engineers in static and dynamic analysis of the structure brings 
new capabilities to take into account the diaphragm effect, which seems to be 
more and more economy-reasonable approach.

The basis of the work on the stressed skin effect is er (1995) whereby 
the definition of the diaphragm (shear panel) depends on the orientation  
of the sheeting spanning in regard to the length of the diaphragm: perpendicular –  
typical for purlin systems (Fig. 1) or parallel – typical for non-purlin systems.  
The dimension a of the panel is always perpendicular and the dimension b – 
parallel to corrugation (Fig. 1). Moreover, the procedures differentiate two static 

Fig. 1. Static schemes of the diaphragm: a – panel assembly, b – cantilevered diaphragm
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schemes of the diaphragm, depending on the arrangement of vertical bracings 
(the elements, which bring forces to the foundation, for instance bracings of gable 
wall). According to this classification „panel assembly” („diaphragm beam”) and 
„cantilevered diaphragm” can be recognised (see Fig. 1).

The diaphragm is characterised not only by the cross-section of the trape-
zoidal sheeting, but also by fasteners: sheet/purlin fasteners, seam fasteners 
(sheet/sheet fasteners) and sheet/shear connector fasteners. According to ER 
(1995), shear flexibility of the diaphragm c is the sum of a series of components. 
The origins of the shear flexibility are demonstrated in the axonometric view 
in Figure 2. Shear flexibility of the diaphragm is due to:

– sheet deformation: profile distortion (c1,1) and shear strain (c1,2),
– fasteners deformation: sheet/purlin fasteners (c2,1), seam fasteners (c2,2) 

and connections to rafters (c2,3),
– flange forces: axial strain in purlins (c3). 
Therefore, there are two main aspects of including the diaphragm effect 

in 3D numerical analysis of the structure – consideration of the flexibility of:
– steel trapezoidal sheets,
– fasteners and connections.

Fig. 2. Components of shear flexibility

The conventional ways of including the stressed skin effect, proposed in ER 
(1995), consider both of these aspects in one tool. According to ER (1995), the 
flexibility of diaphragm can be substituted by springs located in the plane of the 
roof, whose stiffness corresponds with the analytically-calculated shear flexibil-
ity c of the panel (Fig. 3a, c), what is described for instance by kOWaLczyk and 
nOWicki (2003). The diaphragm effect in 3D numerical model of the structure 
can be also included using diagonal bracing model of the roof panel (X type 
bracing). Then the analytically-calculated shear flexibility c of the diaphragm 
is implemented in the computational model of the structure by appropriate EA 
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stiffness of the equivalent braces (Fig. 3a, b), which is introduced for example 
by nieWiaDOMSki (2011), GOczek (2013). Nonetheless, more accurate model 
using more advanced and simultaneously more and more available computa-
tional tools are still being searched. Wide-ranging analyses using link elements 
which connect structural members in order to include the stressed skin effect 
are submitted by naGy et al. (2016).

Fig. 3. Shear panel models: a – with sheeting, b – with braces  
(equivalent longitudinal stiffness EA), c – with lateral spring (equivalent flexibility)

Other way to include the stressed skin effect in 3D numerical model of the 
structure is to substitute trapezoidal sheeting by an orthotropic 2D shell model, 
which is schematically shown in Figure 4. The idea of this process is to find the 
equivalent stiffness matrix of orthotropic shell which reflects different stiffness 
of steel trapezoidal sheeting in perpendicular directions. Obviously this approach 
is only an approximation, assuming for example the symmetrical cross-section 
of the cladding and that the dimension of one period of corrugation is small in 
comparison to the dimension of the sheet. What is more, local changes of stiff-
ness are not recognised.

Fig. 4. The idea of substitution the fully 3D-modelled trapezoidal sheeting  
by the orthotropic 2D shell model according to WennberG et al. (2011)

Different analytical expressions for stiffness matrix of equivalent orthotropic 
shell for trapezoidal sheeting are known (bróDka et al. 1999, GrynieWicz, 
SzLenDak 2016a, 2016b, WennberG et al. 2011, Xia et al. 2012). What is 
more, in computational programs for numerical 3D analysis of the structures 
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(for instance ARSA, RFEM) the tools (predefined orthotropic shells/plates), 
which allow the user to select the trapezoidal plate geometry instead of define 
stiffness matrix of equivalent orthotropic shell, are implemented. Matrix values 
are calculated by the program on the basis of the geometrical parameters and 
the user is no longer obliged to calculate the matrix values himself (Autodesk 
Robot Structural Analysis Professional 2015). It is necessary to emphasize that 
the analytical procedures for the stiffness matrix of equivalent orthotropic plate 
for trapezoidal sheeting, both known from the literature and implemented in 
numerical programs, diverge considerably.

In the article kOrcz (2017) the comparison and evaluation of numerical 
models of trapezoidal sheeting, by example of cantilevered diaphragm, is pre-
sented. Analyses are run in ARSA. Due to the way of definition, two groups  
of models are distinguished:

– predefined orthotropic shell with trapezoidal geometry selected by user (MA),
– orthotropic shell with orthotropic matrix calculated and defined by user (MB).
Analysed models are built by trapezoidal sheeting, purlins, top chords of 

truss girders, fasteners and connections. Models (MB) are built using analyti-
cal formulas for stiffness matrix of equivalent orthotropic plate for trapezoidal 
sheeting chosen based on WennberG et al. (2011), Xia et al. (2012), GrynieWicz 
and SzLenDak (2016a, 2016b). Selected procedures, with all used expressions 
and the convention of orthotropic directions, are introduced precisely by kOrcz 
(2017). In particular, membrane stiffness matrix D value is calculated in com-
pliance with formulas (1–6):

 𝑫𝑫 = 𝑡𝑡
1 − 𝑥𝑥𝑥𝑥 ∙ 𝑥𝑥𝑥𝑥

[
𝐸𝐸𝑥𝑥 𝑥𝑥𝑥𝑥 ∙ 𝐸𝐸𝑥𝑥 0

𝑥𝑥𝑥𝑥 ∙ 𝐸𝐸𝑥𝑥 𝐸𝐸𝑥𝑥 0
0 0 (1 − 𝑥𝑥𝑥𝑥 ∙ 𝑥𝑥𝑥𝑥) ∙ 𝐺𝐺𝑥𝑥𝑥𝑥

]  (1)

 𝐸𝐸𝑥𝑥 = E ∙
𝑙𝑙𝑝𝑝
𝑑𝑑   (2)

 𝐸𝐸𝑦𝑦 = E ∙
𝐼𝐼𝑦𝑦0
𝐼𝐼𝑦𝑦

  (3)

 𝑦𝑦𝑦𝑦 =  ∙
𝐸𝐸𝑦𝑦
𝐸𝐸𝑦𝑦

  (4)

 𝑥𝑥𝑥𝑥 =   (5)

 𝐺𝐺𝑥𝑥𝑥𝑥 = 𝑎𝑎
𝑏𝑏 ∙ 𝑡𝑡 ∙ (𝑐𝑐1,1 + 𝑐𝑐1,2)

  (6)
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where: 
t – thickness of trapezoidal sheeting = thickness of equivalent orth-

otropic plate, 
ν, E – Poisson’s ratio and elasticity modulus of steel material,
Iy

0 – equivalent plate moment of inertia,
Iy – trapezoidal plate section moment of inertia,
lp – the developed width of one corrugation,
d – width of one corrugation,
a, b – dimensions of the shear panel (Fig. 1),
c1,1, c1,2 – flexibility components according to ER (1995).

The most important factor, which distinguishes (MA) and (MB) models, 
is D33 element of the membrane stiffness matrix D (circa 5 times difference).  
In ARSA-implemented procedures (MA) this element is dependent on cross-sec-
tion geometry and material properties only, according to formula (7). In model 
(MB) formula (8) is used – much more data are taken into account: dimensions 
of the shear panel (a, b) and flexibility components c1,1 and c1,2 according to 
ER (1995). In particular, flexible component c1,1 (the result of profile distortion) 
depends not only on the sheet geometry but also among others on the way of 
sheet/purlin fastening (in every corrugation/in every double corrugation) and 
on the number of sheets in the width of the panel assembly.

 𝐷𝐷33(MA) =
E

2(1 + ) ∙ 𝑡𝑡 ∙
𝑑𝑑
𝑙𝑙𝑝𝑝

  (7)

 𝐷𝐷33(MB) = 𝑎𝑎
𝑏𝑏 ∙ (𝑐𝑐1,1 + 𝑐𝑐1,2)

  (8)

The evaluation of numerical models of trapezoidal sheeting depends on the 
degree of the agreement between the numerical and analytical results calculated 
according to ER (1995). In compliance with this criterion, better accuracy char-
acterised model (MB), so this model should be used in numerical calculations 
of the whole structure instead of model (MA). 

Likewise, the flexibility of connections and fasteners used in the roof panels 
has strong effect on the flexibility of the whole roof diaphragm. It can be mod-
elled by two perpendicular springs connected to two nodes with zero distance 
and with stiffness corresponding to the force-displacement relationship of con-
nector (usually linear approximation is used in practice), what is described by 
bróDka et al. (1999). 

Another approach is to take into consideration not only theoretical slip s of 
fasteners and other connections, but also their placement, using equivalent can-
tilever finite beam elements (Fig. 5), introduced by GrynieWicz and SzLenDak 
(2016a, 2016b). Knowing theoretical slip s and expression for maximum dis-
placement of the cantilever under the concentrated force applied at the free end, 
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for chosen length leq, moment of inertia Ieq of equivalent finite element can be 
calculated using formula (9). This method is implemented in the analyses of 
cantilevered diaphragm carried out by kOrcz (2017).

 𝐼𝐼𝑒𝑒𝑒𝑒 =
𝑙𝑙𝑒𝑒𝑒𝑒3
3𝑠𝑠E  (9)

The aim of the analysis described in this article was to make an assessment 
of the influence of including in numerical model fasteners and connections flexi-
bilities and placement of them (which are the component of diaphragm flexibility), 
on transverse deflections of the steel building. Moreover, the comparison between 
two types of models of trapezoidal sheeting (MA) and (MB), presented by kOrcz 
(2017) was continuing. In order to make analyses more complete, third model  
of trapezoidal sheeting (M0) – the infinitely rigid plate – was added. 

The transition between cantilevered diaphragm and panel assembly as  
a part of the whole structure showed how the choice of the model (M0/MA/MB) 
effects on the displacements of the structure. Two main aspects of including the 
diaphragm effect in 3D numerical analysis of the structure (consideration of the 
flexibility of steel trapezoidal sheets and fasteners and connections flexibility) 
were accomplished using procedures presented by kOrcz (2017). The structure 
was built patterned on the building analysed by Deniziak et al. (2015). Both 
the structure model and numerical methods are described in further chapters.

Material and methods

Numerical model of the structure – general description

3D numerical model of the steel structure of the single-bay pitched-roof build-
ing was built following the single-storey building analysed by Deniziak et al. 
(2015). The geometry of the building in axonometric view presents Figure 6.  
Axial dimensions were: 12.0 m (width), 30.0 m (length), 10.0 m (eave height), 
10.53 m (ridge height). The roof structure of intermediate frames was a truss 
girder. Top and bottom chords of the trusses, main rafters of gable frames and 

Fig. 5. Model of the fastener or connection – general concept  
according to GrynieWicz and SzLenDak (2016b)
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purlins were made with IPE section, diagonals of the trusses, beams and columns 
of gable wall with RHS section, bracings with ϕ-bars. Two variants of columns 
of the main frames were used (HEB300 and HEB200). The other sections were 
invariable in all models. Specification of the applied elements is presented in 
Figure 6. The cladding of the roof was made with trapezoidal sheeting shown 
in Figure 7. 

Fig. 6. Geometry and cross-sections of the analysed 3D steel structure

Fig. 7. Trapezoidal sheeting geometry [mm]

Maximal values of deflection of the single-storey building structure in trans-
verse direction was observed, so only the wind blowing perpendicular to the 
length of the building was taken into consideration. Following load cases were 
considered:

– G – dead loads (generated automatically);
– S1 – symmetric snow load; according to EN-1991-1-3:2003; characteristic 

value: s = 0.96 kN/m2;
– W1 – wind load in the perpendicular direction to the length of the build-

ing with suction on downwind surface and no pressure on upwind surface  
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of the roof; according to EN-1991-1-4:2004 and National Annex PN-EN-1991-  
-1-4:2008; characteristic values of loads for particular areas: we,A = –0.97 kN/m2, 
we,B

 = –0.65 kN/m2, we,D = 0.63 kN/m2, we,E = –0.38 kN/m2, we,F = we,G = we,H = 
= 0 kN/m2, we,I = we,J = –0.49 kN/m2;

– W2 – wind in the perpendicular direction to the length of the building with 
suction on downwind and upwind surface of the roof; according to EN-1991-1- 
-4:2004 and National Annex PN-EN-1991-1-4:2008; characteristic values the 
same as in case W1, except for: we,F = – 1.38 kN/m2 and we,G = – 0.97 kN/m2.

In order to gain clear results and limit the number of variables, the analy-
ses were conducted for one load combination: KOMB1 = 1.35⋅G + 1,.5⋅0.5⋅S1 + 
1.5⋅0.6⋅W1, which was built according to EN-1990:2002 and PN-EN 1990:2004 –  
National Annex. The same load combination as in Deniziak et al. (2015) was 
chosen, which allowed to use the same cross sections of the profiles and to com-
pare the results of both analyses.

In the structure with the stressed skin effect included, the gable walls, as 
the support for the diaphragm, need to be stiff-braced. Simultaneously roof and 
longitudinal walls no longer need to be braced (bracing role is undertaken by 
the diaphragm). Essential elements of the structure are trapezoidal sheets and 
purlins, as subdivisions of the diaphragm. As it was proved by Deniziak et al. 
(2015), the stressed skin effect of wall’s cladding is negligible for this particular 
building, loads and deflection observations. Therefore, in numerical models only 
roof diaphragms were included and wall’s diaphragms were omitted. Due to the 
direction of wind load, also in model P1 (without cladding included) it was not 
necessary to use bracings in longitudinal walls – stability in this direction was 
achieved by purlins and eave beams. 

Numerical analyses were run in ARSA. The main structure was applied as 3D 
beam finite elements (with real cross-sections). Corrugated sheets were replaced 
by two types of equivalent orthotropic shell models (chapter Equivalent models of 
trapezoidal sheeting). Fasteners and connections were substituted by equivalent 
beam finite elements (chapter Connections and fasteners in numerical model). 

Columns were fix-supported in foundations and hinge-joined with truss 
girders. In diagonals of the trusses only axial forces acted and in bracings of 
the gable wall – only axial tensional forces. Other bars had neither advanced 
properties nor releases declared. 

Equivalent models of trapezoidal sheeting

The flexibility of steel trapezoidal sheeting was accomplished using procedures 
presented by kOrcz (2017) (chapter Introduction). Conclusions of that article 
cannot be generalized to the wider range of structures (not enough analyses 
were carried out). However the similarity of geometry of diaphragms analysed 
by kOrcz (2017) and in this article (the same dimensions a and b of the panel 
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– Fig. 1, the same cross section geometry of the sheeting – Fig. 7) allows to use 
models and observations introduced by kOrcz (2017) to present analysis. It is 
important to realise, that in kOrcz (2017) cantilever diaphragms were analysed, 
whereas in this paper panel assembly was applied. This fact was reflected in 
calculations of flexibility components c1,1 and c1,2, so also in the stiffness matrix 
defined by user in model (MB), according to formulas (1) and (6).

In order to answer the question: how the differences in equivalent models 
(M0/MA/MB) of trapezoidal sheeting (chapter Introduction) translates into 
deflection’s behaviour of the whole structure, analyses of the whole building 
were carried out, using (M0/MA/MB) model. Results were compared in chapter 
Results and Discussion.

Connections and fasteners in numerical model

Equivalent numerical model of fasteners and other connections should take 
into consideration (with satisfactory accuracy) fasteners and connections flexibility 
with simultaneously slight complication of numerical model of the whole structure 
and slight increase of the file size. The approach introduced by GrynieWicz and 
SzLenDak (2016a) and implemented by kOrcz (2017) was adopted. Theoretical 
slip s of fasteners and other connections and their placement were modelled using 
equivalent cantilever finite beam elements (Fig. 5). The values of theoretical 
slip s were adopted from ER (1995). The exception was the flexibility of purlin/
rafter connection in the direction parallel to purlin axis, which was assumed 
by GrynieWicz and SzLenDak (2016a). Knowing theoretical slip s, for element 
length leq (Fig. 5) adopted according to GrynieWicz and SzLenDak (2016a), 
using formula (9), moment of inertia Ieq and cross sections of equivalent finite 
element were assessed (Tab. 1).

Table 1
Calculations of equivalent cross sections of diaphragm fasteners  

and connections according to kOrcz (2017)

Fastener or connection type
Element 
length leq 

[mm]

Theoretical 
slip s 

[mm/kN]

Moment 
of inertia Ieq 

[mm4]
Equivalent cross 

section

Purlin/sheet fastener 1 0.35 0.00454 Bar ϕ=0.55 mm
Purlin/rafter connection y-y 10 0.005 317.46032 Plate 17.17×0.75 mm

length 10 mmPurlin/rafter connection z-z 10 2.6 0.61050
Shear connector fastener 11 0.35 6.03628 Bar ϕ=3.32 mm

As it was done by kOrcz (2017), the location and flexibility of sheet/purlin 
fasteners, shear connector/girder fasteners and purlin/girder connections were 
taken into account. In order to decrease the number of variables, on which the 
results and their correctness depend, seam fasteners were omitted in the analyses. 
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Groups of numerical models

In order to observe the inf luence of including in numerical model  
of the structure fasteners and connections flexibilities (which are the compo-
nents of diaphragm flexibility) on transverse deflections of the steel building,  
4 groups of models (P1, T1, T2, T3) were built. They are characterised in Table 2.

Table 2
Characteristic of the analysed groups of models

Symbol  
of model

Trapezoidal 
sheeting

Purlin/rafter 
connections

Shear connector 
fasteners

Purlin/sheet 
fasteners

Seam 
fasteners 2K 4K

P1 – – – – – – –
T1 + – – – – – +
T2 + + + – – + +
T3 + + + + – + +

In model P1 cladding was not included and purlins were defined in the axis 
plane of the top chords of the truss girders. 

Model T1 was built by adding the roof diaphragm substituted by equivalent 
orthotropic shell in the axis plane of the top chords of the truss girders to model P1.  
The sheeting was four sides fastened (4K). The stressed skin effect was taken 
into consideration, but in simplified way, viz. including trapezoidal sheeting, but 
omitting flexibility of fasteners and connections of the diaphragm. This model is 
analogical to model used in the analyses performed by Deniziak et al. (2015).

In the next step model T2 was built – shear connector fasteners and purlin/
girder connections were included by using equivalent cantilever finite beam ele-
ments (chapter Connections and fasteners in numerical model). As a result, purlins 
and equivalent orthotropic shell of trapezoidal sheeting were set off from the axis 
plane of the top chords of the truss girders in the distance equal to the equiva-
lent element length. Both two and four sides fastening of the sheeting (2K, 4K)  
were taken into account. What is more, the simulation of the shear panel on two 
parallel layers allowed for shear connectors, which enable to connect sheeting 
with the truss top chords (rafters) in purlin systems (Fig. 2). According to ER 
(1995), in purlin systems shear connectors are absolutely required in the case 
of four sides fastening (4K). In the case of two sides fastening (2K) sheeting is 
fastened only to purlins, except for the gable diaphragms, which have to be fas-
tened to gable rafters (using shear connectors) in order to transfer forces from 
the roof diaphragm through wall bracings to the foundations.

Model T3 was built on the basis of model T2 by adding sheet/purlin fasteners 
using again equivalent cantilever finite beam elements (chapter Connections 
and fasteners in numerical model). Three parallel layers of the diaphragm were 
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defined: plane of the top chords of the truss girders, plane of the purlins and 
plane of the trapezoidal sheeting replaced by the orthotropic shell model. 

According to ER (1995), in the case of pitched roofs, the roof diaphragms 
are calculated for two surfaces separately. As a consequence, in models (T2, T3) 
there was a gap in the ridge between orthotropic shell elements (finite elements 
of two diaphragms did not have joint nodes). 

Results and Discussion

Numerical models P1, T1, T2, T3 (chapter Groups of numerical models) were 
built, calculations for three equivalent models of trapezoidal sheeting (M0/MA/MB)  
were run (chapter Connections and fasteners in numerical model) and two var-
iants of columns (HEB300 and HEB200) were taken into account. The values 
of maximum deflection ∆ at the top of the column in the middle frame were ob-
served as a representative of transverse displacements of the building. Results 
are presented in Table 3 and Table 4.

Table 3
Maximum deflection ∆ at the top of HEB300-column in the middle frame

Model
Deflection ∆ of the column [mm]

2K 4K
M0 MA MB M0 MA MB

P1a 72.1 72.1 72.1 72.1 72.1 72.1
T1 – – – 4.0 5.8 8.1
T2 9.5 10.2 12.3 4.6 5.7b 8.1
T3 12.8 14.9 16.9 4.7 6.2 8.5

a In model P1 types of model: M0/MA/MB and 2K/4K don’t occur (there is only one value of maxi-
mum deflection at the top of the column in the middle frame) 
b Disturbance of the result (described in the text)

According to Deniziak et al. (2015), for analysed load combination the ul-
timate limit state (ULS) conditions of the structure elements were fulfilled for 
both variants of columns (HEB300 and HEB200) regardless of including the 
diaphragm effect or not. Simultaneously current analyses showed that in the 
case of model P1 even cross section HEB300 of columns minimally (8%) does 
not fulfil the serviceability limit state (SLS) condition (deflection of the column) 
according to EN-1993-1-1:2005, viz. ∆ ≤ H/150 = 10,000/150 = 66.6 mm. By con-
trast, in models with the stressed skin effect included, the SLS condition is 
fulfilled by far, even for HEB200. In this situation, crucial in the design of the 
structure begins to be not SLS, but ULS, which means more economical design.
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Interesting phenomenon is the change of the columns’ behaviour, observed 
after including the diaphragm effect. The in-plane behaviour of more stiff col-
umns (HEB300) in all models were cantilever-like while for less stiff columns 
(HEB200) in some models cantilever-beam behaviour was observed. It arose 
from the fact that the roof diaphragm blocked the deflection of the ends of the 
columns and simultaneously the stiffness EI of the columns was so small that 
the suction on the longitudinal wall caused bigger columns deflection in the 
mid-span than at the top. Maximum values of deflections of the middle column 
are provided in Table 4 in brackets. Exemplary comparison of HEB200 and 
HEB300 columns deformation is shown in Figure 8. 

Table 4
Maximum deflection ∆ at the top of HEB200-column in the middle frame

Model
Deflection ∆ of the column [mm]

2K 4K
M0 MA MB M0 MA MB

P1a 258.3 258.3 258.3 258.3 258.3 258.3
T1c – – – 4.7 (10.7) 6.4 (11.6) 9.0 (13.0)
T2c 10.8 (14.0) 11.7 (14.4) 14.4 (15.8) 5.1 (11.0) 6.3b (11.6) 9.0 (13.0)
T3c 15.1 (16.2) 18.0 20.8 5.2 (11.0) 6.8 (11.9) 9.5 (13.3)

a In model P1 types of model: M0/MA/MB and 2K/4K don’t occur (there is only one value of maxi-
mum deflection at the top of the column in the middle frame) . 
b Disturbance of the result (described in the text). 
c In brackets maximum values of deflections were provided, if the extreme value occurred not at 
the top of the column (described in the text).

Fig. 8. Forms of deformation of columns – model T2_MB_4K: a – HEB200, b – HEB300
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Values of maximum deflections were analysed paying special attention to 
the influence of including in numerical model fasteners and connections flexi-
bilities on transverse displacements of the building. To that end, the percentile 
quotients of deflection values obtained in models T1÷T3 to values obtained in 
model T1 were calculated. Results are presented in Tables 5÷7. 

Table 5
Percentile quotients of maximum deflection ∆ at the top of HEB300-column  

in the middle frame to the value obtained in model T1

Model
T𝑖𝑖
T1

∙ 100%,   i = 1, 2, 3 

2K 4K
M0 MA MB M0 MA MB

T1 – – – 100 100 100
T2 238 176 152 115  98a 100
T3 320 257 209 118 107 105

a Disturbance of the result (described in the text).

Table 6
Percentile quotients of maximum deflection ∆ at the top of HEB200-column  

in the middle frame to the value obtained in model T1

Model
T𝑖𝑖
T1

∙ 100%,   i = 1, 2, 3 

2K 4K
M0 MA MB M0 MA MB

T1 – – – 100 100 100
T2 230 183 160 109  98a 100
T3 321 281 231 110 106 106

a Disturbance of the result (described in the text)

Table 7
Percentile quotients of maximum deflection ∆ of HEB200-column  

in the middle frame to the value obtained in model T1a 

Model
T𝑖𝑖
T1

∙ 100%,   i = 1, 2, 3 

2K 4K
M0 MA MB M0 MA MB

T1 – – – 100 100 100
T2 131 124 122 103 100 100
T3 151 155 160 103 103 102

a The maximum values of deflections, which occurred not necessarily at the top of the column, were included  
in calculations (described in the text, see also Tab. 4 and Fig. 8a)
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As it was predicted, including in the numerical model fasteners and con-
nections flexibilities increases the transverse deflection values of the building. 
In the case of two sides fastening (2K) the increase is much larger than in the 
case of four sides fastening (4K). Disturbance of the result appeared in model 
MA in the case of 4K (Tabs. 3–6): change from model T1 to model T2 caused 
minimal (0.2 mm) decrease of the deflection value. It seems that adding equiv-
alent beam elements to the model resulted in the increase of the stiffness of the 
roof, because model was no longer two dimensional one and started to work as 
a spatial structure. In model MA and case 4K, the flexibility of the connectors 
added to the model was so small that it didn’t compensate the increase of the 
“spatial” stiffness of the roof structure. The problem didn’t appear in the case of 
2K. It is recommended to analyse this disturbance deeper in order to improve 
the method of modelling the fasteners and connectors.

In the case (4K) maximally 18% increase in the column deformation value 
was observed. Keeping in mind that the absolute difference between deforma-
tion values obtained in models T1÷T3 did not exceed 0.7 mm, in the analysed 
instance of the structure the omission of fasteners and connections flexibilities 
in numerical 3D analysis seems to be circumstantiated.

The situation in the case (2K) is different. The increase up to 221% in the 
column deformation value was observed and the absolute difference amounted 
to dozen of millimeters. In the analysed instance of the structure this difference 
did not influence the accomplishment of SLS condition for the column (even 
in model T2 and HEB200 column it is fulfilled by far), however the difference 
between models T1 and T3 is significant. It seems to be justified to diversify 
the analyses for two sides fastening (2K).

As it was emphasized in the chapter Introducion, the analytical procedures 
for the stiffness matrix of equivalent orthotropic plate for trapezoidal sheeting, 
both known from the literature and implemented in numerical programs, can 
diverge considerably. Also procedures implemented in ARSA – used in model 
(MA) and in RFEM – used in analyses performed by Deniziak et al. (2015) 
are different. However, the values of the stiffness matrix obtained in ARSA 
and in RFEM vary so little that in this case it has not significant effect on the 
deflection of the analysed structure. Results of the analyses showed that from 
practical point of view both models are the same. It means that model (MA-T1) 
performed in this article corresponds to model used in Deniziak et al. (2015). 
Comparing to analyses carried out in Deniziak et al. (2015), in this article two 
more models of trapezoidal sheeting (M0/MB) were analysed and the aspect 
of including in the calculations the fasteners and connections flexibility was 
considered (models T2, T3).

Results reconfirmed the observations of Deniziak et al. (2015), i.e. that 
including in numerical model the stressed skin effect reduces the order of mag-
nitude of column deflections. For instance in the case of 4K, HEB300 columns 
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and model (MA) twelve times reduction in the value of deflection obtained for 
model T1 in comparison to model P1 was observed and for HEB200 column – 
circa twenty times. For model (MB) the effect is slightly smaller. It indicates that 
the more flexible the column is (so also the whole structure of the building), the 
more susceptible is the structure to the fact of including the diaphragm effect. 
This observation is in agreement with ER (1995). According to ER (1995) the 
stiffening effect depends on the relative flexibility, which for rectangular frames 
is defined as r = c/k, where c is the shear flexibility of a panel of sheeting and 
k is the frame flexibility (the eaves deflection per unit horizontal eaves load).  
For pitched roof frames the procedure is slightly different however, for this 
purpose (evaluation), procedure for rectangular frame is sufficient. In the case 
of 2K for column HEB300 the value r = 0.172 and for column HEB200 the value 
r = 0.040 were obtained. In the case of 4K for column HEB300 the value r = 0.063 
and for column HEB200 the value r = 0.014 were obtained. If r is large (case  
of flexible sheeting or stiff frames, for instance HEB300 columns and 2K case), 
the stiffening effect is smaller. If r is small (case of stiff sheeting or flexible 
frames, for instance HEB200 columns and 4K case), the diaphragms have larger 
stiffening effect on the structure (Tabs. 3 and 4).

As it was said in chapter Equivalent models of trapezoidal sheeting, it can 
be assumed, based on article kOrcz (2017), that in the analysed instance of the 
structure model (MB) of trapezoidal sheeting is more accurate than model (MA). 
Justified is the question: how the difference in models (M0/MA/MB) translates 
to the behaviour of the whole structure. Percentile quotients of maximum de-
flection of the middle frame column in model (MB) to values obtained in model 
(MA) are presented in Table 8. Additionally percentile quotients of maximum 
deflection of the middle frame column in model (MB) to values obtained in 
model (M0) are presented in Table 9. Results reconfirmed the anticipation, 
that using models (M0) and (MA) causes increase in the global stiffness of the 
structure in comparison to model (MB). Percentile values correspond to about 
6 mm difference in transverse displacements of the building between models. 

Table 8
Percentile quotients of maximum deflection ∆ of the column in the middle frame  

in model MB to values obtained in model MA

Model
MB
M0

∙ 100% 

2K 4K

HEB300 HEB200 
(end node)

HEB200 
(max) HEB300 HEB200 

(end node)
HEB200 

(max)
T1 – – – 140 141 112
T2 121 123 110 142 143 112
T3 113 116 116 137 140 112
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In this particular instance of the structure the difference is negligible, so using 
(M0) model (infinitely rigid diaphragm) or (MA) model instead of more precise 
one in order to reduce the calculation effort is justified.

Model (MB-T3) in the case of 2K gives circa 4÷5 times bigger transverce 
displacements of the structure than model (M0-T1), which corresponds to about  
13÷16 mm (see Tabs. 3 and 4). Comparing these results to deflection values 
obtained for model P1 and taking into consideration the calculation and mod-
el-building effort lead to conclusion that using model (M0-T1) instead of model 
(MB-T3) is reasonable for quick design estimations. However, the answer is not 
clear for precise design. It seems that it can strongly depend on the particular 
structure.

Conclusions

There are two main aspects of including the diaphragm effect in 3D numer-
ical analysis of the structure: steel trapezoidal sheets flexibility and fasteners 
and connections flexibility. Results showed that including fasteners and con-
nections flexibilities in numerical model of the structure leads to the increase 
of the transverse deflection values of the building. As it was presented, in some 
cases this effect is negligible, which means that the simple model could be used 
for analysis instead of more precise one. Similar tendency was observed when 
choosing of the equivalent model of trapezoidal sheeting (M0/MA/MB). However, 
identification for which cases this influence is negligible and for which is sig-
nificant (from engineering point of view) and formulation of all-purpose claims 
requires wider range of analyses and verification by experimental laboratory 
researches.

Table 9
Percentile quotients of maximum deflection ∆ of the column in the middle frame  

in model MB to values obtained in model M0

Model
MB
M0

∙ 100% 

2K 4K

HEB300 HEB200 
(end node)

HEB200 
(max) HEB300 HEB200 

(end node)
HEB200 

(max)
T1 – – – 203 191 121
T2 129 133 113 176 176 118
T3 132 138 128 181 183 121



148	 Natalia	Korcz,	Elżbieta	Urbańska-Galewska

Technical Sciences 21(2) 2018

References

Autodesk Robot Structural Analysis Professional 2015. Help for users, http://help.autodesk.com/
view/RSAPRO/2015/ENU/.

bróDka J., Garncarek r., MiŁaczeWSki k. 1999. Blachy	 fałdowe	w	budownictwie	 stalowym.	
Arkady, Warszawa.

Deniziak P., urbańSka-GaLeWSka e., MiGDa W. 2015. Analizy	wpływu	współpracy	blach	poszy-
cia	z	konstrukcją	nośną	na	wartości	sił	wewnętrznych	i	przemieszczeń	hali	stalowej. Czasopismo 
Inżynierii Lądowej, Środowiska i Architektury – Journal of Civil Engineering, Environment 
and Architecture, JCEEA, XXXII, 62(4/15): 43–53. DOI: 10.7862/rb.2015.177.

en-1990:2002. Eurocode 0. Basis of structural design. PN-EN 1990: 2004 – National Annex.
en 1991-1-3:2003. Eurocode 1. Actions on structures. Part 1–3: General actions. Snow loads.
en 1991-1-4:2004. Eurocode 1. Actions on structures. Part 1–4: General actions. Wind actions. 

PN-en 1991-1-4: 2008 – National Annex.
en 1993-1-1:2005. Eurocode 3. Design of steel structures. Part 1–1: General rules and rules for 

the buildings. 
en 1993-1-3:2006. Eurocode 3. Design of steel structures. Part 1–3: General rules. Supplementary 

rules for cold-formed members and sheeting.
European Recommendations for the Application of Metal Sheeting Acting as a Diaphragm. Stres-

sed Skin Design. 1995. eccS – tc7, tWG 7.5. 
GOczek J. 2013. Belki	z	kształtowników	giętych	stężone	poszyciem	z	blach	fałdowych. Wyd. Poli-

techniki Łódzkiej, Łódź.
GrynieWicz M., SzLenDak J.k. 2016a. FEM model of the steel building roof includes stressed skin 

diaphragm action effects. In: Recent Progress in Steel and Composite Structures: Proceedings of 
The XIII International Conference on Metal Structures. Eds. M.A. Gizejowski, J. Marcinowski, 
A. Kozlowski, J. Ziółko. CRC Press, Zielona Góra, Poland.

GrynieWicz M., SzLenDak J.k. 2016b. Wpływ	współpracy	pokrycia	dachowego	na	przemieszcze-
nia konstrukcji hali stalowej. Inżynieria i Budownictwo, 8.

JOó a. L., Dunai L. 2015. Full-scale experimental tests on steel frames with various claddings.  
In Proceedings of The Eighth International Conference on Advances in Steel Structures. Lis-
bon, Portugal.

kOrcz n. 2017. Modele	 numeryczne	 uwzględniające	 tarczową	 pracę	 pokrycia	 dachowego	 
z blach trapezowych. Czasopismo Inżynierii Lądowej, Środowiska i Architektury – Journal of 
Civil Engineering, Environment and Architecture, JCEEA, XXXIV, 64 (4/I/17). DOI: 10.7862/
rb.2017.207. 

kOWaLczyk k., nOWicki M. 2003. O wykorzystaniu tarczowego charakteru pracy pokrycia z blach 
fałdowych.	Inżynieria i Budownictwo, 1.

LenDvai a., JOó a.L. 2016. Test based finite element development for diaphragm action. In Pro-
ceedings of the International Colloquium on Stability and Ductility of Steel Structures. Timi-
soara, Romania.

naGy zS., POP a., MOiS i., baLLOk r. 2015. Stressed Skin Effect on the Elastic Buckling of Pitched 
Roof Portal Frames. In Proceedings of the Eighth International Conference on Advances in 
Steel Structures. Lisbon, Portugal.

naGy zS., POP a., MOiS i., baLLOk r. 2016. Stressed Skin Effect on the Elastic Buckling of Pitched 
Roof Portal Frames. Structures, 8: 227–244.

nieWiaDOMSki L. 2011. Tarcza dachowa z blachy trapezowej w modelu obliczeniowym konstrukcji 
dachu	hali	przemysłowej.	In Proceedings of the XII International Conference on Metal Struc-
tures – ICMS. Wrocław, Poland.

WennberG D., WennhaGe P., SticheL S. 2011. Orthotropic Models of Corrugated Sheets in Finite 
Element Analysis. ISRN Mechanical Engineering, 2011, ID 979532, DOI:10.5402/2011/979532.

Xia y., FriSWeLL M.i., SaaveDra FLOreS e.i. 2012. Equivalent models of corrugated panels. In-
ternational Journal of Solids and Structures, 49: 1453–1462.



Technical Sciences, 2018, 21(2), 149–156

THE USE OF FINE WASTE MATERIAL  
FOR THE FUTURE OF SUSTAINABLE CONSTRUCTION 

Katarzyna Kalinowska-Wichrowska
Department of Construction and Road Engineering

Bialystok University of Technology

Received 11 March 2018, accepted 11 May 2018, available online 18 May 2018.

K e y  w o r d s: cement composites, recycling binder, physical and mechanical properties of con-
cretes. 

A b s t r a c t

The article presents data regarding scale of current production of cement and its future  
of sustainable construction. In the time of sustainability and Union Directives which rightly impose 
the reduction of emission of greenhouse gases the solution has been proposed that may in some 
extent contribute to reducing the cement consumption by using properly prepared recycling binder 
as its substitute. Some results of own research have been presented, connected with the possibility 
of using the waste material in form of properly processed cement grout as a partial substitute  
of cement in the cement composites. Due to high content of contaminants in the industrial second-
ary binder, which might interfere with the uniformity of results, it has been decided to obtain the 
recycling binder in the laboratory conditions. The secondary mineral material has been obtained in 
the process of multi-stage disintegration of prepared laboratory samples, made from cement grouts.  
The prepared material has been analysed for content of dust fraction and pozzolana activity.  
The obtained results have revealed that in assumed conditions of recycling binder processing it may 
be successfully used as cement substitute in the cement composites.

Introduction

Higher number of people and economic growth imposes an additional load 
on already limited natural resources and will require maintaining of actions 
aimed for neutralization of influence on the climate changes. As a key component  
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of concrete, the cement plays crucial role in the resource management, therefore 
the problem of reuse of old grout is an object of research of many scientists due 
to concrete recycling and recycled materials in the context of their efficient 
management and environment protection (bOŁtryk, kaLinOWSka-WichrOWSka 
2016, kaLinOWSka-WichrOWSka 2017b, Duan, POOn 2014). 

With increasing use of concrete, the demand for cement and aggregates 
rises. Earth resources protection and high energy consumption while cement 
production imposes need to re-use concrete components through recycling. It is 
estimated that the concrete industry consumes about 11 billion tons of natural 
aggregate per year (Jin, chen 2015) and the cement industry is responsible 
for about 5% of anthropogenic CO2 emissions in the world (Rola cementu… 
2016).Construction waste represent around 25–30% of all waste generated in 
the European Union. They consist of many materials, including: brick debris, 
concrete, gypsum, etc., which can be subjected to the recovery process (zaJąc, 
GOŁębiOWSka 2014). The percentage of recycling and re-use varies greatly across 
Member States. In Spain, for example, only 14% of rubbish waste is recycled. 
Other countries with a very high level of recycling, such as: the Netherlands, 
Denmark, Estonia, Germany, for which recycling rates are respectively 92%, 
86%, 80% and 75% (Eurostat, online 2016). 

The goal of research undertaken in this article is to demonstrate the possibil-
ity of reuse of binder obtained from concrete recycling as the cement substitute 
in the cement composites. Reduction of amount of used cement coming from the 
factory (where most of CO2 is emitted to the atmosphere during clinker baking) 
limits emission of that gas (kaLinOWSka-WichrOWSka 2017a).

braGa et al. (2012) analysed the behaviour of cement mortars using small 
recycled particles as a substitute for natural sand. In these studies, 15% of the 
necessary natural sand was replaced with recycled sand. An increase in com-
pressive strength was observed, with a simultaneous decrease in the modulus 
of elasticity and increased water absorption, as compared to traditional cement 
mortars.

zenGFenG et al. (2015) observed the effect of saturation of the fine fraction 
of recycling aggregates on mechanical properties, properties of fresh mortar 
and the material transition zone. The results showed that mortars made with 
dry aggregate from recycled materials show better compressive properties than 
saturated recycled aggregates due to the thinner transition zone. An increase in 
compressive strength of composites with dry fine aggregate was also observed 
from recycling.



 The Use of Fine Waste Material For the Future of Sustainable Construction  151

Technical Sciences 21(2) 2018

Object and methodology of own research

Characteristics of raw materials

Cement CEM I 42,5R and corresponding to the requirements of standard 
PN-EN 197-1 Cement – Part 1: Composition, specifications and conformity cri-
teria for common cements. Only the fine aggregate in form of standardized sand 
has been used for the tests. 

Recycling binder

The experiment has been realized with use of secondary binder obtained 
as a result of processing of previously prepared laboratory samples of cement 
mortars. The recycling mortars have been prepared from cement, sand and 
water in moulds 40×40×160 mm (according to PN-EN 196-7: 2009 Methods  
of testing cement – Part 7: Methods of taking and preparing samples of cement, 
where w/c ratio equalled 0.5). After 28 days of curing in the water conditions 
the samples of cement mortars have waited for another 6 months in air-dry 
conditions. Then they have been crushed in the jaw crusher to dimensions  
of approx. 10–20 mm. In such form they have been placed in the thermal furnace 
to be subjected to baking in temperatures defined in the experiment plan. After 
that process the material has been remilled for approx. 20 minutes in micro 
Deval drum to obtained as high specific surface as possible. During another 
milling the whole charge consisted of fraction <0.125 cm and the specific surface 
oscillated in range of 3,800–4,000 cm2/g.

In the next step, the recipe of cement composites has been assumed as for 
standard mortars according to PN-EN 196-7: 2009 Methods of testing cement  
– Part 7: Methods of taking and preparing samples of cement, where w/c ratio = 0.5.  
For forming of beams 40×40×160 mm the Portland cement CEM I 42.5R has 
been used, which 25% of cement has been replaced with recycling material. 
After 28 days of curing in water conditions the samples have been subjected to 
compression tests. The test results are presented in section 4.

Test methodology

• Compression strength of cement composites with recycling material:
The compression strength testing has been realized for 6 randomly selected 

beams 4×4×16 cm from each batch according to standard PN-EN 196-1:2006 
Methods of testing cement – Part 1: Determination of strength.



152 Katarzyna Kalinowska-Wichrowska

Technical Sciences 21(2) 2018

• The pozzolana activity has been determined according to standard  
PN-EN 450-1:2009. Fly ash for concrete. Part 1: Definition, specifications and 
conformity criteria.

• The percent content of individual sizes of particles in the recycling material 
after the thermal and mechanical processing has been determined with use  
of set of sieves.

Research experiment

Experiment plan

In order to determine the influence of thermal processing of recycling mortar 
on selected properties of cement composites the research experiment has been 
planned, consisting of 3 basic batches and 1 control batch (no. 4 – not consisting 
the recycling mortar binder).In the experiment factor (X1) have been taken into 
consideration, each of three variation levels:

• X1 – baking temperature of recycling binder (400, 650, 800°C).
The baking time of material has been assumed as constant and it amounted 

to 60 minutes.
The experiment plan including coded values of variables is presented  

in Table 1.

Table 1
Plan of research experiment

Batch no. X1 – baking temperature [°C]
1 –1 400

–1 400
–1 400

2
0 650
0 650
0 650

3
+1 800
+1 800
+1 800

4 control batch 

Realization and curing of samples

Batches have been realized with use of automatic laboratory mixer. First the 
loose components have been weighed and mixed for 5 minutes, then water has 
been added and mixing lasted another 10 minutes. Such prepared amount of 
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material has been placed in the steel mould allowing for simultaneous forming 
of three samples of dimensions 40×40×160 mm. Then the samples in the mould 
have been consolidated on the vibration table. After removing from the mould 
the samples have been placed in the water basin of temperature of 20°C until 
realization of proper tests.

Results of tests and discussion

As described above, the recycling material after the baking process has been 
subjected to remilling in the planetary mill down to the specific surface similar 
to that of cement 42.5 R, and those processes might have with temperature had 
the significant impact on pozzolana effect. The Figure 1 shows grading curve 
for the recycling material baked in 650°C and subjected to remilling.

Fig. 1. Percentage content of individual particle sizes in recycling mortar binder (650°C)

Diversification of particle sizes in old grout (as proven by the strength re-
sults) does not impair the properties of composites. About 61% of the material 
have fraction less than 0.125 mm and 0.063 mm. High content of silty fractions 
indicates the effectiveness of the milling process. It should be noted that with 
the material’s baked in temperature at 800°C and further milling, it became 
compacting material and deposited on the walls of the grinder. From the point 
of view of using technology in the industry it would be a disqualifying factor. 
The photos of the recycled mortar resulting from roasting debris at 650°C taken 
using the scanning technique are showed below (Fig. 2).

The results of compressive strength and pozzolana shown in Figure 3.  
The highest results of compression strength have been obtained for the composites 
including the recycling additive subjected to thermal processing in 650°C (batches 2). 
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Fig. 2. SEM photo of recycling mortar (after thermal process in 650°C)

Fig. 3. The results of compression strength for cement composites  
with addition of recycling binder mortar

The values of obtained strength in those batches are higher results for the 
control batch (4) without the recycling additive, increased by 10%. According 
to test method described in PN-EN 450-1:2009 the tested material reveals the 
pozzolana properties when the compression strength of composite containing 
25% of material substituting the cement is 75% of control sample. 
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In tested composites all strength results for batches, where the recycling 
material has been subjected to baking in 650°C, had revealed the pozzolana 
properties (in figure red line shows pozzolana veneer). Only in batches where 
the thermal processing of recycling material was 400°C (batch 1) and 800°C 
(batch 3) the pozzolana properties have not been activated. It is assumed that in 
such range of temperatures 300–500°C there is still significant amount of not 
decomposed portlandite present and in range 750–800°C there is a breakdown 
of calcium carbonate into carbon dioxide and a significant amount of inactive 
calcium oxide (krzyWObŁOcka-LauróW 1998). As results shows applying too high 
temperature of baking decreases pozzolana activity in recycled binder mortars. 

Figure 4 shows a composite scanning photo using a recyclable mortar as 
a cement substitute. The structure of the cement matrix is   identical to that  
of a classic composite made exclusively on cement. The portlandit clusters were 
not observed, which could indicate an incomplete pozzolanic reaction. The C-S-H 
phase which fills the structure of the composite is visible in the Figure 4.

Fig. 4. SEM photos of breakthroughs of samples made using a recycling mortar,  
visible phase C-S-H

Summary

The article presents the possibility of effective utilization of recycling mortar 
in cement composites.

The presented results of tests have confirmed that after specific suitable 
thermal processing the tested recycling material reveals the pozzolana properties 
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in composites and improves compression strength values. The optimum strength 
parameters and the highest level of pozzolana activity index have been ob-
tained for the baking temperature of 650°C. Increasing the processing temper-
ature by 150°C (to 800°C) deteriorates of strength and pozzolana parameters.  
The suitability of tested material as an active additive is also significantly 
influenced by the milling degree, close to specific surface of cement.

In realized tests the assumed of baking temperature of recycling material 
had high influence on the composite strength properties. As the tests results 
show, the recycling material produced in such way may be successfully used as 
an alternative for cement or in the future as fillers or other type II additives 
for cementitious composites.
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A b s t r a c t

Quality control at all stages of the polygraphic process will allow to establish a feedback 
between technological processes of printing. The validity of the selected criteria, technological 
effectiveness and objectivity of the quality assessment methods will allow to organise technically 
accurate modelling of the processes as well as to promptly interfere with the production process  
if necessary. The tendency of the development of technologies and control tools as well as computer 
expansion are the reasons why the objectivity and impartiality of the assessment become the main 
criteria for the choice of method for quality assessment of the polygrafic product. Methodological 
purpose of the quality control is to make the polygrafic process technologically driven and stable, 
and the quality of the received print – more predictable.

Introduction 

Current international standards and regulatory materials governing the 
operations of quality control, thus achieved the necessary quality printing prod-
ucts. Today, the printing market increasingly prevalent technology of mak-
ing printing plates by digital image output to the forming material, known as 
Computer-to-plate-technology, which differs from the traditional lack of stage 
separations getting (tikhOnOv 2000).

Correspondence: Oleksandr Tymchenko, Katedra Inżynierii Bezpieczeństwa, Uniwersytet 
Warmińsko-Mazurski w Olsztynie, ul. Oczapowskiego 11, 10-719 Olsztyn, phone: 89 524 61 25.
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Improving Computer-to-plate-technology promotes the development of digital 
monitoring forms. Typically, PostScript-file that allows you to verify the accuracy 
of the output of digital systems, including printing plates, generating elements 
that contain a variety of test objects that can measure the exposure resolution.

In today’s competitive environment one of the key issues is ensuring consist-
ently high quality printing products while minimizing costs. Modern printing 
companies realize the need for certification as an important factor in achieving 
this goal. Standardization is particularly relevant in light of current trends to 
reduce the circulation of orders because it promotes the competitiveness of offset 
printing (havrySh, yuSchyk 2015).

For the evaluation of the quality of offset printing plates appropriate measuring 
control strips have been developed and new types of measuring devices are also 
created (GnaWaLi et al., 2013, Control of CtP… 2015).

Quality control tools

The control processes have become more computerized and automatized; due 
to this automatic measurement tools as well as network digital control systems 
(complexes) are more actively implemented in the production process, which 
allows to carry out overall control at all stages and phases of the process. Im-
plementation of electronic complexes gives the opportunity to promptly interfere 
with the production process at a particular point. 

The objective of the invention is to work out a scale for the resolution con-
trol of output scanning devices by means of software synthesis of the control 
elements of the scale which will allow to visually assess the actual resolution 
of a raster output scanning device, such as laser and inkjet printers, system 
“Computer-to-film”, “Computer-to-plate”, “Computer-to-press” and digital print-
ing machines.

This is possible as the scale for resolution control of the output scanning 
devices, that is composed of the elements for resolution assessment of fast, 
slow and 45° angled scan directions, gives the possibility to assess the actual 
resolution of these devices.

Development of the scale for resolution control

The structural scheme of the scale for resolution control of the output scan-
ning devices is given at Figure 1; it consists of four functional groups that,  
in turn, are composed of thin annular and straight lines of equal thickness 
(2.6458, 5.2917, 10.58, 21.17, 42.3, 84.7 µm) (havrySh, yuSchyk 2015).
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Fig. 1. Test-object overview





Fig. 2. Enlarged test scale fields for different resolution values (enlargement 37,000%: 
 1 – line, 2 – gap between lines)
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The working scheme of the scale for resolution control of the output scanning 
devices is as follows: the program file with the control scale is transferred to 
a sheet, photo material or multimetal plate by means of the raster scanning 
device (Fig. 1), and the resolution value at which the control elements are re-
flected without distortions is visually set (Fig. 2). Then, for correctly reflected 
resolution fields, the measurement of integral optical density value is carried 
out (ShchaDenkO 2009, naGOrnOv 2004); it shall ideally amount to 0.3 for 50% 
line gauge. On the basis of the deviation from this value the conclusion regard-
ing the accuracy of the settings of the raster output scanning device is made.

The given scale for the resolution control of the output scanning devices 
allows to assess the accuracy of the main settings of raster output scanning 
devices (havrySh, yuSchyk 2015).

The given test-object refers to the scales for prompt resolution control of the 
output scanning devices, such as laser and inkjet printers, laser photo-exposing 
printers, computer-to-plate systems, computer-to-printing machine systems, 
and digital printing machines.

The test-object for the resolution control of the output scanning devices allows 
to assess the accuracy of the main settings of the raster output scanning devices.

The test-object for the resolution assessment of the output scanning devic-
es given at Figure 1 is composed of four functional groups, each of which has  
6 elements of 9,600, 4,800, 2,400, 1,200, 600, 300 dpi resolution.

Functional group I contains thin annular lines (elements 1–6), functional 
group ІІ ‒ thin straight vertical lines (elements 7–12), functional group ІІІ ‒ thin 
straight horizontal lines (elements 13–18), functional group ІV ‒ thin straight 
45° angled lines (elements 19–24) and thin straight 135°angled lines (elements 
25–30) (havrySh, yuSchyk 2015). In the bottom part there are elements that 
are identical to the elements of the upper, left and right parts.

The test-object for the resolution assessment of the output scanning devices 
is used as follows: the test-object is transferred to a sheet, photo material or 
multimetal plate by means of the raster scanning device, and the resolution 
value at which the control elements are reflected without distortions is visually 
set. Then, for correctly reflected resolution fields, the measurement of integral 
optical density value is carried out (ShchaDenkO 2009); it shall ideally amount 
to 0.3 for 50% line gauge (LinSLey 1980). On the basis of the deviation from 
this value the conclusion regarding the accuracy of the settings of the raster 
output scanning device is made.

Figure 2 shows elements of blocks of circular, vertical, horizontal and 45º 
and 135º angles with a resolution of 9,600, 4,800, 2,400, 1,200, 600, and 300 dpi  
with an increase of 37,000%.
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Conclusions 

It is developed the technique of estimating the accuracy of reproduction  
of information by raster scanning devices of output on the reproduction of raster 
and dashed elements of control scales.

For real images, in the case of degradation of resolution (mismatch of the 
raster scanning output device), it is necessary to apply image processing using 
recovery methods with the automatic selection of parameters, which will allow 
clear images of test object fields with high resolution (higher than 1,200 dpi).
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