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Impact of wood fraction, moisture and 
steam explosion on the development of an 

innovative insulation material 
Martins Andzs, Ramunas Tupciauskas, Andris Veveris, Janis Gravitis 

Latvian State Institute of Wood Chemistry, Laboratory of Eco-Efficient Conversion of Biomass1, 
Dzerbenes street 27, Riga, LV-1006, Latvia. 

Abstract. The study shows development of an innovative bulk heat insulation material from grey alder (Alnus 
incana L. Moench) chips and birch (Betula pendula, Betula verrucosa) flakes as residues of plywood production. The 
research is actual for the plywood production companies and for producers that process grey alder chips to make an 
innovative products with high added value. Chips and flakes eco-efficient converted to fibrous mass by steam 
explosion (SE) technology at temperatures (T) of 200 to 235 °C and time interval of 0 to 5 min. Application of SE 
technology to obtain fibrous insulating material is in the news at a global level and has not been studied previously. 
The bulk density of raw and SE materials determined using standardised method specified in LVS EN 15103: 2010. 
The bulk density of SE materials studied depending on the raw material fraction and moisture as well as depending 
on the SE conditions. The lowest bulk density (53 kg m-3) achieved SE material of grey alder chips with 12% of raw 
moisture processed at T 235 °C for 1 min. This is the optimal result, which reveals the industrial competitiveness of 
bulk heat insulation materials and indicate the justification for the further examination. 

 
Keywords: grey alder, birch flakes, steam explosion, bulk density, bulk heat insulation. 
 

I INTRODUCTION 

Alder as the fourth most Latvian widespread tree 
species is still not used in sufficient quantities. In 
forests, near the pine and spruce basic wood species, 
grows huge resource of grey alder that count of 40 
million cubic meters (m-3) or 6.1% of the total 
Latvian forest yield [1] Therefore, grey alder species 
retains the potential for use in materials with high 
added value. By contrast, the production of plywood 
forms a considerable amount of so-called veneer flaps 
which are predominantly burned for energy purposes 
[2]. Currently, Latvia implements „Technology 
platform vision 2030 of Latvian forestry and forest-
based industry”, which one of the objectives is the 
innovative development and application increase of 
Latvian major tree species and wood products [3]. In 
response to the technological platform the research of 
the above-mentioned raw materials is sustainable 
based. 

Traditionally, to convert wood chips to pulp, 
defibrators and rafinators are used. In nowadays, 
steam explosion (SE) pretreatment is one of the most 
promising technologies for biomass processing [4].  

SE is the thermal hydrolysis process by which 
saturated steam acts on the biomass in a closed 
reactor a certain time (up to 10 min) at a certain 

temperature (160-250 °C). After the time exceeds the 
reactor is opened and the biomass is exploded to the 
receiver due to rapid pressure reduction. Wood fibres 
after SE are a modified hierarchical assembly of its 
main ingredients – cellulose, hemicellulose and lignin 
(Fig. 1). 

Fig. 1.  Wood cell changes after SE processing [5]. 

During the research is intended to develop the 
optimal bulk heat insulation material from grey alder 
wood chips and veneer flaps, with the use in building 
structures. The article shows the study, the purpose of 
which is to provide the impact of raw material 
fraction, moisture and SE treatment on the bulk 
density of the pretreated material. The tasks of the 
study are to develop and implement a sample 
treatment scheme by selecting the sample different 
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fraction, moisture and SE modes, as well as to 
determine the sample optimal (lower) bulk density. 

II MATERIALS AND METHODS 

To implement targets of the research the processing 
scheme has been developed (Fig. 2). Grey alder wood 
is obtained from the sample squares of Latvian State 
Forestry Research Institute „Silava”. Birch flaps is 
obtained from the plywood production company's 
“Latvijas Finieris”. The grey alder wood is crashed by 
a “Bruks” (Sweden) wood chipping machine, 
debarked and then one part cracked by a “Retsch” 
(Germany) appliance to particles (AP) characterised 
by sieve holes of 10 mm in diameter. The grey alder 
chips (AC) and birch flaps (BF) fractionated by sieve 
with holes of 20 mm in diameter. Finally, all raw 
materials conditioned to equilibrium moisture content 
(MC) that was achieved 6 ± 1% after one week and to 
12% of MC. The MC of raw materials controlled 
using the device Precisa XM120. 

 

Fig. 2.   Research scheme of grey alder chips (AC), particles (AP) 
and birch flaps (BF). 

The bulk density (Dar, kg m-3) of conditioned raw 
materials determined using a standardized method [3] at 
cylindrical metal container of 0.5 litres (V, m3) and 
calculated by equation (1): 

,
)( 12

V

mm
D ar


      (1) 

where m1 – the mass of the empty container in kg; 
m2 – the mass of the sample filled container in kg. 
 

Prepared raw materials processed in the laboratory 
scale batch SE unit (Fig. 3), which allows to change 
the processing parameters: time, temperature and 
pressure. Empirically, conditions of the SE can be 
characterised by a single treatment severity index (R0) 
comprising temperature (T) and time (t) [7]: 

 

.
75.14

)100(
exp0




T
tR      (2) 

 

The same pretreatment quality could be achieved 
combining the process temperature and time [6]. 
Therefore, the temperature range was choose from 
200°C to 235°C and time of exposure to high pressure 
at current temperature from 0 min to 5 min. The time 
of 0 min there means that the sample was exploded to 
receiver immediately after the current pressure was 
achieved. 

SE pretreatment parameters for used raw samples 
are shown in Table 1. In order to reduce the number 
of samples, the AP samples with MC of equilibrium 
and 12% processed with single SE mode at T 200 °C, 
t 5 min (Fig. 2, Table 1). While one of AC samples 
with only equilibrium MC processed with single SE 
mode at T 235 °C and steam-exploded immediately 
after the high pressure achieved (Fig. 2, Table 1). 

 

TABLE 1 

SE TREATMENT PARAMETERS OF RAW SAMPLES 

Sample Fraction 
(sieve Ø, mm) 

MC  
(before SE) 

T, 0C p, Mpa t, min logR0 

BF_W12_R3.97 20 12 235 3.2 1 3.97 

BF_W5_R3.97 20 5 235 3.2 1 3.97 

BF_W12_R4.23 20 12 220 2.3 5 4.23 

BF_W5_ R4.23 20 5 220 2,3 5 4.23 

BF_W5_R3.64 20 5 200 1.6 5 3.64 

AC_W7_R2.97 20 7 235 3.2 0 2.97 

AC_W12_R3.97 20 12 235 3.2 1 3.97 

AC_W6_R3.97 20 6 235 3.2 1 3.97 

AC_W12_R4.23 20 12 220 2.3 5 4.23 

AC_W6_R4.23 20 6 220 2.3 5 4.23 

AC_W12_R3.64 20 12 200 1.6 5 3.64 

AC_W6_R3.64 20 6 200 1.6 5 3.64 

AP_W7_R3.64 10 6 200 1.6 5 3.64 

AP_W12_R3.64 10 12 200 1.6 5 3.64 
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Fig. 3.  Scheme of the laboratory scale SE device. 

In order to assess the impact of SE regimes used 
the pretreated materials were collected and it’s oven 
dry mass calculated. Mass loss (Mloss) of the SE 
materials calculated according to equation (3): 
 

,
)100(

100
1

2

m

m
M loss


    (3) 

where m1 and m2 – is the oven dry mass of raw 
sample and pretreated one, respectively. 

The influence of samples factors and comparison 
of it’s the mean values are analysed by one-way 
ANOVA at the confidence level  = 0.05. 

III RESULTS AND DISCUSSION 

As it is known a certain part of biomass volatiles 
out during SE. This part is defined as mass loss and 
contains degraded hemicelluloses [6, 8]. Mass loss of 

pretreated samples mostly depends on severity of the 
SE process and it indicates tight correlation 
approving the statement that increasing the severity 
index R0 by one unit the mass loss increases by 
almost 9% (Fig. 4). The mass loss variation at logR0 
3.64, 3.97 and 4.27 depends on moisture content of 
the raw materials and slightly decreases with the 
increasing moisture content from 6% to 11% 
(Tupciauskas et al. 2012). The last statement matches 
also the studies of other authors those declare that the 
optimal moisture is within range of 10–15% [9]. 
While fraction and species of the raw materials show 
no significant impact on the mass loss. 

The bulk density of all raw materials varies in 
range between 154 and 172 kg m-3 and the difference 
is not significant in spite of different fraction, 
moisture and species (Fig. 5). 

 

Fig. 4.  Mass loss of the samples after SE depending on severity 
index (logR0) 

 

Fig. 5.  Bulk density of all samples before and after the processing of SE. 
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Fig. 6.  Visual appearance of the bulk samples: A – raw AC, B – AC_W7_R2.97; C – AP_W12_R3.64; D – AC_W12_R4.23.

The bulk density of the pretreated materials 
variate in range between 62 and 103 kg m-3. The bulk 
density of all raw materials varies in range between 
154 and 172 kg m-3 and the difference is not 
significant as in the case of raw materials (Fig. 5). 
The lowest bulk density achieved by sample from 
raw alder chips pretreated at T 235°C and 1 min, 
however the samples from birch flaps also 
demonstrate good enough results (Fig. 5). The 
pretreated samples of raw grey alder particles 
achieved higher bulk density indicating 
unsatisfactory results. The bulk density of the 
pretreated samples have a tendency to increase with 
increasing severity index as also noted by 
Tupciauskas et al. [10]. 

The bulk density of the pretreated materials 
decreased in average at 50% due to the effect of SE. 
However, the pretreated materials are not 
homogenous because of including single fibres and 
fibre bundles as well (Fig. 6). 

IV CONCLUSION 

Processing of grey alder chips and birch flaps there 
are obtained inhomogeneous fibrous mass that consist 
of fibres and fibre bundles. 

SE optimal conditions under which the samples 
obtained with the lowest bulk density are T 235°C, p 
3.2 MPa and t 0–1 min. 

In spite of different parameters some samples 
pretreated under logR0 4 (PF_W5_R3.64, 
AC_W7_R2.97, AC_W12_R3.97, AC_W6_R3.97, 
AC_W6_R3.64) achieved optimum bulk density 
(under 65 kg m-3) that is comparable with other bulk 
heat insulation analogues. This is the optimal result, 
which reveals the industrial competitiveness of bulk 

heat insulation materials and indicate the justification 
for the further examination. 
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Analysis of service properties of 
cylindrically ground surfaces, using 

standard ISO 25178-2:2012 surface texture 
parameters  
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Riga Technical University, Institute of Mechanical engineering,  

Address: Ezermalas street 6k, Riga, LV-1006, Latvia. 

Abstract. At present surface roughness is one of the main indications of component quality. During the operation 
mainly the outer layer of the component is exposed to external action, and depending on the roughness structure 
conclusions can be drawn about the service properties of the surface. Because cylindrical grinding today is rather 
widely used and precise method of treatment of bodies of revolution in the field of mechanical engineering the given 
paper pays attention to the surfaces treated on cylindrical grinding machines, and more exactly to their roughness, 
determining the possible use of the given surfaces. For the analyses of the roughness parameters the ISO standard 
ISO 25178-2:2012 “Geometrical product specifications (GPS) - Surface texture: Areal - Part 2: Terms, definitions and 
surface texture parameters” was used, in which there were determined the texture parameters of the surface. 
Contrary to other standards, such as ISO 4287, ISO 13565 the new standard allowed to assess real surface properties, 
since in the given case the surface is being viewed in three-dimension space. During the research three cylindrically 
ground samples treated at different cutting conditions were chosen. By the help of modern measuring equipment 
Taylor Hobson Talysurf Intra 50 the topography of the given samples was taken in order to obtain and compare the 
roughness parameters and for the purpose of setting relation between the cutting regime and roughness parameters, 
and determining mathematical model of cylindrically ground samples. As a result of research it was stated that the 
given type of surfaces is characterized by irregular roughness, that is location of micro-peaks regarding their height 
and shape are irregular and also the correlation function of cylindrically ground surfaces is rapidly diminishing, but 
the density distribution of ordinates is close to normal. Based on the above feature of surface roughness such service 
properties as wear resistance, retention of lubricants and coatings (adhesion) and provision of required contact area 
were determined. 

 
Keywords: Surface roughness, topography, cylindrical grinding, exploitational characteristics. 
 

I INTRODUCTION 

Nowadays the volume of industrial production 
dramatically increases, due to the modernization of 
machine tools and equipment and thus enhance of 
their operational efficiency. 

As it is known quality of manufactured details 
depends on technological factors, which to a greater or 
lesser extent affect the machining accuracy, and is 
characterized by a tolerance in size, shape, location 
and surface roughness. Particular interest is caused by 
the surface roughness, which helps to determine the 
service properties of machine components.  

The present paper deals with the topography and 
parameters of surfaces treated on cylindrical grinding 
machines, and striking representatives are cylindrical 
and conic surfaces of components of type “shaft” and 
also internal surfaces. The given type of treatments is 

rather modern and sufficiently precise and therefore 
the determination of features of roughness of 
cylindrically grinded surfaces will help improve the 
service properties of machine components.  

Exploitational properties of surfaces include mainly 
wear resistance, retention of lubricants and coatings 
and also provision of contact area, which is 
particularly important when choosing fit and ensuring 
hermeticity. All the above properties can be 
determined theoretically and practically using 
roughness parameters measured on special 
“profilograph - profilometer” type equipment.   

The given paper for the surface analyses uses 
relatively new Standard ISO 25178-2:2012 [1], 
comprising 6 groups of texture parameters of surface: 
height, functional, spatial, hybrid, functions/related 
and miscellaneous parameters. In the given standard, 
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as compared with others the roughness parameters 
allow to assess the actual properties of the surface, 
since their determination is carried out in three 
dimensional medium.  

The following paragraphs will consider an 
experiment on the determination of roughness 
parameters of three cylindrically grinded surfaces and 
give analyses of their exploitational characteristics.  

II CYLINDRICALLY GROUND SAMPLES AND 

MEASUREMENT METHODS 

For topography analyses of cylindrically grinded 
surfaces there were chosen surfaces No.1, 5, 8 (Fig.1) 
of Rugotest 105 sample (company L.C.A.-C.E.A.). 
Sample’s material – corrosion resistant nickel treated 
on a cylindrical grinding machine at different feed 
rate; the sample being made according to ISO 2632 
standard.    

 
Fig.1. Cylindrically grinded sample Rugotest 105 

The roughness of surfaces of the given sample was 
measured using  modern profilograph - profilometer 
Taylor Hobson Talysurf Intra 50 (Fig.2), equipped 
with a stylus with a needle, drive, a table, a unit of 
electronic system to collect information and a 
computer necessary for data processing. The resolving 
power of the given roughness indicator is 16nm for 
the 1mm range. The roughness measurement principle 
is based on the movement of the probe-needle along 
the examined surface, whereas the needle prints down 
the profile of the roughness [2].  

 
Fig.2. Measurement device Taylor Hobson Talysurf Intra 50 

Because the profilograph - profilometer is equipped 
with 3D measurement system, which ensures 
movement of the table with the sample and measuring 

needle along three axes, to get a surface topography is 
a very simple task for this device.    

For the determination of 3D roughness of the 
surface special software: TalyMap expert 
(3.2.0.Version) was used for the input of needed 
parameters and µultra – for the processing of surface 
topography.   

III EXPERIMENT ON ROUGHNESS 

MEASUREMENT 

Prior to carrying out experiment it was necessary to 
clean the surface from oil and dirt using alcoholic 
solution. Then the sample was placed and fixed on the 
measurement table and the measurement needle was 
attached to it to ensure an initial contact. The pressing 
force of the needle was set according to the software 
data. Further in the software TalyMap expert the 
needed measurement conditions were chosen, which 
are shown in Table 1. 

 

Table 1 
Set conditions of measurement of roughness parameters in TalyMap 

expert software  
Parameter Value 
Number of points (Y) 150 
Data length (Y) 2 mm 
Number of points (X) 150 
Data length (X) 2 mm 
Measurement Speed 0,5mm/s 

When experiment was finished, initial topographies 
of all three surfaces were obtained.  The term “initial” 
means that given topographies do not provide a 
possibility to determine actual values of roughness 
parameters. For this purpose it is necessary to process 
the obtained data [3], [4], separating from the initial 
topography the form and waviness, which are the 
result of wrong cutting regimes, vibrations during the 
operations and other factors. Additionally before 
filtration it is necessary to carry out leveling of the 
surface, because when sample is fixed on the table it is 
impossible to ensure a full contact area, and thus the 
measuring needle will not be situated towards the 
sample’s surface at the right angle (Fig.3). 

 
a                                                b 

 
                c                                                      d 

Fig.3. Surface topography filtration 
a – initial topography, b – topography after leveling, c – separated 

form of the surface, d – separated waviness of the surface 

µm

0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

145 µm

2 mm 2.06 mm

Alpha = 45° Beta = 30°
µm

0

5

10

15

20

25

30

35

38.5 µm

2 mm 2.06 mm

Alpha = 45° Beta = 30°

µm

0

2

4

6

8

10

12

14

16

18

20

22

24

25.3 µm

2 mm 2.06 mm

Alpha = 45° Beta = 30° µm

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

1.63 µm

1.2 mm 1.25 mm

Alpha = 45° Beta = 30°



 
 

Natalija Bulaha / Environment. Technology. Resources, (2015), Volume I, 16-21 
 

 
 

18 
 

After the surface filtration the actual roughness was 
obtained, what is shown in Fig.4. The surface 
roughness after cylindrical grinding has parallel 
situated scratches caused by abrasive grains. Fig.4 
shows that roughness has a definite orientation, which 
demonstrates non-isotropy of surface, which 
influences the surface strength.  

 
a 

 
b 

 

C 

Fig.4. Roughness of surfaces No.1 (a), No.5 (b), No.8 (c) 

Additionally there were determined the correlation 
function of roughness of cylindrically grinded 
samples, which indicates a connection between the 
process points [5], and also the density distribution of 
ordinates of the surface. The correlation functions of 
all three surfaces are diminishing with damped 
oscillations and the distribution density is close to 
normal and corresponds to Gaussian distribution law 
(Fig.5). 

 
a         b 

Fig.5. Correlation function of roughness (a) and density distribution 
of ordinates (b) 

Further on in this paper there were determined 
roughness parameters of surfaces under research. For 
this purpose in µultra software it was necessary to 
choose the function “parameters”, isolating previously 
the filtered topography. The obtained values differ 

from each other, what can be explained by varying of 
cutting conditions. Table 2 presents roughness 
parameters needed for the analyses.  

Further in the paper the obtained roughness 
parameters will be examined more in details in order 
to determine the service properties of surfaces and 
relation between roughness parameters and cutting 
condition.  

Table 2 
Roughness parameters of surfaces №1, №5, №8  

Parameter №1 №5 №8 Unit  

3D parameters 

Sa 0.04 0.155 3,25 μm 

Spk 0.0135 0.129 2.91 μm 

Sk 0.0718 0.326 5.71 μm 

Svk 0.0154 0.137 1.9 μm 

Ssk 0.252 -0.38 0.322 - 

Str 0.1211 0.0909 0.0983 - 

Vmp 0.0000211 0.000109 0.00165 mm3/mm2 

Vm 0.000132 0.000789 0.00917 mm3/mm2 

Vv 0.000116 0.000553 0.00966 mm3/mm2 

Vvc 0.0000662 0.00021 0.00541 mm3/mm2 

Vvv 0.0000325 0.0000267 0.000316 mm3/mm2 

Sdr 0.000196 0.00708 1.55 % 

Sz 0.2 1.11 16.5 μm 

Sku 2.06 3.25 2.41 - 

Smr1 5.83 11.7 11.4 % 

Smr2 95.3 88.7 85.7 % 

2D parameters 

RSm1 0.055 0.062 0.064 mm 

RSm2 0.041 0.057 0.071 mm 

IV ANALYSES OF ROUGHNESS PARAMETERS 

OF CYLINDRICALLY GRINDED SURFACES 

Roughness parameters of cylindrically grinded 
surfaces were divided into several groups, depending 
on the service properties of surfaces.  

For the determination of surfaces’ wear resistance it 
is useful to use parameters Sa, Str, Ssk, Smr1 and 
Smr2. According to reference [6], the surface wear is 
characterized by mean arithmetic height of the 
surface, the roughness steps in the direction of X and 
Y axes, anisotropy coefficient and relation of nominal 
and actual area of the surface. And besides, the bigger 
are the surface irregularities (Sa) the weaker is their 
resistance to deformation. In its turn the bigger are 
roughness steps values the greater area the protrusions 
will have, so under load they will be less exposed to 
shocks and deformations.  

Table 2 shows that that sample No.1 has the least 
roughness and roughness step, which is connected 
with the reduced longitudinal feed rate of component. 
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However asymmetry of roughness should also be 
taken into consideration, because it determines the 
distribution of load along peaks. Thus using parameter 
Ssk it is possible to determine the general shape of 
roughness peaks. 

The surfaces No.1 and No.8 have positive values of 
parameter Ssk, i.e. roughness micro-peaks have sharp 
form and are stress concentrators. At negative values 
of parameter Ssk peaks form flat micro-tops, so the 
load distribution area becomes larger.  

 
a 

 

b 

 

c 

Fig.6. Volume of separated material of surfaces No.1 (a), No.5 (b), 
No.8 (c) during the running-in operation 

Fig.6 shows a part of roughness, which will be 
rapidly separated from the surface during running-in  - 
initial stage of component exploitation. Values of 
parameter Vmp show the volume of the separated 
material, which is the biggest for the surface No.8. 
Possible meaning of wear can be determined also by 
the help of parameter Spk, which shows the height of 
the most pronounced micro-peaks.  

Additionally it is needed to determine the contact 
area of surface. Generally, it is simpler to examine 
contact of rough surface with perfectly smooth 
(completely hard). In the initial stage of exploitation 
of component the surface contact takes place at 
definite points. But in the course of wear of the 
surface the contact area is increasing and after the run-
in stage the surface roughness can have the following 
look (Fig.7). 

The area of bearing surface can be expressed in per 
cents using parameter Smr1, which for the surface 

No.1 is twice smaller than for No.5 and No.8. Thus it 
can be concluded that bigger values of roughness Sa 
testify more intensive wear, which practically is not 
affected by height distribution of roughness peaks. 

Further in this work it was analyzed the ability of 
surface to retain lubricants, which mainly depends on 
hollows depth.  

Understanding of the ability of surface to retain oils 
is given by parameters Vv, Vvc and Vvv, which help to 
determine the void volume of roughness prior to 
exploitation, after the running-in stage and after the 
period of normal wear.  

 

 
a 

 
b 

 
c 

Fig.7. Roughness of surfaces No.1 (a), No.5 (b), No.8 (c) after 
running-in stage 

The growth of height of micro-peeks as compared 
with optimum values increases wear, which is more 
intensive even at relatively low service loads, because 
on the tops of micro-peaks it is appeared a high 
specific pressure, which causes rupture of oil-film 
wedge and cutting off of micro-peaks. As a result the 
friction character changes, clearance becomes bigger, 
what brings to lubricants free extrusion and dynamic 
load formation. Due to the fact that the oil-film wedge 
task is to accommodate the substantial load, the oil 
shall be all the time evenly distributed between the 
surface irregularities. 

The size of hollows of all three samples after run-in 
operation is reduced about twice. But the void volume 
of samples with higher roughness is considerably 
bigger. Yet this tendency was not observed while 
normal wear stage, during which values of hollows of 
surfaces No.1 and No.5 became practically similar.  
So it can be concluded that surfaces with explicit 
roughness possess an ability to retain lubrication. 
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a 

 
b 

 
c 
 

Fig.8. Roughness of surfaces No. 1(a), No.5 (b), No.8 (c) after 
intensive wear 

Regarding to adhesion of coating it should be 
noted that the advantage of rough surface is the 
increase of area for the formation of adhesion 
connections, because the large surface area of 
substrate provides a greater number of links.  For this 
purpose, it is important to know the value of the 
parameter Sa, which gives a notion of the arithmetic 
average height of roughness and surface smoothness. 
To understand how great is contact area of deposited 
coating, it is important to know the value of parameter 
Sdr, which is showing relations between nominal 
surface (without roughness) and actual surface. The 
bigger the area of actual surface compared to nominal, 
the more connections will be formed between the 
substrate and deposited coating.  

 
Fig.9. Formation of air pocket.  

1 – coating, 2 – substrate, 3 – air pocket [7] 

Because area of substrate surface depends on the 
character of roughness, it is necessary that            
surface has deep valleys. Yet there is a risk of air 
capturing [7]. Air capturing can considerably reduce 
the efficient volume for sticking as a result 
connections will be weakened. (Fig.9.). Therefore to 
allow adhesive to flow into these valleys their form 
should be rounded as possible. The distribution of 

surface roughness height is characterized by parameter 
Sku, which values, less than 3, indicate that surface 
has no sharp peaks.    

Parameter Sdr of surfaces No.1 and No.5 has very 
small values, only at a considerable increase of 
roughness the necessary surface area can be ensured 
for retaining coatings. Values of parameter Svk 
indicates that surface No.3 has rather deep hollows but 
this does not ensure good adhesion, since hollows 
have sharp form, what is indicated by the values of 
parameter Sku. All three samples have the same 
problem.   

V CONCLUSION 

In the course of research mathematical model of 
cylindrically ground surfaces was determined, 
including diminishing correlation function and 
distribution density of ordinates of the surface, which 
corresponds to normal distribution law.  

Roughness of the surface by the increase of the 
longitudinal feed rate becomes more explicit and the 
values of mean arithmetical height of roughness are 
increasing respectively. The given relation affects 
negatively the wear resistance of the surface however 
the values of volume of voids to retain lubricant can 
be sufficient.  

It should also be noted that roughness ensures a 
larger area for its adhesion with a coating, but there is 
risk of emerging air pocket because of the sharp shape 
of valleys. With the growth of roughness the average 
step of roughness is also increasing, what positively 
affects the distribution of load while surfaces 
contacting.  
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The Effect of Heat Treatment on the 
Properties of Ultra High Strength Concrete  

Girts Bumanis, Nikolajs Toropovs, Laura Dembovska, Diana Bajare, Aleksandrs Korjakins 
Riga Technical University, Faculty of Civil Engineering, Department of Building Materials and 

Products. Address: Azenes Street 16, Riga, LV–1658, Latvia 

Abstract. The influence of heat treatment during curing process of ultra high strength concrete (UHSC) was 
researched. Four different heat treatment temperatures ranging from 50 to 2000C were studied and compared to the 
reference temperature regime (200C).  Two series of heat treatment were applied: (a) at the early age of UHSC 
(3 days) and (b) after 27 days of standard curing regime in water at 200C. Concrete compressive strength was tested at 
the early age (4 days) and at the age of 28 days. The water absorption and water penetration under pressure were 
tested for heat treated and untreated UHSC specimens. SEM and XRD investigations of the studied samples were 
performed. UHSC with the strength of 123 MPa at the age of 28 days was tested at the standard curing conditions. 
Results indicate that early age curing at elevated temperature increases early compressive strength from 123 to 189% 
while at the age of 28 days the compressive strength was only 95 to 117% from reference and depends on the heat 
treatment regime. The heat treatment of UHSC at the age of 27 days was beneficial with regard to the strength 
development. Heat-treated UHSC provided compressive strength gain from 112 to 124% from reference. The water 
absorption for all UHSC specimens was from 2.6 to 3.2 wt.% and it was not affected by the heat treatment. The calcite 
was detected with XRD in heat treated UHSC samples which indicates the carbonization of Portlandite. This could 
explain the strength gain of heat-treated samples and the reason for slow compressive strength increase in the case of 
early heat treatment application. SEM images reveal dense structure and unreacted silica fume particles. The early 
heat treatment initiated high early strength but the strength of concrete reduced at the age of 28 days comparing to 
the early strength; therefore late heat application was beneficial for strength gain of the UHSC. 

 
Keywords: curing conditions, heat treatment, ultra high performance concrete. 
  

I INTRODUCTION 

In the concrete industry ultra high strength concrete 
(UHSC) is a result of logical evolution process of 
traditional concrete and high strength concrete (HSC). 
UHSC is characterised with high binder content and 
reduced aggregate size and water to cement (or 
cement paste) ratio below 0.25 which allows obtaining 
material without capillary porosity. The compressive 
strength of UHSC exceeds 150 MPa [1]. To obtain 
UHSC effective micro and nano fillers such as 
pozzolans or supplementary cementitious materials 
have to be used. Incorporation of the above mentioned 
fillers which contain amorphous SiO2 additives (i.e. 
micro and nano silica) in the mixture composition of 
concrete reduces the amount of Portlandite Ca(OH)2 
and CaCO3 due to the pozzolanic reaction in hardened 
cement paste; therefore the amount of C-S-H increases 
which promotes strength gain of concrete [2]. Also 
SiO2 and Al2O3 rich additives like zeolites can 
increase the amount of the C-S-H gel in concrete and 

reduce Portlandite by almost 50% at the concrete age 
of 3 and 28 days [3]. Pozzolanic reactions are slow 
thus for favourable reactions in UHSC heat treatment 
can be applied and the potential of supplementary 
cementitious materials containing high amount of 
amorphous SiO2 can be used in the concrete cured at 
elevated temperatures. Fine glass (<25 µm) 
incorporated in concrete provides significant 
pozzolanic reactions in elevated temperatures even at 
early age [4]. The heat treatment of cement matrix 
leads to mineral composition change in the structure. 
Increased temperature during hardening intensifies the 
formation of CAH10 and C2AH8 at the temperature 60 
and 80°C, while at 110°C there is dense C3AH6 
structure observed [5].  

Gallucci concluded that concrete cured at elevated 
temperatures up to 60 °C provides lower final strength 
caused by the C-S-H packing in nanoscale due to lose 
of bound water; therefore cement paste is  coarser and 
more porous [6]. Derabla and Benmalek has published 
a research where self-compacting concrete with 50 
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MPa strength has been heat treated at 60°C for 24 h. 
This approach turned out to be cost effective in early 
age of concrete while in long term the compressive 
strength loss was observed comparing to reference 
concrete [7].  

Yan and Cui have reported that HSC cured at 
elevated temperatures restraints the compressive 
strength development, if only Portland cement is used 
in mixture composition, while using pozzolanic 
materials the compressive strength of concrete 
increases two times at early age and continues to grow 
in long term [8]. Other research has tested effect of 
elevated temperature to high volume fly ash concrete 
and it was concluded that exposure to elevated 
temperature up to 300°C increased the compressive 
strength of concrete while treatment at higher 
temperature decreased the strength of concrete [9], 
[10]. 

There are negative aspects which must be 
considered in order to apply heat treatment to the 
UHSC. In some cases significant damages of surfaces 
were observed for specimens cured at elevated 
temperatures. It is explained by excessive deformation 
of the exposed surface layer of concrete [11]. This can 
cause microcracking of the surface; therefore 
reduction of mechanical properties and durability of 
concrete can be observed.  

Another problem of HSC exposure to elevated 
temperatures is related to explosive spalling, when 
sudden and destructive breaking of surface layer 
occurs during heating of concrete [12]. This problem 
has been associated with dense structure of the HSC 
and UHSC and this leads to low permeability of the 
material. The evaporation of free water from the 
structure of such concrete is limited, which builds up 
inner pressure, and when the tensile strength of 
concrete is reached, the spalling of concrete surface 
destroys the structure of the material. The pore 
pressure begins at 105°C, which corresponds to the 
water evaporation temperature, and the peak of 
pressure is reached at 220°C, when either explosive 
spalling occurs or pore pressure attenuates [13]. This 
is important finding for understanding the properties 
of UHCP. It is recommended not to exceed curing 
temperature above 200°C to avoid the potential 
pressure building up to critical and reduce the risk of 
explosive spalling. 

In current research two series of heat treatment 
regimes in curing processes of UHCP were 
investigated and 200°C was selected as the highest 
heat treatment temperature. 

II MATERIALS AND METHODS 

Ultra high strength concrete (UHSC) mixture 
design was created using CEM I 42.5 N with Blaine 
fineness of 3787 cm2/g. The maximal grain size of 

UHSC filler was 2.5 mm. Four fractions of fine sands 
were used: 0.3/2.5 mm, 0/1.0 mm, 0/0.3 mm and 
quartz powder to ensure compact structure of the 
UHCP. Elkem silica fume grade 971 (Fig. 1) and 
NanoSilica 999 (Fig. 2) were used as microfillers.  

The mixture composition of UHSC is given in 
Table 1. The amount of cement was 800 kg/m3, the 
W/C was 0.25, and water to cement paste (cement and 
silica fumes) ratio W/(C+P) was 0.22. To ensure 
workability of such low W/C UHCP mixture 
superplasticizer Sikament 56 was used (2.5% from 
weight of cement). Micro silica fume was added 
12.5% from the mass of cement (100 kg/m3) and 
nanosilica – 2.5% (20 kg/m3) respectively.  

The mixing procedure of UHCP was the following: 
all dry components except NanoSilica were mixed 
together for 90 s to obtain homogenous mixture of dry 
components.  

 

Fig. 1. Scanning electron microscope image of Elkem micro silica 
fume grade 971. 

 

Fig. 2. Scanning electron microscope image of Elkem nano silica 
fume NanoSilica 999. 
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Then NanoSilica as water suspension (with ratio 
1:2) and 75% of water were added to the mixture of 
dry components and mixed together for 120 s.  In the 
last stage superplasticizer with the rest of water (25%) 
were added and mixed until homogenous and 
workable mixture was obtained. The total mixing time 
of UHCP was 6 minutes. 3 batches were prepared with 
7 l of UHCP in each batch. The UHCP was cast in 18 
cubical moulds with dimensions 5x5x5 cm, 4 cubical 
moulds with dimensions 10x10x10 cm and 9 prismatic 
moulds with dimension of 4x4x16 cm. After casting 
of UHCP in moulds samples were vibrated for 10 s. 

 
Table I 

Mixture composition of UHCP 

Mixture composition kg/m3 

Cement CEM I 42,5 N 800 

Sand 0.3/2.5 mm 510 

Sand 0/1.0 mm 480 

Sand 0/0.3 mm 100 

Quartz powder 100 

Micro silica fume 100 

Nano silica fume 20 

Superplasticizer 20 

Water 200 

W/C 0.25 

W/(C+P) 0.22 

 
Samples were remoulded after 3 days of hardening 

and cured at standard conditions in water (±20oC) or 
early heat treatment regime was applied. Four heat 
treatment conditions at temperature 50, 100, 150 and 
200°C were tested for UHCP. The heat treatment was 
applied after remoulding the samples (on 3rd day) or at 
the age of 27 days after standard curing conditions 
(Table 2). The temperature increase during heating 
was 10 °C/min, samples were treated at the maximal 
temperature for 4 h and then cooled to room 
temperature. 

Table II 

Heat treatment regimes applied to UHCP 

Sample ID Concrete age, d 
Heat treatment, 

°C 

Ref - - 

HT3-50 3 50 

HT3-100 3 100 

HT3-150 3 150 

HT3-200 3 200 

HT27-50 27 50 

HT27-100 27 100 

HT27-150 27 150 

HT27-200 27 200 

 

The compressive strength of concrete was tested 
according to LVS EN 12390-3. Compressive strength 
was determined for the specimens sized 
50x50x50 mm. Depth of penetration of water was 
tested according to LVS EN 12390-8. Concrete 
specimens with dimensions 100x100x100 mm were 
tested under pressure of 500 KPa for 72+2 h. Water 
absorption was determined according to EN 1097-6. 
Scanning electron microscope (SEM) (Tescan 
Mira/LMU) was used for microstructural research and 
the mineralogical composition was determined with 
XRD (PAN analytical X’Pert PRO). 

III RESULTS AND DISCUSSION 

The density of obtained UHSC was 2.32 g/cm3 and 
after heat treatment at temperature 200°C it decreased 
to 2.25 g/cm3 which can be attributed to the 
evaporation of free water from the structure of UHSC. 
The SEM image of microstructure for reference 
sample (Ref) is given in Fig. 3 and for HT3-200 in 
Fig. 4. In both images dense microstructure of 
specimens was observed and the unreacted silica fume 
particles were detected. The significant difference of 
microstructure after heat treatment cannot be observed 
by SEM images; however, microstructure of the heat 
treated samples looks more porous compared to the 
reference sample. It could be explain by dehydration 
of C-S-H gel during heat application. 

 

Fig. 3. The microstructure of UHSC cured at standard conditions at 
the age of 4 days (Ref). 



 
 

Girts Bumanis, et al./ Environment. Technology. Resources, (2015), Volume I, 22-27 
 

 
 

25 
 

 

Fig. 4. The microstructure of UHSC cured at 200 °C for 4 h at the 
age of 4 days (HT3-200). 

The results of compressive strength are given in 
Table 3. The early heat treatment of UHSC was 
beneficial for early compressive strength. The 
compressive strength for reference (Ref) UHSC was 
77 MPa at the age of 4 days. The heat treatment even 
at 50°C for 4 hours increased the compressive strength 
up to 95 MPa but significant strength gain was 
observed for UHSC treated at temperature 100°C (130 
MPa).  

The heat treatment at early age in the temperature 
above 100°C – 143 MPa (150°C) and 145 MPa 
(200°C) was less effective. However, the early heat 
treatment did not provide further compressive strength 
increase during ageing of the concrete. At the age of 
28 days compressive strength of reference increased to 
123 MPa while for HT3-50 the decrease of 
compressive strength to only 117 MPa was observed–. 
HT3-100 provided almost the same compressive 
strength as Ref at the age of 28 days (124 MPa) while 
samples cured at 150 and 200°C (HT3-150 and HT3-
200) provided compressive strength increase to 137 
and 144 MPa respectively. 

Table III 

Compressive strength results of UHSC 

Sample ID 
Compressive 
strength, MPa 

Strength index, % 
 

4th day 28th day 4th day 28th day 

Ref 77 123 100 100 

HT3-50 95 117 119 95 

HT3-100 130 124 141 101 

HT3-150 143 137 146 110 

HT3-200 145 144 147 115 

HT27-50 - 138 - 111 

HT27-100 - 144 - 115 

HT27-150 - 150 - 118 

HT27-200 - 153 - 120 

The heat treatment for UHSC at the age of 27 days 
was beneficial to the compressive strength increase for 
all heat treatment regimes. The compressive strength 
of samples treated at temperature 200 °C in age of 27 
days increased up to 153 MPa comparing to the 
reference samples (123 MPa). This indicates the 
importance of initial water curing at standard 
conditions of UHSC and understanding the necessity 
for heat treatment at proper age of the concrete. The 
strength index increased to 111 to 120% compared to 
the reference by applying heat treatment at the UHSC 
aged 27 days  

The relative strength increase of UHSC related to 
the heat treatment temperature and the age of UHSC, 
when heat treatment was applied, is given in Fig 5. 
The initial compressive strength increase at the age of 
4 days was significant (119%) even at the heat 
treatment at 50 °C, while the strength at 28 days 
decreased to 95% comparing to the reference. The 
compressive strength increase at the age of 28 days for 
samples, which were heat treated at the age of 27 
days, was almost linear and strength increase was 
observed for every sample treated in elevated 
temperature. 

 

 

Fig. 5. Relative strength index of heat treated UHSC samples 
comparing to reference samples with standard curing regime. 

The water absorption of UHSC was from 2.2 to 
3.5%, and it was not affected by the heat treatment 
regime. The water penetration under pressure of 5 Bar 
was not detected for untreated UHSC at the age of 28 
days (0 mm) while for heat treated samples HT3-200 
the water penetration was 3 mm in average and up to 8 
mm in some parts. This could be explained by the 
crack pattern of UHSC which appeared after heat 
treatment and thermal stresses, induced by the 
increased temperature and drying conditions, and was 
clearly seen after water penetration test (Fig 6). 
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Fig. 6. The microcrack pattern of split UHSC sample cured at 
200 °C for 4 h (HT3-200). 

The XRD patterns of reference and HT3-200 are 
given in Fig. 7 and Fig. 8. The results indicate that 
UHSC cured at standard conditions has quartz (Q), 
larnite (L) and plagioclase (P) minerals, while in heat 
treated sample calcite (C) has been detected, which 
could indicate the carbonization of free portlandite 
(Ca(OH)2) and therefore possibly increases the early 
age strength of UHCP. The reduction of portlandite 
could restrict the pozzolanic reaction; therefore long 
term strength gain is limited for heat treated samples. 

 
 

Fig. 7. XRD pattern of UHSC cured at standard conditions (Ref) at 
the age of 28 days. 

 
 

Fig. 8. XRD pattern of UHSC cured at 200 °C for 4 h (HT3-200) at 
the age of 28 days. 

IV CONCLUSIONS 

It was concluded that the early heat treatment at the 
temperatures ranging from 50 to 200°C is effective to 
gain early age strength of UHSC, while in the long 
term curing in temperature from 50 to 100°C was not 
effective and strength reduction was observed 

comparing to UHSC cured in standard conditions. 
Early heat treatment was effective in temperature 
range from 150 to 200°C, when compressive strength 
at 28 days increased from 110 to 115% comparing 
with reference concrete. The heat treatment of UHSC 
at the age of 27 days increased its compressive 
strength from 111 to 120%, and was beneficial with 
all heat treatment regimes. The heat treatment caused 
microcrack pattern of UHSC which reduced resistance 
to water penetration under pressure. In the 
mineralogical composition of UHSC after heat 
treatment calcite CaCO3 was detected, which indicates 
the carbonization of free Ca(OH)2 and is one of 
reasons for early age strength gain of UHSC.  
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Application of Latvian illite clays in 
cosmetic products with sun protection 

ability  
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Abstract. Recent research shows that clay minerals can be used in sunscreens as UV filters instead of inorganic and 
organic compounds, which can cause unexpected photo-catalytic effect and damage the skin surface and can be 
absorbed into the skin and cause allergic reactions. In this study UV transmittance of suspensions containing clay 
fraction (mostly illite) and 50% glycerol/water solution was measured. Samples without chemical treatment, with 
removed carbonates and iron containing minerals (oxides and hydroxides) were analyzed.  

Results showed that the chemical treatment decreased UV protection ability. The highest increase of UV 
transmittance was observed for samples after removal of iron containing minerals. UV transmittance decreased by 
10-14% when the concentration of clay fraction in the suspension was increased from 20 to 30 mass%.  Samples with 
the highest concentration of iron oxide showed also the highest UV protection ability.  

 
Keywords: carbonates, illite clays, iron compounds, purification, UV transmittance.  
 

I INTRODUCTION 

 UV radiation has both positive and negative effects 
on human skin. The positive effect is vitamin D 
synthesis in the skin, but overexposure to UV 
radiation can cause sunburn, premature skin aging and 
skin cancer. There are three types of UV radiation: 
UV-A (320-400 nm) causes sunburn and skin aging, 
UV-B (280-320 nm) may cause DNA damage and 
skin cancer and UV-C (200-280 nm) is the most 
dangerous, but it is generally absorbed by the ozone 
layer [1, 2].  

Sunscreens can contain both organic and inorganic 
compounds as UV filters. TiO2 and ZnO are the most 
used inorganic compounds, but they can cause an 
unexpected photo-catalytic effect and damage the 
skin. The inorganic UV filters are also called physical 
filters, because their mode of action is based on 
scattering, reflecting and/or absorbing the sun’s 
radiation [3]. The organic UV filters are usually 
aromatic compounds with a carbonyl group – 
salicylates, cinnamates, benzophenones and others. 
They are called chemical filters due to the chemical 
changes in their molecules that protect the skin from 
solar radiation. These compounds can be absorbed 
into the skin and cause allergic reactions [2, 4].  

One of the potential candidate as natural UV filters 
in sunscreens are clay minerals, due to their positive 
impact on human health and chemical inertness. 
Recent research shows that clay minerals have UV 
protection ability due to their high specific surface 
area, therefore providing effective coverage of skin 
surface. The magnitude of UV protection depends on 
the clay mineralogical composition [1, 5]. 

The presence of carbonates can cause alkaline 
media, therefore reducing the efficiency of clay 
mineral separation from non-clay minerals [6] and can 
be irritating to the skin [7]. The presence of iron 
oxides and hydroxides (iron containing minerals) also 
reduce the efficiency of clay mineral purification [6] 
and in most cases gives the colour to clays [8]. After 
the removal of theses iron containing minerals the clay 
samples become lighter in colour (from light greenish 
gray to white), therefore expanding their application 
possibilities, because  in cosmetics colour is an 
essential property.  

The sun protection ability is characterized by the 
sun protection factor (SPF) - a ratio of the least 
amount of solar energy (UV radiation) required to 
produce sunburn on sunscreen protected skin to the 
amount of solar energy required to produce sunburn 
on unprotected skin [1]. The SPF value depends on the 
applied amount of the sunscreen – the sun protection 
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ability increases by increasing the applied amount [9]. 
It is recommended to use sunscreen products with an 
SPF of 15 or higher [1]. 

The aim of this study was to determine UV 
protection ability of Latvian illite clays and to evaluate 
their possible application in sunscreens and other 
cosmetic products as UV filters. 

II MATERIALS AND METHODS 

Materials 

Clay samples with different mineralogical 
composition (Table 1) from four sites in Latvia were 
used. Laža (La) and Prometejs (Pr) clays are from 
Quaternary period, Pavāri (Pa) clays are from 
Devonian period, but Iecava (Ie) clays are from 
dolomite deposits, were they are as by-product after 
the purification of dolomite. Sample fraction < 63µm 
was used, obtained by wet sieving. 

Table 1 

Mineralogical composition (mass%) of untreated clays with fraction 
< 63µm (± stdev) 

Mineral 

phase 
Ie Pr La Pa 

Illite 51 ± 3 51 ± 2 34 ± 2 35 ± 3 

Kaolinite - 9 ± 1 11 ± 1 4 ± 2 

Chlorite - - 8 ± 2 - 

Quartz 11 ± 1 14 ± 1 13 ± 1 54 ± 2 

Feldspar 26 ± 2 10 ± 1 16 ± 1 7 ± 2 

Dolomite 4 ± 1 9 ± 1 5 ± 1 - 

Calcite - 7 ± 1 8 ± 1 - 

Muscovite 8 ± 2 - 5 ± 2 - 

 

To evaluate the sun protection ability, commercial 
sunscreens with SPF 15, 30 and 50 were used. All 
sunscreens contained TiO2 and ZnO. 

Purification methods 

1M hydrochloric acid solution was used to 
dissolve carbonates. During the dissolution process 
the suspensions were stirred and the pH was kept 
above 4.5 in order to avoid damaging the structure of 
clay minerals [6]. When the pH was ~ 5 and stayed 
constant, the suspensions were centrifuged and all clay 
samples were washed with distilled water several 
times, until the electrical conductivity of supernatant 
liquid was < 100 μS/cm. Then clay fraction < 2 µm 
was obtained by centrifugation. These clay samples 
were referred to as –HCl, for example La-HCl.   

Before the removal of iron oxides and hydroxides, 
all samples were treated with HCl in order to dissolve 
the carbonates. Dry clay samples (10 g) were mixed 
with 40 ml of 0.3 M sodium citrate and 5 ml of 1 M 
sodium bicarbonate solutions. Suspensions were 

heated to 75-80ºC, 1 g of sodium dithionite was added 
to each and then mixed for 30 minutes [10]. The 
colour of suspensions turned blue-green. All 
suspensions were washed twice with 1M NaCl and 
then with distilled water, until electrical conductivity 
of the supernatant liquid was < 100 μS/cm. Then clay 
fraction < 2 µm was obtained by centrifugation. All 
treated samples were referred to as -D, for example, 
La-D. 

Preparation of suspensions 

Dry samples were mixed with necessary amount of 
50% (mass/mass) glycerol/water solutions to obtain 
suspensions with 20 and 30 mass% of clay fraction. 
All suspensions were homogenized with disperser T18 
Ultra Turrax and matured in locked containers for 2 
weeks. 

Characterization of the samples 

Determination of chemical composition was 
conducted with scanning electron microscopy energy-
dispersive X-ray spectroscopy SEM-EDS (Tescan, 
Mira/LMU). The loss on ignition (LOI) was obtained 
after heating in 1000°C for 4 h.  

The sun protection ability of clay fraction/glycerol 
suspensions was determined by measuring UV 
transmittance from 290 to 400 nm. UV-VIS 
spectrophotometer Evolution 300 was used. A small 
drop of the suspension was applied on 2 mm thick 
quartz glass and spread evenly on the whole glass 
surface (3.14 cm2) with finger, until the sample mass 
was 0.45 ± 0.01 mg. After 20 minutes UV 
transmittance was measured in 5 different places. 
Three parallel measurements were made for each 
sample and the average result with standard deviation 
(stdev) was used. The SPF values are calculated from 
the obtained data using equation (1): 





TSE

SE
SPFinvitro





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400

290

400

290       (1) 

where Eλ is the erythema action spectrum, Sλ is the 
solar spectral irradiance, Tλ is the spectral 
transmittance of the sample  [9]. 

III RESULTS AND DISCUSSION 

Sample characteristics  

The changes in the colour of samples (Table 2) 
indicated the removal of iron containing minerals. The 
brown colour of La and Pr samples indicated the 
presence of goethite and hematite [8], the light gray 
colour of sample Ie – small amounts of pyrite, but the 
light beige colour (pinkish white in Munsell colour 
scale) of sample Pa indicated low content of iron 
containing minerals and organic matter [11]. After the 
removal of iron containing minerals, La-D and Pr-D 
samples were light gray, Ie-D sample – greenish gray, 
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but Pa-D sample – grayish white (white in Munsell 
colour scale). Because Ie and Pa samples were not 
brown, the removal of iron containing minerals was 
proved by the changes in chemical composition, as 
shown in Table 3.  

After the removal of iron containing minerals the 
amount of iron has decreased by 10% in sample Ie-D, 
by 22% in sample La-D, by 19% in sample Pr-D and 
by 3% in sample Pa-D (see Table 3). Because Fe2+ and 
Fe3+ ions can be found in the octahedral sheet of clay 
mineral structure [12], the rest of iron can be from the 
structure of clay minerals. The amount of calcium ions 
also have significantly decreased, due to the removal 
of carbonates. 

Table 2 

Colour based on Munsell colour system before and after removal of 
iron containing minerals 

Samples Colour  Colour code 

Pa Pinkish white 7.5YR 8/2 
Pa-D White  7.5YR 8/1 
Ie Light gray 5Y 7/1 
Ie-D Light greenish gray 10BG 7/1 
La Light brown 7.5YR 6/4 
L-D Light gray 2.5Y 7/1 
Pr Light reddish brown 5YR 6/4 
Pr-D Light gray 2.5Y 7/1 

 

Table 3 

Chemical composition (mass%) of clay fraction  < 2 µm before and after removal of iron containing minerals (± stdev) 

Sample SiO2 Al2O3 Fe2O3 CaO MgO K2O TiO2 Na2O LOI 

Ie 49.6 ± 1.0 18.5 ± 0.2 9.0 ± 0.5 3.9 ± 0.8 4.3 ± 0.4 7.1 ± 0.3 1.0 ± 0.3 0.3 ± 0.1 6.8 ± 0.1 

Ie-D 52.2 ± 1.0 19.8 ± 0.4 8.1 ± 0.3 0.7 ± 0.1 4.1 ± 0.2 8.0 ± 0.1 1.2 ± 0.3 0.6 ± 0.1 5.7 ± 0.1 

Pr 47.3 ± 1.0 20.4 ± 1.4 9.7 ± 0.2 4.2 ± 0.2 3.7 ± 0.3 5.2 ± 0.3 0.6 ± 0.2 0.6 ± 0.2 9.1 ± 0.1 

Pr-D 53.6 ± 0.7 21.8 ± 1.0 7.9 ± 0.7 0.6 ± 0.4 3.3 ± 0.2 5.1 ± 0.2 0.4 ± 0.4 1.4 ± 0.1 6.2 ± 0.3 

La 46.7 ± 1.1 21.6 ± 0.8 8.9 ± 0.4 3.4 ± 0.3 3.5 ± 0.2 5.1 ± 0.2 1.0 ± 0.1 0.9 ± 0.1 8.9 ± 0.1 

La-D 53.8 ± 0.9 21.8 ± 0.2 6.9 ± 0.4 0.5 ± 0.1 3.3 ± 0.3 5.4 ± 0.2 1.0 ± 0.4 1.3 ± 0.2 6.5 ± 0.1 

Pa 56.2 ± 1.0 24.3 ± 0.3 7.4 ± 0.7 0.6 ± 0.2 2.1 ± 0.2 5.3 ± 0.3 1.5 ± 0.1 0.1 ± 0.2 2.5 ± 0.1 

Pa-D 54.1 ± 0.9 24.6 ± 0.7 7.2 ± 0.3 0.5 ± 0.1 2.0 ± 0.2 5.0 ± 0.2 1.3 ± 0.1 0.3 ± 0.1 5.0 ± 0.1 

          

Purification influence  

Samples with untreated clay fraction showed the 
lowest UV transmittance (Fig.1), therefore these 
samples have higher UV-protection ability than those 
after removal of carbonates and iron containing 
minerals. The most significant increase in UV 
transmittance showed samples after removal of iron 
containing minerals – approximately 12-18% higher 
than for untreated samples. Hoang-Minh et al. 
research [1] obtained similar results after the treatment 
with sodium dithionite and explained it with the 
absence of Fe3+ ions. They stated and proved that UV-
protection ability is closely related to the presence of 
iron containing minerals. For example, hematite 
(Fe2O3) contains Fe3+ bonded to O2−, where the 
electron configuration of Fe3+ is characterized by an 
empty orbital (4s), so that inner electrons can absorb 
the energy and move from the 3d orbital to the 4s 
orbital with a higher energy level. TiO2 particles 
(specifically Ti4+ ions) have the same UV absorption 
mechanism. The octahedral sheet in the structure of 
clay minerals also can contain Fe3+ ions that have an 

electron configuration with an empty orbital, and thus 
it should theoretically absorb photons. This 
assumption was shown experimentally by Chen et al. 
[13] where the absorption intensity in the UV-C range 
was directly correlated to structural octahedral 
contents of Fe3+ in smectite clays. Similar correlation 
was demonstrated also in clays containing mostly 
nontronite [1]. 

Influence of clay fraction concentration 

As the concentration of clay fraction was increased 
by 10 mass% (from 20 to 30 mass%), UV 
transmittance decreased by 12-14% for sample Ie, 
11% for sample La, 10% for sample Pr and 12% for 
sample Pa. Based on the decrease of UV 
transmittance, the SPF values slightly increased: by 
35% for sample Ie, by 27% for samples La and Pr, and 
only by 16% for sample Pa (see Table 4). Sample Pa 
showed the highest UV transmittance due to the 
lowest content of iron containing minerals. 
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Fig.1. Influence of the used treatment on UV transmittance of Iecava (a), Laža (b), Pavāri (c) and Prometejs (d) clay samples with solid 
concentration 20 mass%. 

 

Fig. 2. Influence of clay fraction concentration in the suspension on 
UV transmittance. 

The commercial sunscreens containing TiO2 and 
ZnO showed more intensive UV protection abilities in 
all UV-B and in the beginning of UV-A range (see 
Fig.3), therefore they also have much higher SPF 
values – 15, 30 and 50. Pastes and creams containing 
TiO2 and ZnO for application as sunscreens tends to 
be white on the skin, which is unacceptable for 
cosmetic use, therefore occasionally iron oxide 
pigments are added to improve the appearance of the 
product [4]. Because most of the clays in Latvia are 
brown, they can be used as pigment in sunscreens of 
tonal creams. At the same time the addition of clay 
fraction would increase the SPF of the product, 
thereby decreasing the necessary amount of synthetic 
UV filters to obtain certain SPF value.  

 

Fig. 3. UV transmittance of commercial sunscreens and suspensions 
with 30 mass% of untreated clay fraction. 

IV CONCLUSION 

Illite containing clay fraction samples from Latvian 
clays showed the ability to partially absorb UV 
radiation. The influence of the removal of carbonates 

Table 4 

SPF of untreated clay fraction suspensions in glycerol solution  

Sample 
Concentration of 
clay fraction, 
mass% 

SPF ± stdev 

Ie 20 2,0 ± 0,1 

30 2,7 ± 0,1 

La 20 2,2 ± 0,1 

30 2,8 ± 0,2 

Pr 20 2,2 ± 0,1 

30 2,8 ± 0,1 

Pa 20 1,6 ± 0,1 

30 1,9 ± 0,1 
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and iron containing minerals was negative – UV 
transmittance increased, therefore UV protection 
properties decreased. From these results it can be 
concluded, that it is useful to use clay minerals with 
high content of iron compounds in sunscreens. Despite 
the relatively low SFP values of clay samples, illite 
containing clay minerals can be used in sunscreens 
with low SPF values as one of the UV filters, at the 
same time giving a light brown colour. 
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Abstract. The simulation models of variable-frequency electric drives with direct torque control were built in 
MATLAB / Simulink simulation environment. These models are shown and described in the article. А number of 
energetic characteristics of the electric drives being investigated are considered. The calculations of these 
characteristics were made on the computer models and the comparative analysis of the values obtained is given. 
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I INTRODUCTION 

Nowadays variable-frequency electric drives, 
with induction motors powered by static frequency 
converters are widely used. The most common 
frequency converters in use nowadays are indirect 
frequency converters including a rectifier with a 
filter and an inverter and having an intermediate 
DC link. The form of the inverter output voltage 
feeding the stator windings of the induction motor 
is different from the sine wave one. Under the 
nonsinusoidal voltage the harmonic spectrum, 
which can include high-order harmonics with 
sufficiently big magnitudes, appears [1]. Voltage 
waveform distortion results in a nonsinusoidal 
current waveform and causes the increase of losses 
in the induction motor. These factors reduce the 
induction motor energy efficiency [2, 3]. When the 
induction motor is powered by the frequency 
converter its efficiency coefficient is lower by 2 – 
3% on the average, and the power coefficient – by 
5% in comparison to the mains supply with the 
voltage sine waveform [4]. The increasing 
pulsations of the induction motor electromagnetic 
torque, which appear mainly at low frequencies and 
small inertia, cause problems of electromechanical 
compatibility of the motor and the converter. 

II SYSTEMS OF DIRECT TORQUE CONTROL: 
OVERVIEW, SIMULATION MODELS. 

In up-to-date frequency converters various 
control strategies can be implemented. The most 
convenient control systems are vector systems of 
direct torque control. They are: vector control (VC), 
in which the torque is controlled while the rotor 
flux linkage is maintained with digital controllers 
for main coordinates (rotor flux linkage, d-axis and 
q-axis stator currents, speed), and direct torque 
control (DTC) wherein torque control is performed 
by stator flux linkage adjustment by means of relay 
controllers for flux linkage and torque [5]. 

The main theoretical statements, concerning the 
development of these systems and control 
principles being used, were shown in [6]. The 
simulation model of DTC system built in 
MATLAB / Simulink simulation environment 
(Fig. 1) and the principle of work of that model 
were also described in that article. 
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Fig. 1. Simulation model of DTC system. 

 
Fig. 2. Simulation model of VC system.

DTC Core

Measurement system

<Electromagnetic torque Te (N*m)>

<Electromagnetic torque Te (N*m)>
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The simulation model of system with VC built in 
MATLAB / Simulink is shown in Fig. 2. Inverter 
(IGBT Inverter) switch control is performed via the 
subsystem Vector Control by using the PI speed 
controller and relay current controller. The speed 
reference signal and signal from the current sensors 
positioned in the stator circuit of the induction 
motor are used as input signals of this subsystem. 
The logical signal, specifying the combination of 
turned-on inverter IGBT-modules, is an output 
signal of the subsystem. 

III MAIN CHARACTERISTICS OF THE 

ENERGY EFFICIENCY OF THE SYSTEMS 

WITH DIRECT TORQUE CONTROL. 

The above-mentioned models are analyzed in 
this article from the point of view of energetic 
characteristics. One of the most important quality 
factors is known to be a total harmonic distortion of 
voltage UK  and current IK  [7]. The higher the 

values of these coefficients the more are constant 
and variable losses in the motors. High-order 
harmonics in the supplying voltage cause the 
additional heating of motors because of an 
increased eddy current and hysteresis losses and, as 
a sequence, an intensified insulation deterioration, 
which can result in a premature failure of the 
machine, if this circumstance is not taken into the 
account [8, 9]. 

The level of an impact of each harmonic on the 
voltage and current waveform quantitatively can be 
evaluated by the harmonics coefficient k  [10]: 

 
 
 ,

1

100%,v
U I

U I
k

U I    

where  U I


 - the RMS value of voltage 

(current) of the  th harmonic; 

  1U I  - the RMS value of voltage 

(current) of the 1st harmonic. 
The level of the distortion of voltage (current) 

waveform due to the total impact of all harmonics 
is evaluated by means of voltage (current) total 
harmonic distortion (THD) [11]: 

  
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 (1) 

where m  is number of the highest harmonic being 
considered. 

One more characteristic used for evaluation of 
energy efficiency of induction motors powered by 
frequency converters is a coefficient of total losses 
increasing totalK  what is the ratio between the 

losses in the motor when it is powered by pulse 
voltage and when it is powered by sine voltage 
[12]. The expression for this coefficient includes 
two components – the coefficient of electrical 
losses increasing elK  and the coefficient of iron 

losses increasing irK , which are calculated as 

follows [4]: 
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 (2) 

where scK  is starting current-to-rated current ratio 

of the motor,  2 3HOHCK    is the coefficient of 

magnetic losses increasing due to high-order 
harmonic components of the induction motor. 

For induction motors of general purpose 
industrial version electrical losses are in the average 
60% of total losses and iron losses are 25%. Taking 
it into consideration we can calculate totalK  as 

follows [4]: 

 1 0, 6 0, 25 .total el irK Ê Ê      (3) 

Analyzing energetic characteristics of variable-
frequency electric drives controlled according to the 
above-mentioned control laws can be done, based 
on the stator current and voltage waveforms, 
obtained from the computer simulation. 

IV SIMULATION RESULTS 

Investigated were two operating modes: no-load 
mode ( 0LOADM  ) and the operating mode with 

0,5LOAD RATEDM Ì  . As a result of the simulation 

stator current and frequency converter output 
voltage waveforms were obtained. These 
waveforms are shown in Fig. 3–6. 
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a b 

Fig. 3. Waveforms of frequency converter output voltage (a) and stator current (b) in the system with vector control ( 0LOADM  ). 

a b 
Fig. 4. Waveforms of frequency converter output voltage (a) and stator current (b) in the system with vector control ( 0,5LOAD RATEDM Ì  ).

a b 
Fig. 5. Waveforms of frequency converter output voltage (a) and stator current (b) in the system with DTC ( 0LOADM  ). 

 

a b 
Fig. 6. Waveforms of frequency converter output voltage (a) and stator current (b) in the system with DTC ( 0,5LOAD RATEDM Ì  ). 

To analyze the harmonic spectrum of the 
waveforms obtained the MATLAB / Simulink 
standard tool – FFT Analysis, which performs the 
Fourier series expansion of the initial waveforms, is 
used. 

As the results of the simulation done for the 
waveforms being under consideration, the harmonic 
spectra up to the 49-th harmonic were obtained. 
These results are shown in Table I. 

TABLE I. 

THE HARMONIC SPECTRA OF SIGNALS ( 49m  ). 

Harmonic 
order 

VC DTC 

0LOADM   0,5LOAD RATEDM Ì   0LOADM   0,5LOAD RATEDM Ì   

U , V I , А U , V I , А U , V I , А U , V I , А 

1 446,2 94,68 452 160,3 409,7 50,95 415,2 129 

3 4,15 0,97 2,58 2,64 1,07 0,42 1,33 0,67 

5 17,54 10,8 34,58 21,99 4,47 1,09 3,16 1,02 

7 12,14 4,52 10,49 6,22 4,06 0,67 7,68 1,51 

9 3,21 0,86 3,8 1,22 0,45 0,18 6,89 0,74 

11 8,79 1,92 18,89 4,81 7,78 0,77 8,93 1,08 
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Harmonic 
order 

VC DTC 

0LOADM   0,5LOAD RATEDM Ì   0LOADM   0,5LOAD RATEDM Ì   

U , V I , А U , V I , А U , V I , А U , V I , А 

13 7,81 1,19 18,35 3,48 8,23 0,77 7,22 0,55 

15 18,56 0,37 5,24 1,09 2,46 0,16 1,83 0,25 

17 1,65 0,66 5,74 0,5 9,55 0,93 5,56 0,94 

19 5,89 0,38 10,49 1,33 7,7 1,04 9,47 0,52 

21 3,79 0,33 5,02 0,82 5,78 0,36 6,19 0,3 

23 5,35 0,27 13,33 1,89 16,96 1,38 13,12 1,25 

25 6,11 0,95 11,16 0,95 10,65 0,33 6,98 0,46 

27 4,91 0,44 2,17 0,63 2,74 0,31 15,49 0,62 

29 5,89 0,4 8,99 0,93 16,67 1,01 21,38 0,72 

31 14,99 1,69 18,94 1,86 5,9 0,22 4,82 0,05 

33 2,59 0,45 2,67 0,75 8,93 0,29 12,21 0,52 

35 7,94 0,77 16 1,3 14,5 0,79 27,61 0,71 

37 19,45 1,57 6,64 0,37 19,42 0,63 17,06 0,68 

39 8,43 0,39 2,98 0,21 12,05 0,42 17,52 0,58 

41 4,15 0,59 18,94 1,47 17,78 0,36 27,15 0,88 

43 5,13 0,05 24,59 1,47 29,87 1,01 22,59 0,99 

45 14,86 0,57 4,97 0,77 14,71 0,26 11,13 0,4 

47 20,21 0,84 19,21 1,38 9,91 0,2 3,11 0,27 

49 38,02 2,94 21,47 0,64 4,51 0,34 17,56 0,63 

The numerical values of THDs for the voltage 
and current waveforms in the systems being 
considered, obtained after calculation using the 
formula (1), are shown in Table II. 

Table II. 

THE VALUES OF THD. 

VC DTC 

0LOADM   
0,5

LOAD

RATED

M

Ì




 0LOADM   
0,5

LOAD

RATED

M

Ì




 

Uk , 

% 
Ik , 

% 
Uk

,% 
Ik , 

% 
Uk

, % 
Ik , 

% 
Uk , 

% 
Ik

,% 

14,18 13,4 15,79 15,13 
14,
3 

6,4
9 

16,25 2,87 

 
For the systems being considered the calculated 

values of the coefficient of electrical losses 
increasing elK  and the coefficient of iron losses 

increasing irK  are obtained by using the formulae 

(2). These values are shown in Table III. 

Table III. 

THE VALUES OF elK AND irK . 

 VC DTC 

0LOADM 

 
0,5

LOAD

RATED

M

Ì





 

0LOADM 

 
0,5

LOAD

RATED

M

Ì





 

elK  1,048 1,097 1,033 1,043 

 VC DTC 

0LOADM 

 
0,5

LOAD

RATED

M

Ì





 

0LOADM 

 
0,5

LOAD

RATED

M

Ì





 

elK  1,048 1,097 1,033 1,043 

irK  1,0056 1,0097 1,0046 1,0059 

 
Based on the elK and irK , the values of 

coefficient of total losses increasing totalK  were 

calculated by using the formula (3). The results 
obtained are shown in Table IV. 

Table IV. 

THE VALUES OF totalK . 

 VC DTC 

0LOADM   
0,5

LOAD

RATED

M

Ì




 0LOADM   

0,5
LOAD

RATED

M

Ì





totalK 1,03 1,06 1,021 1,027 

 

V CONCLUSIONS 

Relying on the results obtained the following 
conclusions can be made: 

1. The values of THD for the voltage 
waveform are nearly constant for both systems 
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considered and are slightly dependent on the load 
torque; they lie in the range of  14 17 % . 

2. The simulation shows that the values of 
THD for the current waveform in the no-load mode 
for the DTC system (6,49%) nearly are as small as 
twice then the corresponding values for the VC 
system (13,4%), and in the on-load mode the values 
reduces to the 2,87%, what makes the system 
energetically efficient. 

3. The values of elK and irK , obtained after 
simulating DTC system, are smaller than those for 
the VC system, and as a sequence, the coefficient of 
total losses increasing is also smaller. 

Further research contemplates more detailed 
investigation of main operating modes of variable 
frequency electric drives with direct torque control. 
This research is going to be carried out by means 
both simulation and full-scale experiments using 
the test stand [13]. 

VI APPENDIX 

The test machine is a three phase 50 Hz 
induction machine having the following parameters 
as shown in Table V. 

TABLE V.  

PARAMETERS OF THE TESTED INDUCTION MACHINE 

Parameter Parameter value 

Power rating, Prated 180 kW 

Rated voltage, Vrated 450 V 

Rated current, Irated 276 A 

Pole pair, p 2 

Torque rating, Mrated 1150 N·m 

Stator resistance, Rs 0,02 Ω 

Leakage stator inductive reactance, xs 0,00967 Ω 

Rotor resistance, Rr 0,00859 Ω 

Leakage rotor inductive reactance, xr 0,0962 Ω 

Magnetizing inductive reactance, xm 2,6 Ω 

Inertia, J 3,2 kg·m2 
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Comparison of a load bearing capacity for 
composite sandwich plywood plates 

Ģirts Frolovs, Kārlis Rocēns, Jānis Šliseris 
Faculty of Building and Civil Engineering, Riga Technical University,  

Kalku st. 1, Riga, LV-1001, Latvia  

Abstract. This article shows numerical investigations of composite sandwich plywood plates with birch plywood 
faces and a core of straight and curved plywood honeycomb-type ribs in comparison to standard plywood plates and 
other core type plates.  

This shape of core ribs provides several improvements for these plates in manufacturing process as well as 
mechanical properties.  

The influence of core element shapes on stiffness in longitudinal direction of a plate is insignificant although it is 
possible to vary with stiffness in transverse direction of these plates by changing form of plate’s ribs. The results are 
describable as specific strength or stiffness (stiffness to mass or strength to mass ratio etc.) in both directions.  

The various results depending on chosen variables (according to strength-stiffness criteria) plywood composite 
macrostructure is obtained for one span plate with uniformly distributed loading. The results show that it is possible 
to reduce material consumption causing reduction in stiffness but in general increasing stiffness to weight ratio for 
about 30% or even more if it is possible to increase height of a plate more than maximum standard plywood plate. 

All thicknesses of elements are chosen according to plywood supplier assortment. 
A various thicknesses of plywood sheets (0/90/0+90/0·n) are taken for straight ribs as well as various plates 

coverings for waved part of ribs the 3 layer plywood was taken (90/0/90) or (0/90/0) due to simplification of 
manufacturing process.  

For all parts of plate were Birch plywood plates used, as well as reference plywood were Standard Birch plywood 
plates chosen. 

 
Keywords: Composite plywood plates, sandwich structures. 
 

I INTRODUCTION 

It is actual as much as possible to use renewable 
resources and one of these is wood. Although they are 
environment friendly materials by increasing demand 
we should plan how we could save even more 
materials by using them rationally where they are used 
in greater amounts.   

The consumption of wood products is increasing 
last few decades although the sawn wood production 
is decreasing [1]. The wood based panels become 
more significant in constructions as well as other 
wood based structural elements. Plywood is one of the 
most common wood based secondary (transformed) 
used materials and its consumption (and production) is 
increasing over past decades especially in area of Asia 
[2], [3].  

Although the use of material in plywood structure is 
improved some problem still remains. The normal 
stresses in middle part through plate’s thickness are 
low (Fig. 1) so the material is not rationally used. It is 
possible to reduce material in middle layer of a plate 
to make traditional “sandwich” core material. The 

faces’ materials have the main influence on plates 
stiffness while the core material to the shear 
properties.  

 

Fig. 1.  Distribution of stresses in plywood in cross section 
(methodology of calculations according to LVS ENV 14272) 

We cannot reduce this material unreasonable due to 
shear stresses that should take the middle part of a 
plate, like it is in “traditional” sandwich structures 
(Fig. 2).  

If the plates are subjected to bending it is not 
allowable to unreasonable reduction of material as the 
shear stresses (τ) increases.  
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Fig. 2.  Stress distribution in sandwich structures (faces with high 
stiffness and core with low stiffness) [4] 

It is experienced that the bearing capacity for all 
parts (faces and core) is solved in previous research by 
using different materials or cross sections for each part 
of a plate. Although the problem with serviceability 
limit state still remains (it is the determinant for these 
plates) as it is taken for this research main problem to 
be solved.  

II RESEARCH OBJECT 

In recent doctoral thesis [5] [6] the idea of 
honeycomb-type sandwich plates are already 
provided, but with low level depth of detail. And used 
plates are complicated for manufacturing of curved 
hollow ribs. So the new type of plates [7] [8] is 
provided with thin curved rib parts and multiple 
thicknesses for straight rib parts and faces of plates. 
(Fig. 3) These plates require more complicated 
manufacturing since there are different layers to 
assembly, but this process should be mechanized to 
make it simpler, efficient and safer. Thereby for high 
amount of manufacturing these plates could be 
established in building, mechanical and furniture 
engineering.  

 

 

Fig. 3.  Assembly of composite plywood plate with cell-type core. 
Bottom only one face layer shown. 

The main advantages for such plates are ability 
to save material and energy due to improved stiffness 
properties, improved stability, increased shear strength 
and simplified technology comparing to plates with 
straight rib core.   

The influence of geometrical parameters was 
previously investigated [9] so in this paper the case 
study was presented.  

The most influence of stiffness has the height of 
a plate (h), so it was chosen as one of changeable 
parameters to see the plate’s properties at various 
heights.  

All these problems could be reduced by using such 
plates with previously mentioned new type of core 
layer.  

The geometry of ribs allows to improve properties 
in other direction (transversal to the longitudinal 
direction) of a plate when we the deflection of both 
directions of a plate should be improved.  

III RESEARCH METHODOLOGY 

These plates could be compared to standard 
plywood plates as they can carry load in longitudinal 
and transversal directions and they provide good 
properties in both directions. The dominant for this 
type plates is the serviceability limit state therefore it 
is taken as a major problem in this paper.  

For the case study the plate with dimensions of 
2.1 m span in longitudinal direction and 1.1 m span in 
transversal direction was chosen. Although it is 
proved that dimensions and other geometrical 
parameters make influence on plate’s stiffness and 
specific stiffness [9].  

The research is based on bending behavior of these 
plates. Main results will show the comparison of 
stiffness, specific stiffness (stiffness-to-Weight) or 
load bearing capacity of these plates.  

For large displacements non-linear calculations are 
required but they are not described here.  The maximal 
service load was calculated to assume that  

The plates were loaded with uniformly distributed 
load which is the most common loading type. For 
calculation and extrapolation the load with intensity of 
1 kN/m2 was used.  

As the height of the plate is considerable larger than 
the span of a plate the influence of shear deformation 
is not separated from bending deformation.  

A. Used symbols for research 

Table I 

 The mainly used symbols 

   Symbol Units 

Span of a plate L m 

Width of a plate B m 

Height of a plate hplate m 

Service Load SL kN; kN/m2; 

Ultimate Load UL kN; kN/m2; 

Dead Weight DW kg 

B. Stiffness in longitudinal direction 

For these plates most common limitation is 1/200 
of a span, so all the serviceability loads and conditions 
were calculated with this limitation. And the different 
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plates compared with achieved results for this 
limitation.  

As it was proved earlier [9] the influence on 
stiffness and specific stiffness in longitudinal direction 
is not dependent on width of a plate.  

C. Stresses 

Bending stresses were analyzed in three parts of a 
plate. Longitudinal stresses in faces of a plate (σl; σt), 
longitudinal stresses in all parts of a rib.   

The factors for determination of design plywood 
bending strength are taken according to EN 1995-1-1 
[10] with the characteristic values from Riga ply 
supplier catalogue [11]  

௠݂,ௗ ൌ
݇௠௢ௗ
ெߛ

௠݂,௞	

kmod	 –	 is a modification factor taking into account the 
effect of the duration of load and moisture content (for 
plywood in 1 or 2 class - 0.6)	
γM	 –	 is the partial factor for a material property (for 
plywood - 1,2)	
fm,k – is the characteristic value of bending load-
carrying capacity; (for 3 ply 4mm plywood - 52 MPa 
in tension) 

D. Used material and FEM data 

Material properties applied for birch plywood of 
one ply sheet Fig. 4  [12] are summarized in Table 1. 
It is assumed that the ply has the same properties as 
sawn wood material.  

 

Fig. 4.  Three principal axes of wood with respect to grain direction 
and growth rings. (x – longitudinal; y – tangential; z – radial) [13] 

As these plates could be used as interior and 
exterior elements they should provide water-resistant 
properties according to EN 636 and EN 314 Class 2 
(for internal use as structural component in humid 
conditions) the same class 2 according to EN 1995-1-1 
[10]. 

The index at E shows the property in corresponding 
direction, for the Poisson’s ratio the first index shows 
the extension direction as the second shows 
contraction’s direction.  

Plywood stacking sequence has been modelled 
assuming that each layer is perpendicular to the upper 
and lower one, as plywood consists of an odd number 
of plies. In this paper three layers plywood was taken 
for all parts of a plate with total thickness of one 
plywood sheet of 4.0 mm. It has been assumed that 

each ply has same thickness of 1.27 mm and 
transversal isotropic material properties (see Table 
II.). For waved ribs constant thickness was taken and 
various thickness of straight rib, from 3 layer to 15 
layer according to standard birch plywood (Latvijas 
Finieris 2005). 

Table II 

Properties of birch wood 

   Symbol Value 
Modulus of elasticity in longitudinal 
direction [GPa] 

Ex 16.4 

Modulus of elasticity in tangential 
direction [GPa] 

Ey 0.68 

Modulus of elasticity radial 
direction[GPa] 

Ez 0.68 

Poisson ratio xy μxy 0.04 

Poisson ratio yz 
 

μyz 0.81 

Poisson ratio xz 
 

μxz 0.043 

Shear modulus in xy plane [GPa] Gxy 0.89 

Shear modulus in yz plane [GPa] Gxz 0.23 

Shear modulus in xz plane [GPa] Gyz 1.54 

Density [kg/m3] ρ 715 

 
Three types of ribbed plates were analyzed and 

compared to standard plywood and to plates with 
straight ribs [14]. With only straight ribs (Fig. 5 A); 
straight ribs and curved ribs (Fig. 5 B); and only with 
curved ribs (Fig. 5 C); For direction of curved ribs 
orientation same direction as the  plates longitudinal 
direction was taken (∥ሻ or transversal to plates 
longitudinal direction but in direction of plates height 
(٣). For the symbols the first index shows the type of 
the rib (whether or not with straight rib part) while the 
second index shows the orientation of curved rib part. 
the detailed explanation is summarized in Table III.  

 

A - r     B - rĨ     C - rĨI 
Fig. 5. Three types of ribs analyzed (A – flat rib; B – flat and curved 

rib; C – only curved rib) 
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Table III 

Symbols of plates 

 

Reference in 
Fig. 5 Fig. 8 

Symbol 

Standard plywood  PW 
Only straight ribs*  A r 
Straight ribs* and waved ribs* (outer 
layers fiber direction same as panel 
and rib longitudinal direction) 

B rĨ,∥ 

Straight ribs* and waved ribs* (outer 
layers fiber direction transversal to 
panel and rib longitudinal direction)  

B rĨ,٣ 

Only waved ribs* (outer layers fiber 
direction transversal to panel and rib 
longitudinal direction) 

C rĨI,∥ 

Only waved ribs* (outer layers fiber 
direction same as panel and rib 
longitudinal direction) 

C rĨI,٣ 

* Thickness for each rib part 4mm 

IV RESULTS 

In this paper the both limit states are analyzed 
although as mentioned before for such type structures 
in the mostly cases the decisive is the serviceability 
limit state so the main results were achieved for it. 
The results were obtained for one span plate 

For comparison specific values (bearing capacity 
to weight) were used so the influence is dependent not 
only from mechanical properties but also from dead 
weight changes (Fig. 6) If we compare only the dead 
weight, it is seen that material consumption for 
increasing plate’s height similar for ribbed plates 
(about 15%) while for plywood it increases for about 
67 % when the height is increased from 3 cm to 5 cm.  

 

Fig. 6. Dead Weight (DW) comparison for different type of plates. 
(Symbolical meaning see Table III). 

A. Serviceability limit state 

For these plates most common limitation is 1/200 
of a span, so all the calculations were done at this 
level and was assumed that material is loaded in linear 
stage of a material. The results show that Service Load 

is increased for the I type of plates as there is more 
material in core layer Fig. 7.  

 

Fig. 7. Maximal Service Load (SL) for different type of plates. 
(Symbolical meaning see Table III). 

Although by comparing Service Load to dead 
weight results show similar properties. 

These results were summarized in Fig. 9 for each 
height that was analysed. It is seen that by lower 
height of a plate the straight ribs has larger specific 
stiffness as the SLmax/DW is larger. Although by 
increasing height of a plate the advantages of cell type 
plates becomes more significant.  

 

Fig. 8. Maximal Service Load (SL) to Dead weight (DW) for 
different type of plates. (Symbolical meaning see Table III). 

By comparing plywood and ribbed structures it is 
achieved that dead weight decreases for 70% in 
average while the stiffness decreases for 30 % in 
average. So it was analysed 35 mm plate and 
compared to 35mm plywood. And as a result it was 
achieved that for achieving the stiffness that has the 
35 mm we should increase height of a plate to 45mm 
Fig. 10 and Fig. 11.  
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Fig. 9.  Maximal Service Load (SL) to Dead weight (DW) for 
different type of plates. (Symbolical meaning see Table III). 

 

Fig. 10.  Comparison of stiffness for different plates. (Symbolical 
meaning see Table III). 

 

Fig. 11.  Comparison of stiffness-to-mass ratio for different plates. 
(Symbolical meaning see Table III). 

Comparing cell-type ribs to straight ribs provides 
easier technology and resists to local deformations 
that occurs with thin faces of plate.  

B. Ultimate limit state 

For the comparison of stresses for the same plate 
dimensions normal stresses in plate’s faces were 
analyzed.  

 

Fig. 12.  Maximal Ultimate Load (UL) for different type of plates. 
(Symbolical meaning see Table III). 

 

Fig. 13.  Maximal Ultimate Load (UL) to mass for different type of 
plates. (Symbolical meaning see Table III). 

We can see that also for Ultimate load the highest 
strength from ribbed plates show I type plates (Fig. 
12) only plywood shows highest strength. That still 
remains for the UL/DW ratio only here Standard 
plywood shows the lowest ratio comparing to other 
plates Fig. 13. 

By increasing height of a plate more than 10 cm 
1/200 the shear stresses and deformation should be 
taken into account as they become more determinant. 
Therefore by increasing plates height the orientation 
of waved ribs’ outer layers transversal to plates 
longitudinal axis are more sufficient, although it 
reaches maximum at some point where the increase of 
plate’s covering is needed due to overloaded plate’s 
skins.  
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The stress-deformation plot is seen in Fig. 14. It is 
seen that straight ribs show the highest stress-
deformation ratio.  

 

 
Fig. 14.  Stress-deformation plots for different type of plates. 

(Symbolical meaning see Table III). 

 

Fig. 15.  Service Load-to-Ultimate Load ratio depending on the 
Height of a plate (Symbolical meaning see Table III). 

In Fig. 15 we can see how much is used material 
in comparing both limit states (SL and UL). It is seen 
that it is different for different type of plates. For 
plates with straight ribs up to plate’s height hplate 7cm 
it is similar to II type plates but by increasing the 
height more we achieve that the determinant becomes 
the Ultimate Limit State becomes determinant for 
design. The similar trend could be seen for I type of 
plates although this point where the Ultimate Limit 
State becomes determinant is at larger plate’s height.  

By using this chart it is possible to optimize and 
choose geometrical parameters of the plate for 
required load to fill the maximum load conditions in 
both limit state SL/UL ratio equal to 1. Where it is 
needed could be varied by thickness of plate’s faces or 
the straight rib.  

 
 
 

V FUTURE RESERACH 

A physical tests should be done for such plates and 
improved technology of gluing process that provides 
possibility to ensure pressure 5-15 kg/cm2 (70-150 
psi)  like it is used for glued wood structures [15]. 

The bending properties in transversal direction 
should be detailed analyzed as they can show more 
advantages to plates with only straight ribs.  

The use of other materials could be considered at 
some parts of a plate. 

VI CONCLUSIONS 

By using such plates it is possible to equal the 
bearing capacity for Ultimate limit state and 
Serviceability limit state so that the material is used 
for the same level in both of the Limit states.  

Provided type of plates shows improved bending 
properties that allows to decrease material 
consumption for 70% at 30% of stiffness decrease that 
gives possibility to increase stiffness-to-weight ratio 
for up to 100% by keeping all requirements.  

Where it is possible to increase plate’s height for 
30% the improvement in stiffness reaches up to 100% 
and keep increasing by even more increase of height.  
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Dissipative and Damping Properties of 
Multi-layered Rubber-Metal Vibration 
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Abstract. Rubber and rubber-metal (RM) elements are successfully used as bearing, joints, compensating devices, 
vibration and shock absorbers in civil engineering and machine building because of rubber and rubberlike materials 
(elastomers) have a capability of absorbing input energy much better than other construction materials. The elastic 
properties of rubber in such supports allows reverse backward to its original position under dynamic load action. 
Along with the instantaneous elastic deformation these materials exhibit a retarded elastic deformation, viscous flow 
(creep) and relaxation. The mechanical properties of rubber which are necessary for the optimal design of 
antivibration devices are next: bulk modulus of compression, dynamic and static shear modulus, energy dissipation 
factor. To describe the relationship between the compressive (or shear) stress σ(t) and strain ԑ(t) the creep and 
relaxation kernel, taking into account the viscoelastic properties of the rubber, is used. The kernels proposed by A. 
Rzhanitsin, Y. Rabotnov, M. Koltunov give satisfactory results for the mechanical properties of rubber in the mean 
frequency domain (10-3 < ω < 103 s-1). In this paper for the accounting of dissipative properties of the rubber 
Rabotnov’s kernel is used, the energy loss during one oscillation period is calculated. The flat-type RM absorber with 
kinematic excitation, which lower base oscillates harmonically is considered, oscillation parameters of the upper base 
on which the protected object is placed, are calculated. Damping properties are expressed by the ratio of the 
amplitude of the forced oscillations of the upper base (and object) to the amplitude of driving lower base.  
 

Keywords: vibration damping, relaxation kernel, dynamic shear and compression moduli, rubber-metal package. 
 

I INTRODUCTION 

Nowadays under conditions of intensification of 
production processes, increasing of the equipment 
capacity and high-speed vehicles creation the question 
of preventing the harmful effects of vibration requires 
special attention. In the most cases it is necessary to 
provide of shock and vibration protection devices at 
the design stage [1] – [5]. 

Elastomers (rubber and rubber-like materials) are 
the most suitable material for anti-vibration devices 
due to its adhesive characteristics, the ability to 
acquire a predetermined shape at press processing 
after curing, high elasticity and high internal damping. 
The elastic properties of rubber characterized by a 
large difference between bulk and shear moduli (K/ G 
ratio reaches 500 ÷ 5000) [3], [6] – [10]. The high 
elasticity of rubbers allows them to withstand the large 
elongation without breaking. Consequently, the rubber 
has a greater capacity to store energy per unit volume 
compared with other materials.  

Rubber and rubber-metal parts (rubber and metal 
connected by vulcanization or gluing) are used as 
elastic supports of veicle and machinery and are 
designed to reduce the dynamic loads of the working 
machines on their foundations or floors of buildings or 
for the protection of equipment and devices from 
bumps, shock and vibration loading operating on their 
base. The packages of thin-layered rubber-metal 
elements (rubber layer widh/height ratio > 20) are also 
successfully used. Thin-layered rubber-metal elements 
(TRME) - essentially anisotropic elastic element made 
of rubber (or other elastomeric) and metal (or hard 
plastic) assembled in a package of two or more layers 
having a high load capacity (more than 30 MPa in the 
normal to layer direction) and higher compliance (50 
... 200% from relative deformation) in the transverse 
direction [9] – [13]. 

Rubber is a material that has a clearly defined 
relaxation properties, so its mechanical properties 
strongly depend on the time of application of external 
loads, that is, the mode of deformation [10], [14] – 
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[18]. If the duration of the force causing a deformation 
equal to the time of relaxation processes in the rubber, 
the elastic deformation is fully manifested, and this 
mode of deformation will correspond to well-defined 
modulus of rubber. 

When rate of deforming load application increases 
modulus of elasticity will be changing, and its 
magnitude will be more than elastic modulus for the 
mode with full implementation of the elastic process. 

Since many rubber-metal products serve as elastic 
links experience an impulsive load, alternating-sign 
load, periodical and non-periodical high-frequency 
load, it is necessary to to take into account the 
characteristics of the mechanical properties of rubber 
under dynamic loads [9] – [13]. 

In this paper the vibration absorber operating under 
uniaxial deformation (compression or shear) is 
considered. In Fig. 1 the scheme of mounting of this 
device are shown: RM absorber with flat layers 
(cylindrical or prismatic form) is placed between 
protected object and base. Rubber layers 1 are 
reinforced by perfectly rigid undeformable plates 2, 
which is cured on to the elastomers by vulcanizing. 

 
(a) 

 
(b) 

Fig. 1.  Scheme of the installed absorbers: (a) anti-vertical 
vibrations, (b) anti-horizontal vibrations; 1-rubber layers of height 

h, 2 –metal layer. 

The aim of this work is to determine the dependence 
of this absorber dissipative and damping properties on 
the viscoelastic behaviour of elastomer, on the forced 
vibration frequency and natural frequency of the 
system for the model with one degree of freedom 
(ODF) under the action of harmonic excitation. Mass 
of isolator is not taken into account because of its 
smallness. The damping properties are determined by 
the ratio of the amplitude of the upper plate forced 

oscillations to the amplitude of the forcing oscillation 
of lower plate. Dissipative properties of vibroabsorber 
are estimated by the energy loss during one period of 
oscillation. Such approach allows to appoint the 
dimentions of antivibration devices at design stage. 

II MATERIALS AND METHODS 

Visco-elastic properties in rubber model 

In the mechanical properties of rubber a set of 
features manifest itself: alongside with the 
instantaneous elastic deformation these materials 
exhibit retarding elastic deformation, viscous flow 
(creep) and relaxation. For the description of the 
elastic and dissipative processes for the most materials 
a combination of two types of mechanical elements, 
elastic and viscous, may be used. Elastic element is 
controlled by Hooke's law, viscous - by Newton's law 
of flow. Connections of them in series or in parallel 
joint (Maxwell model or Kelvin-Voigt model) 
approximately describes the visco-elastic behaviour of 
the material [17] – [19]. 

 The most common relationship between stress and 
strain may be expressed by means of integral 
equations of relaxation and creep. In this case 
accounting of the time factor influence is reduced to 
solving systems of integro-differential equations. 
Methods of solving such systems are very diverse, the 
most widely used methods based on the use of integral 
transforms, especially Laplace and Fourier transforms, 
and also integral operators Volterra’s type [13]. 

In the case of axial deformation for weakly filled 
rubbers and small deformation (ε ≤ 20%), when the 
linear dependence between stress and strain exists, the 
dependence is valid: 

  ),(tEt t    

where Et  - time operator, which does not depend on σ 
and ε and reflects the viscoelastic behaviour of system.  

This dependence may be written in the form of an 
integral equation of Volterra: 

       











 

t

dtRtEt
0

0         (1) 

where: E0 - instantaneous compressive modulus (or 
G0 – instantaneous  shear modulus), which specifies 
the instantaneous stiffness in the classical sense;  
R(t - τ) - relaxation kernel describing the viscoelastic 
properties of the rubber. The presence of relaxation  
kernel determines the dissipative properties of rubber. 

Using Fourier – images transform of σ(ω), ε(ω) and 
R(ω), equation (1) may be written as: 

         )(10 ERE         (2) 

where E(ω) - – dynamic compression modulus of 
elasticity (it may be also G(ω) - shear modulus). 
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  




 dtet ti )( , 

analogically for ε (ω), R (ω).  
The elastic compressive modulus E(ω) expressed as 
complex modulus is: 

     ."'  iEEE   

Splitting E0(1-R(ω)) in (2) into real and imaginary 
parts we obtain: 

    ,1Re' 0  REE                   (3) 

   .Im" 0  REE   

Let’s denote  

   ),(1Re 1  BR   

-   )(Im 2  BR  , 

and rewrite the elastic complex modulus E(ω) as: 

      2010 BiEBEE  . 

Proposed by A. Rzhanitsin, Y. Rabotnov and M. 
Koltunov kernels are in most common use. These 
kernels allow satisfactory describing the mechanical 
properties of rubber in the medium frequency range 
10-3 < ω < 103 s-1. In this work the Rabotnov's kernel 
is considered, which represents fractional exponential 
function R(t – τ) = Эα(– β, t – τ): 

         

    ,
11

1
0

1












n

nn

n

t
tR





        (4) 

where Γ – gamma-function,  - 1 <   < 0,   β > 0. 
In this equation α - parameter of fractionality, 

expressed in terms of the maximum value of the 
spectrum of relaxation times and modulus defect, β - 
rheological characteristics of rubber equal to: 

  1
0t , 

where t0  - generalized relaxation time. 
Rheological parameters are tabulated for many types 
rubbers. 

Fourier image for Rabotnov’s kernel is: 

 
   

  
 ii

R
1

.                 (5) 

Taking into account (3) real and imaginary parts we 
obtain from (5): 
 

    ,
cos2

cos
2112

1

1 
 






 



B  

    2112

1

2 cos2

sin


 




 



B ,          (6) 

   1
2

. 

The coefficients B1 and B2 are the Fourier cosine 
transform and sinus transform of the fractional 
exponential function (4): 

  ,)cos(
0

1 


 dzzzRB 
 

  .)sin(
0

2 


 dzzzRB 
 

If the deformation of the elastomer is harmonic, 
equation (1) may be written as: 

   tEt t  sin0  

       

      tBtBE

dtRtEt
t





cossin1

sinsin

2100

00















 



          (7) 

The coefficients B1 and B2 are the same for 
compression and shear deformation. In the case of 
share: 

    10
' BGG   and     20

" BGG  . 

In this case stress is calculated by the same way. 

Model of damping system with one degree of 
freedom 

Most clearly it is possible to estimate the dynamic 
properties of the RME in the frame of the simplified 
one-degree-of-freedom model, which allows to obtain 
explicit analytical dependences for dissipation and 
damping characteristics of RME. Such model, 
presented in Fig.1, is considered below. Protected 
object is represented as a point mass, vibration isolator 
is placed between the protected object and the 
vibrating base with kinematic excitation in accordance 
with time dependence of ξ (t). The time dependence of 
the movement of the protected object is e (t). 

Since ξ and e are defined in the inertial system, the 
relative motion of the object and base will be equal to 
ξ (t) - e(t), and the deformation of compression of the 
elastomer layers with total thickness hΣ is equal to: 
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              





h

tet
t

 .                        (8) 

Let function ξ(t) is periodic with amplitude ξ0: 

   tt  sin0 .                          (9) 

Since the system is linear, for the harmonic input 
function (e. g. deformation) all caused by its output 
processes (e. g. stress) will also be harmonic functions 
with the same frequency. Then it is natural to assume 
that function e (t) will be as follows: 

   ,sin0   tete                    (10) 

where e0 - amplitude vibrations of steady-state 
vibrations of mass, φ - angle of lag. 
The force imposed on the object with mass m from the  
 
TRM support is equal to:  

 tAF  , 

where A - area of the upper face of the vibration. 
The equation of motion of mass m in the z direction is: 

         )()( tAtem  . 

Let us find the mass displacementdepending on the 
viscoelastic properties of the rubber.  

Taking into account (1) we have: 

     











 



t

dtRtAEtem 0)(   (11) 

Let denote the natural frequency of vibrating mass as 
ω0, taking into account (8): 

mh

AE



 0
0                                (12) 

Substituting (8), (9) and (10) into (11) and taking into 
account (12) we received the equation of the object 
motion in the form: 

        0)()()( 2
0 












 



t

dtetRtette    

  or:  

 

   0)sin()sin(

sin)sin()(

2
0

0
2

00
2

0




















t

detR

ttete





 (13) 

For harmonic deformation taking into account 
linear independency of the functions sin(ωt) and 

cos(ωt), using the property R(t-τ) = 0 if t < τ, the 
system of the equations is obtained from (13): 

   
   

  
 

  
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2
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2

2
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2

1
11

cossin

sincos

B

B

e
B

B 







  (14) 

From system (14) we can define the amplitude of 
the forced vibration e0 of mass and the angle of lag φ: 

 
   

,
12

12
222

21
2

1
2

1

22
2

2
21

2
1

0

0


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

bBBbBBbB

BBBe


  (15) 

  ,
12

arctan
22

21
2

1
2

1

2
2





bBBbBB

bB  (16) 

.
0


b
 

In (15) and (16) B1=B1(ω), B2=B2(ω) are the functions 
of excitation frequency and calculated in accordance 
with (6). 

 Dissipative properties of rubber elements 

The expression (1) is the generalized Hooke's law, 
here E0 defines the instantaneous stiffness of rubber in 
classic sense, but relaxation kernel defines the 
dissipative properties of rubber. Further we can 
calculate the work of compressive (or shear) stress per 
unit volume during the all-time of the existence of 
deformations  t . 

        








 dttttdtA                 (17) 

Expressing σ(t) and ε(t) in terms of Fourier 
components we receive: 

        ,
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1 ''
2 

















 


  deideEdtdttt titi
 

after transformation: 

        .
2" 









  dtEtdtA

          

It is seen that ωE"(ω) defines the density of the energy 
dissipation due to viscoelastic rheology of rubber. 
This expression may be used for the estimation of the 
volume density of energy release. Generally speaking, 
at an orbitrally point of time it is impossible to divide 
dissipative loss and elastic energy, saved in the RM 
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support. For the harmonic loading the loss of energy 
during the period of vibration may be calculated as: 

    ,
1

22
1

2
2

2
04

2
2
0

bBB
bBmUT




  .
0


b   (18) 

Energy loss depends on natural frequency ω0, 
excitation frequency ω, vibration amplitude ξ0 of the 
base, as well as B1 and B2 coefficients. It is necessary 
to take into account, that ω0 in turn depends on 
vibrating mass. 

This expression is necessary for attenuation factor 
definition, if vibration motion of the object is describe 
approximately, for example, by viscoelastic Maxwell 
model. 

III RESULTS AND DISCUSSION 

The results of the calculation of damping properties 
of RM elements in accordance with above algorithm 
and equations are given below. Numerical examples 
was solved with help of Mathcad program. 

In Fig. 2 plots of dependence the amplitudes ratio 
on excitation frequency for natural frequencies ω0 = 1, 
5, 10, 15, 20 s-1 for low-filled rubber 2959 (α = -0.6 
and factor β =1.062) are presented.  

 
(a) 

 

(b) 

Fig. 2.  Plots of dependence the amplitude ratio on excitation 
frequency for different natural frequencies ω0 and factor β =1.062. 

(a) – full- scale plots, (b) – lower part of plots. 

From Fig. 2 (b) we can see that under the excitation 
frequency ω =3, 15, 30, 45 and 60 s-1 the amplitude of 
the forced vibration of the objects becames in 10 times 
smaller for natural frequencies ω0 = 1, 5, 10, 15 and 
20 s-1 respectively. This confirm the well-known fact 

from vibration protection theory. From this graphs it is 
seen that RM absorber diminishes the vibration action 

on the object if it’s natural frequency much less 
than forcing frequency. 

Plots of dependence the lag angle φ on excitation 
frequency for different natural frequencies ω0 are 
presented in Fig. 3; factor β = 1.062, α = - 0.6. 

 
Fig. 3.  Plots of dependence the lag angle φ on excitation frequency 

for different natural frequencies ω0; factor β = 1.062, α = -0.6. 

In Fig. 4 (a), (b) plots of dependence the amplitudes 
ratio on factor β for different rubbers for natural 
frequencies ω0 = 5 s-1 (a)  ω0 = 20 s-1  (b) are shown. 
For all rubber α = - 0.6.  

 
(a) 

 
(b) 

Fig. 4.  Plots of dependence the amplitude ratio on excitation 
frequency for rubbers with α = -0.6 and different β factor: (a) for 
natural frequency ω0 = 5 s-1, (b) for natural frequency ω0 = 20 s-1. 

 

Energy loss according to (18) is studied for RM 
absorbers with excitation amplitude ξ0 = 0.5mm, 
factors β = 1.062 and α = - 0.6. Plots in Fig. 5 shows 
the dependence of energy loss per period UT  on 
excitation frequency for mass 200 kg and 400 kg  
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(ω0 = 14.09 s-1 and 9.96 s-1 respectively).  
Reinforced RM absorber of the cylindrical form 

with rubber part radius  r = 18 mm and total rubber 
height hΣ = 40 mm is applied, E0 =1.56·106 N/m2. 

 
(a) 

 
(b) 

Fig. 5.  Plots of dependence energy loss per period UT on excitation 
frequency: (a) for mass 200kg (ω0 = 14.09 s-1); (b) for mass 400 kg 

(ω0 = 9.96 s-1). 

It is seen from the plots that the energy loss per 
period is identical for different mass if excitation 
frequency is equal to the natural frequency. 

 
(a) 

 
(b) 

Fig. 6.  Plots of dependence energy loss per period UT on excitation 
frequency for mass 200 kg. and natural frequencies ω0  =  11.74 s-1, 

14.09 s-1   and 19.57 s-1. 

In Fig. 6 plots of the dependence of energy loss per 
period UT on excitation frequency for mass 200 kg 
are presented for RM absorbers with hΣ = 40 mm, 
radii 15, 18 and 25 mm (natural frequency ω0=11.74 
s-1, 14.09 s-1 and 9.96 s-1 respectively). 

Loss of energy more distinguishes in the post-
resonance zone; absorbers with radius 20 mm deposes 
the energy twice as large than absorber with r=18 mm.  

IV CONCLUSIONS 

This paper presents the procedure of the estimation 
of damping and dissipative properties of rubber-metal 
absorber devices for ODF system under harmonic 
exitation. Definition of damping properties is fulfilled 
for one degree-of-freedom system with kinematic 
excitation. Damping properties are expressed by the 
ratio of the amplitude of the forced oscillations of the 
upper base with the object to the amplitude of the 
forcing lower base oscillations. The dissipative 
properties are expressed by the energy loss per period 
of oscillation. The flat layer rubber – metal absorber 
of cylindrical form is calculated as the examples. 
Numerical examples was solved with help of 
Mathcad -15 program. The fulfilled calculations 
confirm the known fact of the theory of vibration 
protection: if the natural frequency of the object is 
three times lower than the frequency of the forcing 
oscillations, the forced oscillation amplitude is 
attenuated approximately in ten times. 

It can be concluded that the proposed approach is 
suitable for dimensioning of RM absorber on the 
design stage depending on the prevented object mass, 
its operating mode and taking into account physical – 
Experimental study of the dissipative and damping 
properties of rubber-metal vibration absorber will be 
the next step of the current research work mechanical 
properties of the elastomeric layers. 
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Abstract. permanent magnet synchronous machines (motors) (PMSM) are getting increasingly involved in electrical 
engineering and electric power sector. The possible application for PMSM is autonomous decentralized low-power 
source which requires electric starter-generator. 

Structure designing electric starter-generator for the autonomous cogeneration plant based on the rotary-vane 
external combustion vehicle (RVECE) is mostly consists of designing electric energy generating system. But the 
designing and investigating system starting operating modes is also of interest. 

The paper considers structures of the starter-generator for autonomous low-power sources based on RVECE, the 
test stand composition and the experiment results. 

 
Keywords: permanent magnet synchronous machine, recuperation block, autonomous electrical supply system, 

starter-generator set, test stand. 

 

I INTRODUCION 

Despite their comparatively high cost permanent 
magnet synchronous machines (motors) (PMSM) are 
getting increasingly involved in electrical engineering 
and electric power sector. Because of the top energetic 
characteristics among modern electromechanical 
converters PMSM are used both in low-speed high-
accuracy motion control systems (brushless DC 
motors – BLDC) and in very high-speed systems 
having a primary filed of application covering gas 
turbine generators, compressor drives, expansion 
machines and electromechanic energy storages [1,2]. 

The possible application for PMSM is autonomous 
decentralized low-power source which requires 
electric starter-generator. Aspects of structure 
designing electric starter-generator for the 
autonomous cogeneration plant based on the rotary-
vane external combustion engine (as well as the 
features and advantages of this type of engines) were 
considered in [3,4]. 

Fig. 1 shows the diagram of electrical energy 
generating using intermediate DC link (power factor 
corrector (DC/DC) 2) and two bidirectional blocks 
such as active front end (AFE) converter 1 and 
inverter 3 along with the corresponding control 
systems 4, 5, 6 [5]. 

 

Fig. 1. The diagram of the autonomous generator plant with PMSM. 

The referenced paper [3] contains the results of 
modeling and experiments in generator mode of the 
plant while investigation of system starting operating 
modes is also of interest. 

II PERMANENT-MAGNET SYNCHRONOUS 
MOTOR SYSTEM STARTING 

It is expected that the start of the plant can be 
performed both from the network and from 
accumulator battery (battery start is the only option for 
autonomous work). The structures of converters 
applying for starting are shown in fig. 2. DC/DC 
converter can be switched off in the case of network 
start or the option of start from 48 V battery or can be 
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used to increase the battery voltage and to feed to he 
DC link. 

 

Fig. 2. The structure of the electrical subsystem of the autonomous 
power supply system based on rotary-vane external combustion 

engine. 

The department of electric drive and automatics of 
Pskov State University has the test stand for the 
investigation of PMSM systems [6,7]. It was designed 
for the experiments with general purpose PMSM both 
in the motor mode and the generator mode. The test 
stand is embedded in the learning process for 
specialization «Electric drive, energy efficiency and 
autonomous energetics» in the courses «Mobile power 
supply plants and generating sets» and «Permanent 
magnet synchronous machines in electrical 
engineering and electric power sector». 

Fig.3 shows the structure of the test bench. The set 
connections shown allow to carry out experiments 
with recuperation block while varying the load for 
PMSM.  

The set includes: 
– recuperation block (RB) ЭПВ-Р (ООО «ЧАЭЗ-

ЭЛПРИ» Chelyabinsk), two connected to it frequency 
converters: inverter ACSM (ABB product) having 
vector control system and direct torque control system 
(DTC) and inverter Unidrive (Control Techniques 
product) operating in vector pulse-width modulation 
mode of the base vectors, 

– three electromechanical converters: PMSM of 
DVU2M type, induction motor of 4A series having 
two shafts and PMSM of 9C type (ABB product) 
composing the complete electric drive together with 
the converter ACSM, equipped with encoder (EN). 

Testing mode is selected by circuit breakers FM1-
FM3. The experiments were performed to research the 
processes of start, reverse and load step in the PMSM 
system when powered from a three-phase AC voltage 
with recuperation block and without it. 

Fig. 4 shows plots of starting and load rising when 
powered from a three-phase network without using 
recuperation block with the following agreed 
notations: 

1 – curve of speed changing, 
2 – curve of current changing, 

3 – curve of mechanical torque changing (the 
torque is measured as a percentage of the rated value), 

4 – curve of DC link voltage changing. 

 
Fig. 3. The test stand structure. 

 

 
Fig. 4. PMSM modes without RB 
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Fig.5 shows plots of starting and load rising when 
powered from a three-phase network using 
recuperation block and the same notations as notations 
for fig.4. 

 

 
Fig 5. PMSM modes with RB. 

The plots shown are obtained by using ABB Drive 
Studio software. 

III CONCLUSION 

The results of the investigations allow to draw 
several conclusions: 

- creation of experimental sets (test stands) for 
permanent magnet synchronous and induction 
motors modes investigations is recommended 
to be build using recuperation blocks (AFE 
converters): that allows to expand dynamic 
modes research when using visualization tools 
(software oscilloscope) of modern frequency 
converters; 

- setting recuperation block instead of 
uncontrolled rectifier on the input of the 
inverter allows to improve electromagnetic 
capability (EMC) with a power network and to 
optimize electromagnetic transients on the DC 
link at starting and reversing frequency-
controlled electric drives; 

- when PMSM is used as the generator for the 
set with variable-speed engine (occurring in 
non-constant PMSM shaft speed), the electric 
energy generation system should be built as 
shown in the diagram in fig.1; 

- researches shown that for creating low-power 
generating systems (10-20 kW) based on 
PMSM in autonomous power sets 
(cogeneration plants) it is necessary to develop 
the inverter (DC/AC) having input DC voltage 
48-100 V, having built-in semiconductor 
DC/DC «transformer» (power factor corrector) 
and forming output three-phase AC voltage of 
industrial frequency. 
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Abstract. Wood veneer is mainly used for interior decoration applications in many different segments. It's ideal for 
residential projects, hotel projects, offices giving to the any interior a unique look and feel.  In addition, veneer is also 
processed to create a variety of products such as veneer parquet, flexible veneer sheets, wood veneer boards, wood 
veneer wallpaper, etc. From the other side, veneered surfaces will always to a greater or lesser degree change color, 
particular upon exposure to natural and artificial light. The degree of color change will depend on such factors as the 
species chosen, the coating type used and intensity and period of the exposure to light. In addition, conventional 
finishes have a tendency to yellow with age which can have quite dramatic effects on the original color of the selected 
timber. To minimize these effects new finishes have to be developed. In the paper new, invisible nanolevel coating for 
veneer finish based on the sol-gel process is offered. It is known that the sol–gel technique is an established industrial 
process for the generation of colloidal nanoparticles from liquid phase, which has been further developed in last years 
for the production of advanced coatings. It is well adapted for oxide nanoparticles and composites synthesis. The main 
advantages of sol-gel techniques are comparable low processing temperatures offering unique opportunities for access 
to organic and inorganic materials. The sol synthesis and application technology as well protective properties of 
coating will be discussed.  

 
Keywords: Wood veneer, advanced coatings, sol-gel technique, organic materials. 
 

I INTRODUCTION 

Birch wood microscopy 
Veneer is the finest use of timber, because it is real 

timber. 
The benefits of its use are:  
 the natural variations of timber means each 

project is individual as choice from the vaste 
array of species, colors and textures are 
available; even from the same specie veneers  
differ in grain, color, texture and markings; 

 they are pleasant and friendly to the touch; 
 adds prestige and style to the furniture and 

joinery; 
 veneer can be molded to fit any shape and 

adhered to a different substrates  to give all the 
versatility of solid timber; various types of 
substrates can be used for the production of 
veneered panels and furniture, such as solid 
timber, particle boards, medium density fiber 
boards, plywood, block boards, and hardboards;  

 veneer is highly efficient use of timber as one 
cubic meter of log could produce around 1000 
square meters of veneer; 

 veneer is sustainable use of  forest resources. [1]   
The main sources of veneers are hardwoods with 

the more complicated anatomy compared to softwoods 
and as consequence more complicated wood structure.  

Veneer quality is a factor in construction and 
industrial plywood based on visually observable 

characteristics. Knots, decay, splits, insect holes, 
surface roughness, number of surface repairs, and 
other defects are considered. Veneer species and 
characteristics are also a major factor in categorization 
of hardwood and decorative plywood. 

 

Figure 1.  Anatomical features of birch  [2] 
 

 
Figure 2.  Birch cross section [2] 
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However, when observing the microstructure of a 
hardwood sample in practice it is normally only easy 
to see the vessels, fibres and parenchyma cells, since 
the tracheids are very few in number. 

The hardwood axial system is composed of vessel 
elements in various sizes and arrangements, and of 
axial parenchyma in various patterns and abundance 
(Fig.1). As in softwoods, rays comprise the radial 
system and are composed of ray parenchyma cells, but 
hardwoods show greater variety in cell sizes and 
shapes. Vessel elements are stacked one on top of the 
other to form vessels. On the transverse section, 
vessels appear as large openings and are often referred 
to as pores (Fig. 1 and 2). Vessel diameters may be 
small (<30 μm) or quite large (>300 μm), but typically 
range from 50 to 200 μm. They are much shorter than 
tracheid’s and range from 100 to 1,200 μm.[2] 

If all the vessels are the same size and more or less 
scattered throughout the growth ring, the wood is 
diffuse- porous. If the early wood vessels are much 
larger than the latewood vessels, the wood is ring-
porous. Diffuse-porous species woods maple and 
birch have two main types of growth rings and one 
intermediate form. In diffuse-porous woods, vessels 
either do not markedly differ in size and distribution 
from the earlywood to the latewood, or the change in 
size and distribution is gradual and no clear distinction 
between earlywood and latewood can be found (Fig. 
2). Vessels can also be arranged in a tangential or 
oblique arrangement in a radial arrangement, in 
clusters, or in many combinations of these types. In 
addition, individual vessels may occur alone (solitary 
arrangement) or in pairs (Fig. 2), or radial multiples of 
up to five or more vessels in a row. Where vessel 
elements come in contact with each other tangentially, 
intervessel or intervascular bordered pits ranging in 
size from 2 to >16 μm in height are formed (Fig.3). 

Hardwoods have a wide variety of axial 
parenchyma patterns. Paratracheal parenchyma is 
associated with the vessels, and further divided into 
vasicentric (surrounding the vessels), aliform 
(surrounding the vessel and with wing-like 
extensions), and confluent (several connecting patches 
of paratracheal parenchyma sometimes forming a 
band).  

 
Figure 3. Exposed channel of  hardwood showing pit [3] 

 

 
Figure 4. Hardwood microstructure [3] 

 
Apotracheal parenchyma is not associated with the 

vessels and is divided into diffuse (scattered), diffuse-
in-aggregate short bands and banded, whether at the 
beginning or end of the growth ring or within a growth 
ring. Each specie has a particular pattern of axial 
parenchyma, which is more or less consistent from 
specimen to specimen, and these cell patterns are 
important in wood identification. The rays in 
hardwoods are structurally more diverse than those 
found in softwoods. Most species have rays that are 
more than one cell wide. In oak and hard maple, the 
rays are two-sized, uniseriate and more than eight 
cells wide. Such hardwood anatomy specifics and 
differences between species lead to a very 
complicated and uneven veneer surface microstructure 
(Fig. 4). Small holes are typically created when the 
wood cells shrink during the drying process at the 
mill. Cracks can also occur when a veneer loses too 
much moisture (or loses moisture too quickly). When 
this happens, internal stresses become so strong that 
the wood cells shrink, lose elasticity, and then separate 
from each other. These types of splits are more 
challenging to repair. The success rate for repairing 
this type of crack depends on several factors. It is 
difficult to select the highest quality logs, because 
many internal defects such as gum veins, rot and 
insect damages are difficult to detect from the log 
outside. Probably the most critical aspect of 
preparation for finishing is the moisture content of 
veneered products. Equilibrium moisture content of 
veneer are approximately 10 to 12%. High moisture 
content is difficult to detect visually so prevention is a 
key. 

 
Birch wood veneer surface modification 

One of the different new approaches and possibly 
one of the most promising for surface modification of 
materials is the sol-gel technology. Probably this 
technology offering possibilities to tailor surface 
properties to a certain extent and to combine different 
functionalities in a single material was one of the most 
important developments in material sciences during 
the last decades. At the same time the application of 
sols can be carried out with the techniques commonly 
used in finishing processes such as immersion or 
sprinkling following by thermal processing. 
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Colloid solutions of nano sized oxides particles in 
aqueous or organic solvents or in their mixtures 
(nanosols) today become more and more popular.  
Due to the high surface area of the small particles the 
nanosols are metastable and during coating process 
the particles will aggregate as well as condense, 
initiated by evaporation of solvent in result of thermal 
treatment. Process result in dense three-dimensional 
networks leading in coatings which exhibit new 
functions.[4] 

In comparison with many other materials such as 
ceramics or metals, wood products possess low 
thermal resistance. The conditions for the treatment 
and the sol composition have to be adapted to the 
particular demands of material. As chemical structure 
of such natural fibres as flax and hemp are close to the 
chemical structure of hardwoods, the sol synthesized 
for cotton and lignocellulosic fiber textiles surface 
modification are used. Obtained by this sol modified 
textile surfaces had presented excellent protection 
from ultraviolet radiation, antimicrobial activity and 
water repellency. All mentioned properties are 
important to improve protection of veneered surfaces 
in outdoor and indoor applications.[5]  

Some stains, notably dye stains can fade if 
subjected to long term ultra violet light; if wooden 
surface is not protected, destruction of lignin could be 
caused by UV radiation.  

Under direct sunlight fading, bleaching or color 
changes of veneered surfaces may occur. Excessive 
hot sunshine may dry the veneer surface more quickly 
than substrate thereby causing appearance of small 
surface checks parallel to the grain and possible 
damage of the coating. Treated with the sol surface 
will become more protected due to the restricted water 
vapor transmittance. 

It is well known that all chemical substances and 
alcohols should be removed immediately from all 
veneered surfaces to avoid their damages. Water 
repellency property doesn’t allow liquid to penetrate 
into surface and make it easy-to-clean. 

Antimicrobial properties are necessary in a wide 
range of uses such as furniture of public and hospital 
premises, kitchen, dining room and bathroom 
furniture, outdoor constructions and furniture etc. 

In Latvia work with implementation of modern 
waste management system was started in middle 
nineties of the 20th century. Up to date the system is 
sufficiently well developed, especially in landfill field. 
Until year 2012 in Latvia it is planned to be build 10-
12 municipal solid waste sanitary landfills. 

II MATERIALS AND METHODS 

Sol-gel method 
The veneer samples were modified in the prepared 

sols with and without Zinc acetate dehydrate, acetone 
pretreatment and SiO2 . Sols were synthesized using 
silica alkooxide tetraetylortosilicate, ethanol and water 

added to perform the hydrolysis and condensation, and 
hydrofluoric acid used as a catalyst. Zinc acetate 
dehydrate was used as the modifier of the sol-gel 
system. After the treatments, the samples were dried 
in an oven with the following thermal post-treatment, 
low temperature thermal treatment the drying and 
thermal post-treatment were combined [5]. 

Veneer is treated with acetic anhydride 1,5 h 24C 
80% aqueous solution, then pressed for 2 min in 50 °C 
and loaded till is completely dry not to damage. 
 

Adhesion theory and wetting parameters 
Several adhesion mechanisms or theories have been 

proposed and applied in the adhesion science and 
technology field [6]. This work involves the wetting 
(or adsorption) theory, which by far is the most 
applied concept for evaluation of theoretical 
secondary (non-covalent) bonding, for example 
hydrogen bonding, i.e. interfacial forces relevant 
mainly for adhesion and gluing technology. Wetting 
phenomena can be defined as “macroscopic 
manifestations of molecular interactions between 
liquids and solids in direct contact at the interface 
between them” [7]. Surface free energy, contact 
angles and work of adhesion are some parameters that 
define the wettability of materials. 

Four basic types of birch wood veneer specimens 
with dimensions of 100x100x0.6 mm and 15x15x0.6 
mm were prepared: reference samples of unmodified 
wood, and four types of modified wood samples, i.e. 
1) modified with silica sol and two different regimes 
of thermal post-treatment 120 oC and 140 oC, 2) 
modified with Zn diacetate sol and two different 
regimes of thermal post-treatment 120 oC and 140 oC. 

Figure 5 illustrates an equilibrium state of a drop of 
liquid surrounded by a gas at a solid surface. This is 
the fundamental basis for the Young’s equation (1) 
and is expressed as: 

 
ƔLG cosθ = ƔSG – ƔSL                      (1) 

 
where θ is the liquid-solid-air contact angle, ƔLG and 
ƔSG are the surface free energies of the liquid (L) and 
the solid (S), respectively, exposed to a gas (G), and 
ƔSL is the solid-liquid interfacial free energy.[5] 

 
Figure 5. Equilibrium state of a drop of liquid surrounded by a gas 

on a solid surface. 
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Atomic Force Microscope 
Atomic Force Microscope (AFM) is relatively new 

technique used for the surface characterization. In 
AFM, one scans the sample surface with a sharp probe 
or tip, situated at the apex of a flexible cantilever that 
is often a diving board or V-shaped, usually made of 
silicon. The AFM utilizes a piezoelectric scanner that 
moves the sample in 3 dimensions by a subnanometer 
amount when a voltage is applied. To form an image, 
the tip is brought close to the sample and raster-
scanned over the surface, causing the cantilever to be 
deflected due to probe-sample interactions. A line-by-
line image of the sample is formed as a result of this 
deflection, which is itself detected using laser light 
reflected off the back surface of the cantilever onto a 
position-sensitive photodiode detector.[8] 

AFM was applied to investigate the morphology of 
veneer. Height was scanned using silicone probe. 
Cantilever was 125 μm long and height at 15-20 μm. 
Test operated in Tapping mode, image size 50x50 μm 
with Scan Rate 0,1 Hz. Probe nominal tip radius, 
Spring constants and free resonance frequencies were 
3,75 μm, 40 N/m and 300 kHz. The reference voltage 
was set to 2.6+-0,2 V, a level that provided clear 
images. 

III RESULTS AND DISCUSSION 

A popular chemical treatment method esterification 
usually involves reactions with organic acids or 
anhydrides. In acetylation process hydroxyl groups of 
hemicelluloses and lignin react with acetic anhydride, 
forming esters (Fig.6). 

 

Figure 6. Esterification process 
 

The obtained hydrophobic nature of the fibres is 
more compatible with non-polar polymers used as 
matrix. It is reported that treatment with acetic 
anhydride improve the adhesion and compatibility 
between the two phases of composite. In addition to 
this, better performance is acquired such as lower 
moisture absorption, higher wettability and improved 
mechanical properties and dimensional stability. Also, 
these chemical treatments improve the thermal and 
thermo–oxidative stability of the composite materials, 
by increasing their oxidation temperature (Fig. 7; 8).  

 
Figure 7. Sanded veneer processed with acetic anhydride, 3D 

surface 

 
Figure 8. Sanded veneer processed with acetic anhydride, 2D 

surface 
 

 
Figure 9. Sanded veneer processed with SiO2,  3D surface

 
Figure 9 shows the sliced birch veneer sample that 

is treated with SiO2 solution using the sol-gel method. 
Before soaking the sample in SiO2 liquid, it was twice 
sanded. Among the sanding there was done wetting 
and drying. Although the material was wetted between 
the sanding, after soaking it in SiO2, there was a 
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material irregularity of the surface, which can be 
explained by fibre lift up. This is also reflected in 
Figure 9. 

Figure 10 shows birch veneer sample prior to 
processing, and Figure 11 shows a sample after 
treatment with Zn diacetate. After treatment of the 
sample there is observed terrain flattening that could 
be explained by the fact that the slightest relief wells 
are completed with Zn diacetate nano particles. Zn has 
effected the material so coloring it darker. The coating 
also reduces the presence of water absorption, and the 
drop is formed on the surface. 

 
Figure 10. Unmodified veneer sample 

 
Figure 11. Modified sample by Zn acetate sol

 

Figure 12 shows that on the untreated surface drop 
smoothest over the surface, while Figure 13 shows 
that due to the Zn treatment diacetate drop retains its 
shape. There is formed a surface coating that reduces 
water absorption ability of the material. Further 

research is needed to determine the surface protective 
sustainability. 
 

  
Figure 12. Unmodified veneer 

sample
Figure 13. Modified veneer 

sample by Zn acetate sol

IV CONCLUSION 

Regardless in which sol-gel liquid the veneer was 
soaked, the treatment improved resistance to water 
uptake. The sol-gel process formed a thin film of 
acetic anhydride, SiO2 and Zn diacetate. Sample 
processing using acetic anhydride, requires two to four 
hours to achieve a sample size stability. But using 
silicon and zinc liquid, it requires 10 to 15 minutes. 
Further research is needed to determine the surface 
protective sustainability against various external 
influences and in premises with high moisture content. 
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Abstract. Energy and raw material costs, an increase in environmental pollution, greenhouse gas emissions, global 
warming, depletion of fossil raw materials stimulate to seek and study alternatives to the synthetic fibers and products 
made of them for full or partial replacement. Renewable raw materials, including natural fiber sources, are the future 
of storage resources with a variety of positive effects on both the planet ecosystem and the living and working 
environment, and the energy consumption of delivering the required functionality. One of the most important energy-
saving types is to reduce energy consumption in buildings by insulating them. 

For Latvian conditions suitable crops are historically grown flax and hemp. Within the framework of the studies, 
hemp stems are being used. Hemp compared with flax, are less suffering from diseases and less damaged by pests, so 
hemp cultivation is practically free from use of chemical pesticides and herbicides reducing the risk to the ecosystem. 

One of the most frequently mentioned industrial hemp raw materials positive qualities are their very wide use, 
practically all plant parts can be used in production of different products. This work explores the possibilities and 
technologies within the Latvian grown hemp stems to work into board materials with insulation capability. 

Hemp fibers/shives mix boards can fulfill the main function of insulation materials, i.e., to reduce the transmission 
of heat, because they have a porous structure and low density. Material thermal insulation properties affect physical 
and structural properties of compounds. Cost effective particles board samples from chopped hemp stems with three 
types of adhesives and different thicknesses were produced and their thermal conductivity evaluated. The 
technologies applied and test results will be discussed in the paper.  

 
Keywords: Hemp stems, insulation materials, particle boards, thermal conductivity.  
 

I INTRODUCTION 

Insulating materials are used in public and private 
buildings, refrigerators, in insulating the electrical 
cables and in many other applications. Following the 
technology developments a range of new insulation 
materials are studied and technologies created. 
Around the world researches are carried out trying to 
find a thermal insulation material with excellent heat 
resistance, which at the same time also would be 
environmentally friendly, inexpensive, durable, easy 
to produce and use. 

Flax and hemp bast fibres were applied for the 
insulation between the wood for centuries, but exactly 
in the last decades several types of insulation in form 
of roll materials are preferred instead of   synthetic 
insulation. Despite the historical past, flax and hemp 
are often treated as a new material in heat insulation 
area. The contemporary studies of thermal qualities of 
bast fibres confirm their ability to compete with 
traditional insulation materials.  

One of the reasons for usage is the higher price 
of bast fibres insulation in comparison with the price 

of wide used mineral wool. On the other hand, 
environmental performance of natural fibres 
insulation as low energy consumption for their 
production from annually renewable resources, CO2 
neutrality during the life cycle, the positive effect on 
the indoor air and potential for processing secondary 
raw material are positive, but not always supporting 
arguments. 

This study presents experimental work done to 
produce thermal insulation materials from hemp stems 
harvested and chopped on the field with the following 
preservation like a silage [1; 2; 3; 4; 5]. Hemp plant 
particles are created the porous layer rich in air. 
Attention is attached to the thermal and acoustic 
qualities of this material, as well as its ability to 
regulate the moisture inside the building - absorbing 
and/or releasing moisture in the air.  Thermal 
conductivity determination and analysis of insulating 
properties of hemp particle boards with different 
thicknesses using as binders Phenol formaldehyde 
(PF) – Tembec 340 and Urea-formaldehyde (UF) – 
Kleberit 871.0 resins are discussed. 
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II MATERIALS AND METHODS 

The sequence of hemp board making, binder usage 
and board thickness base 

 
According to Leibniz-Institute for Agricultural 

Engineering Potsdam-Born (ATB) developed 
technology harvested and chopped whole hemp plants 
(seeds, leaves, fibres, shives) are wet preserved under 
anaerobic conditions [2]. The resulting acidity of the 
raw material is pH = 4.6 to 5.0. Dry and preserved 
component weight ratio is 1: 3; there is taken 2/3 
preserved component and 1/3 dry component that are 
mixed manually. In order to obtain a homogeneous 
mixture of hemp structure, sewing is done. Raw 
material that is stored for 14 days and used to 
manufacture the boards; binders Phenol formaldehyde 
(PF) – Tembec 340 and Urea-formaldehyde (UF) – 
Kleberit 871.0 resins in amount 10 g kg-1 of mixture 
dry mass are used as the binders. To ensure optimal 
moisture the preserved material is mixed with dry 
hemp straw and processed with an extruder. Mixed 
and drayed material is divided into 5 kg units and it is 
mixed with glue and fleece is formed. The resulting 
fleece is pressed in the heated press to 130 degrees 
with holding time 1900 seconds fewer than 100 bar 
pressure (Table 1). Pressing resulted in the board with 
dimensions 300 x 300 mm (Figure 1) and different 
thickness sample which were tested according ISO 
8301:1991[6] standard. The thermal insulation were 
manufactured in cooperation with Research Institute 
of Agricultural Machinery and tested with Riga 
Technical University Faculty of Civil Engineering 
with the thermal flow meter Laser Comp FOX 600.   

 
 

Fig.1. Board sample 

 

Before starting the pressing (Figure 2) the upper 
and lower termoplates surfaces of the pressing 
chamber are heated to a temperature (T) and the 
moisture extraction is turned between pressing times 
(t1) to (t5). Pressing mode consists of five cycles 
(Table 1), each cycle consists of pressing time and the 
distance between the termoplates. In the first cycle the 
fleece material is pressed to a thickness (H1) and kept 
(t1) time. In the second cycle press is temporarily 

relieved for time (t2) to remove the molded plates 
accumulated wet steam. In the third cycle the fleece 
material is compressed to a thickness (H3) and kept 
(t3) time. In the fourth cycle the press is relieved for 
time (t4). In the fifth cycle the fleece material is 
compressed to a thickness (H5) and kept (t5) time. In 
the last cycle the steam from the molded plates is 
released most intensive, so after pressing (t5) is 
continued 15 minutes moisture extraction. 

Table 1.  

Pressing mode 

 

 

 

Fig.2. The technology of board pressing 

 
Using PF binder the material’s humidity must be in 

the ranges of 6 to 12%; if the moisture content is 
higher, partial or full curl is possible. To ensure that 
the glue hardens fast enough, pressing temperature 
must be maintained within the range of 140 to 150 °C. 
The pressing temperature can be technologically 
downgraded if the glue is mixed with hardener [7]. 
Using UF resin adhesive has a number of very good 
aspects: the low price, it is non-flammable, with bright 
colors and a very fast vulcanization. As negative 
features can be mentioned fact that the adhesive bond 

2.stage 4.stage

H1, cm t1, sec t2, sec. H3, cm t3, sec. t4, sec H5, cm t5, sec.

130 20 30 20 11 30 20 10 1800
130 10 30 20 0.55 30 20 0.5 1800
130 0.64 30 20 0.35 30 20 0.32 1800
130 0.48 30 20 0.26 30 20 0.24 1800

Pressing mode

1.stage 3.stage 5.stage
T, Co
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is not water resistant and formaldehyde can be 
released from the adhesive. [8] 

Temperature is a very important factor that 
determines not only urea and formaldehyde reaction 
rate, but also the properties of the final product. If 
condensation occurs at temperatures lower than 60 °C, 
the result is low molecular weight compounds in water 
with poor adhesive properties. The reaction 
temperature of urea-formaldehyde resin extraction 
process is usually higher than 75 °C. With the amount 
of hardener can be adjusted both key settings: holding 
time and the time of using glue.[9] 

The humidity of the glued material should not 
exceed 10 ± 2%. If the material humidity is higher, the 
connection strength is severely weakening. [10, 11] 
 
Determination of the thermal conductivity coefficient 

using heat flow meter 
Thermal conductivity is semi static process. In the 

calculations the temperature gradient is assumed 
constant. It is very difficult to accurately determine 
the thermal conductivity coefficient, because as soon 
there is change in temperature changes also the 
temperature gradient. 

The thermal conductivity coefficient measuring 
equipment FOX600 is based on stationary heat flow 
generation, which passes through the samples of a 
specific thickness perpendicular to the largest sides.   

 

Fig. 3.  Thermal conductivity measuring equipment FOX600 in 
RTU Faculty of Civil Engineering 

Thermal conductivity measuring equipment 
FOX600 (Figure 3) technical data: 

 Thermal conductivity range 0.01-0.2 W/(m*K); 
 Accuracy 1%; 
 Maximum temperature of hot plate 
(at 18oC cooling water temperature) 65 °C 
 Maximum temperature of cold plate 
(at 18oC cooling water temperature) -10 °C 
 Temperature control stability ±0.03 °C 
Thickness measurement precision ± 0.025 mm 

Measured sample dimension: 

 Maximum sample size 610 x 610 mm 

 Minimum sample size 300 x 300 mm 
 Maximum sample thickness 203 mm 
 Actual measuring area 254 x 254 mm  

 

Facility FOX600 heat flow meter operating 
principle has been established on Fourier -Bio one 
dimensional law. French mathematician and physicist 
Jean Baptiste Joseph Fourier and the French physicist 
and astronomer Jean-Baptiste Biot in 1822 created the 
law isotropic thermal conductivity environments. 
Fourier -Bio law links environmental temperature 
gradient with heat flux densities (1):  

 

ݍ ൌ െߣ
ௗ்

ௗ௫
		
ௐ

௠మ      (1) 

 
where: q – heat flux (heat quantity per unit time 
emitted through the isothermal surface with an area 

(S) through the sample, 
ௐ

௠మ; 

 ,its thermal conductivity – ߣ
ௐ

௠∗௄
; 

ௗ்

ௗ௫
		- temperature on the isothermal flat surface, 

௄

௠
. 

The heat emitted from warmer to colder material 
surfaces of the heat flux by body particle interaction. 
This contributes to body temperature equalization. 
Transferred heat amount- heat flux density is 
proportional to the temperature gradient, it is 
evaluated by the coefficient of thermal conductivity λ. 

The temperature gradient can be determined by 
measurements of difference between temperatures of 
the hot and cold plates (2): 
 

Δܶ ൌ ௛ܶ௢௧ െ ௖ܶ௢௟ௗ	,  (2)     ܭ
 

where: ௛ܶ௢௧ – hot plate temperature, K; 
௖ܶ௢௟ௗ – cold plate temperature, K. 

 
Average temperature gradient (3): 
 

ௗ்

ௗ௫
ൌ

ି୼்

୼௫
,
௄

௠
       (3) 

 
where: Δܶ – the difference between the hot and cold 
plate temperature, K; 
Δݔ – sample thickness, m. 

 

Before starting tests (by FOX600), the heat flow 
meter instrument must be calibrated using some 
certified sample (standard) having reliable known 
values of thermal conductivity ߣ௖௔௟ሺܶሻ. 

Electric signal from the transducer Q (μV) is 
proportional to the heat flux q (4): 
 

ݍ ൌ ௖௔௟ሺߣ ௖ܶ௔௟ሻ ∗
୼୘೎ೌ೗
୼௫೎ೌ೗

ൌ ܵ௖௔௟ሺ ௖ܶ௔௟ሻ ∗ ܳ,
ௐ

௠మ  (4) 

 
Where: ܵ௖௔௟ሺܶሻ – calibration factor; 
Q – electric signal from the transducer, ܸߤ. 
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In order to obtain temperature dependent calibration 
is divided ܵ௖௔௟ሺܶሻ in parts. The calibration factor is 

measured in 
ௐ

௠మ∗ఓ௏
	ݎ݋	

ௐ

௠మ∗௠௏
. Each of the two 

converters has its own temperature, and the calibration 
factors need to shift converter actual temperatures. 
The calibration factor’ two separate sets have been 
measured during calibration. 

The calibration factors Scal (T) are the instrument’s 
characteristics. They are used for thermal conductivity 
calculation during the test run (5): 
 

௧௘௦௧ߣ ൌ ܵ௖௔௟ሺ ௖ܶ௔௟ሻ ∗ ܳ ∗
୼௫೟೐ೞ೟
୼ ೟்೐ೞ೟

,
ௐ

௠∗௄
   (5) 

 
As each plate has its own temperature the calibration 
factors should be calculated for plate’s actual 
temperature. Average of two thermal conductivity 
values is also the final result of thermal conductivity 
test. 
 Determination of heat diffusivity (6): 
 

ܽ ൌ
ఒ

஼೛∗ఘ
,
௠మ

௦
       (6) 

 

where: ܥ௣ ∗  ,volumetric heat capacity – ߩ
௃

௞௚∗௄
; 

 ,௣ – heat capacity in constant pressureܥ
௃

௞௚∗௄
; 

 ,density – ߩ
௞௚

௠య. 

Thermal diffusivity coefficient’s typical range for 
thermal insulation materials is approximately (4-7) 
10ି଻

௠మ

௦
. 

Fourier number (a dimensionless heat of similarity 
parameter that can be used in studying the problem of 
flow) can be determined (7): 
 

଴ܨ ൌ
௔∗௧

ሺ
౴ೣ
మ
ሻమ

        (7) 

 
where: a – temperature conductivity coefficient 
(physical value which characterizes the substance 
temperature changes (smoothing) the speed of 
unbalanced thermal processes) (8): 
 

ܽ ൌ
ఒ

ఘ∗௖
,
௠మ

௦
       (8) 

 

where: ߣ – its thermal conductivity, 
ௐ

௠∗௄
; 

 ,density – ߩ
௞௚

௠య 

c – heat capacity in constant pressure, 
௃

௞௚∗௄
 

t – external conditions of the characteristic time, s; 

ሺ
୼௫

ଶ
ሻଶ – characterized by body size, ݉ଶ. 

 
The Fourier figure for FOX600 heat flow meter 

instruments constitutes -16 per hour 1 inch (25.4 mm) 
thick sample. Experiment showed that average value 

of two heat flow meters signals reaches equilibrium 
several times faster than their individual values. 
Therefore the duration of tests is shorter, because the 
value of thermal conductivity is calculated using the 
average value of the signal.  

III RESULTS AND DISCUSSION 

Thermal conductivity coefficient λ measurements of 
different thickness and density hemp boards 

During the experiment there were obtained four 
sample variants with the arithmetical average 
thicknesses of 24, 32, 50 and 100 mm and the 
corresponding density of 243, 252 and 316 +/- 38 
kg/m3. Figure 4 shows that an increase in the thickness 
of the sample with UF binder in the range of 23 to 100 
mm thermal conductivity of 0 °C side linearly 
increases in the range of 0.051 to 0.063 that is by 
22.6% that is a large ratio. Changes under considered 
frequent intervals are showed by equation (9): 

 
YUF1 = 0.0475 + 0.0015Xb      (9)      

                                                    
where: Xb   - sample thickness , mm; 
        determination coefficient 0.99  

 

Fig. 4.  The thermal conductivity of hemp fiber / shive insulation 
material with UF binder depending on the thickness of the sample 

By contrast, the same coefficient of thermal 
conductivity of the sample at 20 °C side varies 
nonlinearly in a narrower area, reflecting the change 
in the nature of equation (10) second-degree 
polynomial form. Overall, the viewed sample thermal 
conductivity coefficient changes from 20 °C side can 
be regarded as a minor, as the maximum observed 
differences are within the error limits (not more than 
2.9%). Also, the coefficient of determination 0.83 
shows that the thickness effect only partly has caused 
thermal conductivity coefficient changes. 

 
YUF2=0.0457+0.0025Xb-0.0002Xb2   (10)   
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Two times sieved by PF glue-related hemp fiber / 
shive insulation boards sample insulation coefficient 
varies nonlinearly in both tests from 0 °C side, and 
from 20 °C side (equations 11 and 12). In Figure 5 we 
can see that if the sample thickness changes in the 
range of 28 to 53 mm then thermal conductivity 
coefficients practically do not depend on whether the 
scale is from 0 °C or 20 °C side, as well as changes in 
thickness in the mentioned range have not effected the 
thermal conductivity coefficient values. However, 
reaching a thickness of 95 mm thermal conductivity 
coefficient values are increasing in both 
measurements, as well substantially are increasing 
differences in λ measurements: measured from 20 °C 
side the resulting coefficient by 21% in exceeds the 
one from 0 °C side resulting thermal conductivity 
coefficient presenting the opposite trend compared 
with UF adhesive material identified trends.      

 

Fig 5.  The thermal conductivity of hemp fiber / shive insulation 
material with PF binder depending on the thickness of the sample 

YPF1=0.0618 -0.0026Xb1+0.0003Xb12        (11) 
YPF2=0.0658-0.0053Xb1+0.0007Xb12    (12) 

 

Fig. 6.  The thermal conductivity coefficients of hemp fiber/shive 
fastened with technological UF glue. 1 - thickness 42.6 mm; 2 -

thickness 104.2 mm 

Comparing the graphs in Figure 6 shows that the 
small thickness sample values of the coefficient of 
thermal conductivity do not depend on what 
temperature is made the measurement, but by increase 
in thickness increases both the reference temperature 

and the effect of thickness. In the experiment by 
increasing thickness of 2.44 times the thermal 
conductivity coefficient increases 1.38 times from 0 
°C side and 1.74 times from 20 °C side. 

IV CONCLUSION 

Although it is often considered that the thermal 
conductivity does not depend on the thickness of the 
material, a number of research results have showed 
that increasing the thickness ratio λ becomes 
dependent on the thickness [12; 13]. At the same time, 
depending on the material and the structure of its 
constituent components originating, acquiring 
technology and binders used the link may be stronger 
or weaker. We cannot exclude also the impact of 
tested methods. 

Comparing the obtained board thermal conductivity 
of some materials traditionally used (mineral wool 
from 0.033- 0.055, hardwood 0.16, softwood timber 
0.12, wool felt 0.07, wood fiber insulation boards 
0.04- 0.06), and taking into account that for materials 
with a thermal potential is deemed to be, the thermal 
conductivity coefficient λ in the range of 0.16 to 0035 
[14]. 

From hemp straw chips with a relatively simple 
process obtained board sample corresponds to the 
thermal conductivity of insulation materials required. 
Developing a prototype technology it will be possible 
to reduce the thermal conductivity precisely dosing 
binder consumption and dissipation. 
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Abstract. The article given shows functional possibilities of creating discrete automatic schemes in CAD of digital 

automatic control system (CAD of digital ACS), in complex of Software Design of System of the Digital Control 
(Complex SDSDC) for automated system of  control of technological processes (ASC TP). Possibilities of complex 
SDSDC for implementing combination and sequential control compared with requirements of international standard 
IEC 61131-3:2003 (Part 3: Programming languages) are estimated. 

 
Keywords: comparator of vectors of logical signals, flip-flop, shift register, counter of clock periods, recognition of 

the front of a logical signal, vote function, decoder, coder, transformer of bit sequence in a vector of logical signals and 
visa versa, index register, timer, multiplexer, signal generator. 

 

I INTRODUCTION 

For designing blocking systems, protection of tech-
nological equipment from overloading, technological 
mode control (included start and stop modes, switch-
ing under usual conditions and abnormal ones) dis-
crete automatic schemes are used. These are realized 
by technical means according standard IEC 61131-
1:2003 (Part 1: General information) programmable 
logic controllers (PLC). For mathematical description 
of these means system of calculation of expressions-
Boolean algebra is taken [10, 14]. Logical control 
units are classified as combinational (having no built-
in memory- automat without memory) and sequential 
ones (automat with memory). According to this classi-
fication one can differ units of single clock period 
(combinational) and multi clock period (sequential) 
control [1, 3, 5-7].  

II ARCHITECTURE OF DISCRETE                      

AUTOMATIC DEVICES 

Any logical variable and function of binary logic is 
defined on multiple values {0, 1} or {false, true}. The 
function of binary logic can be single-place, two-place 
and multi place. Functions of repeat Y = X, negation 
Y = X , constant-false Y = 0, constant-true  Y = 1 be-
long to single placed functions. For two independent 
variables one can get 16 different functions [10, 14], 
which can be equivalently expressed through NOT 
function and conjunction function (AND) or through 
NOT function and disjunction function (OR). Along 
with these functions the function of addition on mod-

ule two is used (XOR). These four functions are de-
fined in the set of operations of expression calculation 
modules of complex SDSDC [8, 9, 13, 18, 19]. These 
are basic functions for implementation of discrete 
automatic schemes to perform memorizing, storing, 
counting, analyzing, comparing logical signals and 
vectors of logical signals. These devices are flip-flops, 
registers, counters, decoders, coders, commutators, 
comparators of circuit computer technology [10, 14] 
etc. Standardized functional modules of complex 
SDSDC are defined by analysis mathematical methods 
of control theory [8]. Comparative evaluation of fea-
tures of complex SDSDC [13] and functional re-
quirements IEC 61131-3 [16] is given in the table I [4, 
12, 15, 17, 20]. 

Comparing vectors of logical signals (for example, 
finding a state of tens and hundreds discrete perform-
ing mechanisms on the state of end switchers in ASC 
TP) can be carried out more conveniently with com-
parator [14]: 

 

0

1
2
3
4

i

i

i i i

i i

i i

X i f f rei terat ion

X i f f negat ion
Y X Z i f f exelus iving OR

X Z i f f conjuct ion
X Z i f f dis junct ion


   
  
  

, (1) 

where i = 1,2,…,n; n – is a signal vector dimension,    
f – is a parameter of choice of operation, iХ , iZ  – are 
components of vectors of dimension n. 
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TABLE I 

COMPARATIVE EVALUATION OF FEATURES OF COMPLEX SDSDC 

Groups of discrete automatic modules 
Complex 
SDSDC 

IEC 61131-3 

Comparators of vectors of logical signals + - 

Flip-flops + + 

Shift registers + - 

Counter of clock periods + + 

Recognition of the front of logical signals + + 

Vote functions + - 

Decoders + - 

Coders + - 

Transformer of bit sequence in a vector of logical signals + - 

Transformer of vector of logical signals in a bit sequences + - 

Index registers + - 

Timers (TP-Pulse, TON-ON delay, TOF-OFF delay) + + 

Multiplexers + - 

Signals generators + - 

 
Note to the table I: (+) is presence, (-) is absence of 

standardized module group. 
For storage of values of one signal of a logical look 

the RS and SR triggers [6] having two stable condi-
tions in case of reset or set [10] (bistable elements) are 
used. 

These flip-flops have a reset input R, a set input S, 
an input of a state and an inverse output of a state. For 
storing a vector from n logical signals one can define a 
«packet» RS flip-flops (this packaging is used by 
manufacturing integrated circuits [11]) and at pro-
gramming it can be done very simply: at n = 1 flip-
flop is (becomes) usual [10]: 

 
 

 
   

0 1
1 1

1

,

i

i i

i

i i

i f R
Q k if S

Q k else

Y k Q k

 
   

  
 

  ,  (2) 

where  i=1,2,…,n; n – is the number of flip-flops in 
«the packet». The signals having close inertance, i.e. 
having the same rate of change are included in «the 
packet» of logical signals. If the vector of logical 
signals is to contain signals of different inertance then 
the time required to process the scheme to have a 
block of this functional module is defined by the sig-
nal with the highest rate of changing its value. At the 
output of a flip-flop state with the reset priority when 
R=S=1 at the same clock period the value of the signal 
always equal to 0. At the output of a flip-flop state 
with the set priority when R = S = 1 at the same clock 
period the value of the signal always equal to: 

 
 

 
   

1 1
0 1

1

,

i

i i

i

i i

i f S
Q k i f R

Q k else

Y k Q k

 
   

  
 

, (3) 

where  i=1,2,…, n; n – is the number of flip-flops in 
«the packet». In the classical definition of RS and SR 
flip-flops the memory at the state input in a previous 
clock period is not accessible, this is an inner connec-
tion of a module, it is destroyed if power is switched 
off. In definitions of complex SDSDC this connection 
is accessible for an system engineer, and the memory 
at the input state in the previous clock period can be 
stored when power is switched off. 

For storing signals of different types multi place 
registers are used («cells» of memory), they are regis-
ters of different action: series input-series output, 
series input-parallel output, parallel input- parallel 
output, parallel input-series output. In systems with 
memory (fixing the trend of pre-abnormal situation, 
correcting devices of high order, identification and 
imitation of systems etc.) registers with multi-value 
memory are used. These registers are referred to as 
shift registers [2, 8]: 
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   
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1 0 0
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1 1 1 0 0
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1 0 0 0
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k

k k

i f q N Z
Z

if q N Z

q if q N Z Z

q N if q N Z
if Z

X if Z Z

Y X i f Z Z
i f Z




       

           
  

   
        

, (4) 

where 1,2,. . . ,k N ; N – is the length of the trend;      
q0 –  is the initial length of the trend; Z0 –  is the reset 
of the register; Z1 – is the shift of the register; q – is 
the current length of the register; X(k), X(k-1),…,          
X(k- N) – are values of the variable at the clock peri-
ods (k-1), (k-2), …, (k-N); y(k), Y(k-1),…, Y(k- N) – is 
the content of the register. 

Counters differ by the way of counting (direct, re-
verse), by representing in notation system (binary, 
decimal), by the way of count controlling (synchro-
nous, asynchronous). The counter («the packet» coun-
ter) performs a relative count of time, that is count in 
clock periods of control scheme. The signals having 
close inertance, that is having the same rate of chang-
ing are included into «the packet» if signals of differ-
ent inertence are to be connected to «the packet» of 
counters then the time required to process the scheme 
containing blocks of this functional module is defined 
by the signal of the highest rate of changing its values: 

 

1
0

1
1
1

,

i i
i

i i

i i i
i

i i i

i i i

i f ТZ ТТ
Z

else
ТH if C
ТТ i f ТТ ТZ

Y
ТТ i f ТТ ТZ
ТZ if ТТ ТZ

 
 

 
         

 (5) 

where iC  – is the reset of the counter; 1,2,. . . ,i n ;    

n – is the number of counters in «the packet»; iTН  – 

is the initial value of the counter i at resetting; iTZ  – 

is the task of the counter i; iTT  – is the current value 

of the counter i; 1iZ   – means counter is filled. 
The analysis of changing logical signal (recognition 

of the front) is carried out by logical elements called 
signal front definer. Front definer differ by the charac-
ter of changing logical signal: rising front:  
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;
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where i n

     
 

 
 

 

,  (6) 

where n – is the number of definer in «the packet»; 

 iX k  – is the value of the signal being analyzed in 

the current clock period kT;  1iX k  – is the value of 

the signal being analyzed in the previous clock period 

 1k T ; iY  – is the memory of the signal being ana-

lyzed; iq  – is absence of rising front, falling front: 

 

     

 
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1 1 1 0
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1,2,. . . ,
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else
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q Q

where i n

     
 

 
 

 

, (7) 

where n – is the number of definer in «the packet»; 
 iX k  – is the value of the signal being analyzed in the 

current clock period kT;  1iX k  – is the value of the 
signal being analyzed in the previous clock period 
 1k T ; iY  – is the memory of the signal being ana-

lysed; iq  – is absence of falling front, (either) front: 

 

   

 

1 1
0

1,2,. . . ,

i i
i

i i

i i

i f X k X k
Q

else
Y X k

q Q
w here i n

  
 
 

 
 

 

  (8). 

where n – is the number of definer in «the packet»; 

 iX k  – is the value of the signal being analyzed in 

the current clock period kT;  1iX k  – is the value of 

the signal being analyzed in the previous clock period 

 1k T ; iY  – is the memory of the signal being ana-

lyzed; iq  – is absence of front.  

The signals having close inertance, that is having 
the same rate of changing are also included into «the 
packet» of logical signals. If the vector of logical 
signals is to contain signals of different inertance, then 
the time required to process the scheme containing the 
block of this module is defined by the signal of the 
highest rate of values. The definers of the front are 
also given in a «packet» form. At the time of changing 
signals at «packet» outputs corresponding logical 
values of signals appear during the time equal to one 
period of scheme processing if the signal change rate 
at the corresponding inputs isn’t greater than that one 
at starting the control scheme. 

Processing logical signals as arguments of multi 
place functions can be performed by means of so 
called vote function in schemes of recognition and 
correction of mistakes when information is trans-
formed: 
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  1 21 , ,. . . ,

0
ni f X X X m

Y
else

 


 , (9) 

where n – is the number of logical variables, m – 
quorum of vote system. 

The dependence (9) defines the vote function con-
junctively (majoritarian element) for any combination 
of logical signals from n by m. When n = m the ex-
pression (9) corresponds to multi place conjunction, 
when m = 1 the expression (9) corresponds to multi 
place disjunction, when n = m = 1 the expression (9) 
corresponds to the function of repeat. 

There are many different code converters. At de-
signing sequential schemes, end automats, digital 
computers coders and decoders (these modules are 
also absent as standard ones according to IEC 61131-
3) are especially important. The number of states of 
end automat corresponds to the number of inputs of 
coder and the number of outputs of a decoder [10, 14]. 
The function of a decoder is to transform any number 
of notation system X with base B from N positions, in 
the vector of logical signals having a dimension 

Nm B . The signal at the output of the decoder jY  

with number j X  is always equal to logical 1, 

1 j m  , and values of the signals at other outputs jY  

with numbers j X being always equal to logical 0:  

 1
0 ,j

i f j X
Y

for all j X


   (10) 

where 1,2,. . . , , 1j m X m   . 

Coder performs the operation being opposite that of 
decoder, that is it transforms the logical input vector 

1 2, ,. . . , mX X X  of dimension m into number j belong-

ing to that input jX  which has a logical value equal 

0. All inputs of a decoder but that one, which shows 
the current number of object state, must have zero 
values of signals: 

 1
0 ,

i f n m
Y

else
  (11) 

 1 0,

,
i ji for X and al l X j i

m
n else

  



  (12) 

When being put in discrete signals are grouped in 
bytes, like real numbers, which later are used as logi-
cal signals. To get separate signals, not grouped into 
bytes the module of transforming sequence of real 

numbers into digit-by-digit position code, where each 
digit takes one byte is used. 

When discrete signals are put out from outputs of 
combinatorial or sequential schemes it is necessary to 
transform the vector of logical signals into signals 
packed into bytes. For this purpose the module of 
transforming the vector of logical signals into a se-
quence of real numbers is used. 

If signals oh the vector 1 2, ,. . . , nX X X  can take ar-

bitrary logical values, then the inputs  with logical 1’s 
can be «marked», that is can be indexed by depend-
ence (indication register): 

 
 1 2, ,. . . ,

0,
n

j i i

q X X X

Y i X for al l X

 
   


 (13) 

where q – is the number of inputs with value of the 

signal equal to 1, , 1, 2, . . . ,iX j q  

Indication register is a function of coding with vari-
able number of outputs. This module can be used for 
example for numbering inputs having value of signals 
equal to 1 (for example, numbering performing mech-
anisms whose state deviates from the norm). If values 
of signals at all n inputs are equal to 1 then the de-
pendence will give the following values of outputs: 

1 2, 1, 2, . . . , nq n Y Y Y n    . If values at all inputs are 

0, then q = 0, and outputs jY  don’t exist. 

All variable connections in control system are per-
formed by means of commutators. There are 
commutators of input signals (multiplexers or reading 
commutators), commutators of output signals (de-
multiplexers or distributors or writing commutators) 
and matrix commutators (multiplexers-de-
multiplexers or read/write commutators) [14]: 

   1iY AC EN NV NE i     ,   m=1  (14) 

   1 iAC EN NV NE i X     ,   m=0 (15) 

where i – 1, 2,…, NE; m = 1 reading; m = 0 writing;  
m – instruction to read/write; AC – the address of the 
signal; EN – number of the element; NV – number of 
the vector; NE – a number of elements. The function 
of a multiplexer we’ll get by replacing m = 1 in the 
expression (14), and the function of a de multiplexer 
by replacing m = 0 in the expression (15). Each of the 

values being switched 1 2 1 2, ,. . . , , , ,. . . ,NE NEX X X Y Y Y  

may be a separate value of the signal (scalar) or a 
vector of values of a signal of a definite dimension 
and kind.  

The sequence of low frequency impulses (getting 
signals of frequency 0,5 Hz; 1 Hz; 2 Hz;… for the 
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synthesis of control schemes and warning) can be got 
by means of signal generators. 
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 
1 ;

1, 1,2,. . . , ,
0 ,

i
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C k C k

C k at X i KK
Y

else

 


     

  (16) 

where kk – is the number of periodic pulse channels, 
C(k) – is the state of outputs at the moment kT;      
C(k-1) – is the state of outputs at the moment (k-1)T; 
Xi – is the state of pulses at input start/stop generation; 
Yi – is the state of pulses at outputs. 

Thus, discrete automatic devices can be imple-
mented by programming according to formulae      
(1)-(16) 

III CONCLUSION 

Program implementation of main discrete automatic 
devices in complex SDSDC provides its universality 
at designing digital ACS. Such approach to the crea-
tion of industrial control systems allows to expend the 
set of standardized groups of discrete automatic mod-
ules without any essential expenses in comparison 
with the functional requirements of IEC 61131-3. The 
complex SDSDC as a design tool of digital ACS, is 
oriented not on professional programmers, but on 
engineers i.e. specialists in automation and remote 
control. The offered approach to the program imple-
mentation of discrete automatic devices allows to use 
the technique accepted at developing hardware sys-
tems. For example, the technique of developing and 
mounting control and regulation systems on the basis 
of pneumatics, hydraulics, electrical mechanics and 
discrete automatic devices based on chips of different 
scale integration. 
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Fabrication of porous ceramics as  
clay/glass composite 
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Address: Kalku 1, Riga, LV-1658, Latvia. 

Abstract. Nowadays porous ceramics are widely researched, becoming an increasingly marketable material in 
the world, mainly due to the wide possibilities of usage in different technical and technology industries. Porous 
ceramics are successfully used in the filtration and has a high potential of usage also in the production of heat 
insulation materials thus obtaining the material which combine high resistance that can compete with other heat 
insulation and constructive materials.  

Article reports a study of porous ceramics, which are produced using foamglass pellets as melting fillers, despite 
the fact that these additives are not frequently used as filler in traditional ceramic materials. The basis of this method 
is mixing fire resistant material with hard and melting substance.  

For the production of porous ceramics clay, hard filler, water and various sized foamglass pellets were used, thus 
allowing to determine optimal size of melting filler and thereby ensuring the necessary physical and mechanical 
properties of the obtained porous ceramic samples and required amount, size and division of pores.  Compressive 
strength tests were performed, as well as density and water absorption of the samples was determined.  

Obtained results of the study shows that ceramic materials, obtained within the research, have great potential of 
application for load-bearing constructions as constructive building materials, as well as insulation materials. 
Production of porous ceramics materials, where foamglass pellets are used as melting filler, allows to produce more 
effective ceramics, creating high added value for the final product.  

 
Keywords: ecological materials, insulation material, porous ceramics, clay matrix. 

 
I INTRODUCTION 

Clay science has emerged after a few millennia of 
clay use and a century-long accumulation of written 
information about clays and clay minerals. There are 
two main features that evoke interest in clays: (1) their 
common availability, and (2) their extraordinary 
properties. Clays and clay minerals represent the 
youngest members of the family of minerals in the 
Earth’s crust, being formed from different parent 
rocks under variable conditions [1].  

Clay allows us to obtain contemporary ceramics, 
which have more attractive properties compared to 
metals and polymers, making them useful for specific 
applications [2], thanks to which it is modern material 
which can be successfully used from materials of 
ceramics up to social life, construction and other 
traditional products of ceramics up to the present time 
miniature computers, television, cars, planes and 
spacecraft and other modern technique developments. 
Current general civilization progress is not 
conceivable without ceramics [3]. And current 
material science cannot be imagined without the 
porous ceramic. 

Methods of porous ceramics production are widely 
studied regarding attaining filtrating ceramics, since 
this material can be successfully used for the 
purification of different liquids and gasiform products. 
Within this subclass, those information and research 
results allow to apply the knowledge to production of 
heat-insulation materials because ceramic heat-
insulation materials, characterized by high priority, 
can also be obtained in several ways: using contents of 
monofraction raw materials, foam formation method, 
using burn-out additive method and forming of pores 
in a chemical way. 

Within this research, burn-out additive method is 
used. The basis of this method is mixing fire-resistant 
material - clay with hard and melting substances – 
chamotte and foamglass pellets, which have not been 
used as filler in traditional ceramic materials till now. 

There are numerous patents on foamglass pellet 
production dating back to the 1930s. Foamglass was 
originally manufactured from a specially formulated 
glass composition, using virgin glass only. Currently, 
there are number of foamglass production plants that 
are using up to 98% post-consumer waste glass in 
their production. The basic principle of foam glass 
manufacture is to generate a gas in glass at a 
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temperature between 700ºC to 900ºC. The gas 
expands thus producing a structure of cells to form a 
porous body.  

Advantages of foamglass are lower transport costs, 
wide availability. Also foamglass pellets are non-toxic 
[4]. 

This study allows us to use unusual filler for 
production of porous ceramics and compare the 
obtained results with the properties of the materials, 
where the traditional fillers were used.  

For instance sawdust is traditionally burnable filler 
used for production of the porous ceramics. It is 
widely researched both in Latvia by obtaining samples 
with a strength of 10 MPa to 12 MPa in a density up 
to 1.5 g/cm3, by using 25 % woodchip and burning the 
clay in a 950 – 960 °C temperature [5]. The leading 
Russian scientific centers have developed porous clay 
ceramic, with compression strength up to 17 MPa [6]. 
Moreover, mentioned centre’s research was conducted 
to develop a new ceramic based high efficiency heat 
insulation material with low volume mass of 200-500 
kg/m3 at a processing temperature of 840-960 °C. 
However, this material exhibited insufficient strength 
to be used in load-bearing walls [7]. In order to solve 
the ceramic material strength increase issue, it is being 
suggested to use e.g. nanotechnologies, thus forming 
ceramic solid matter nano-crystals. [8]. 

Besides, nanoscale ceramic powders offer the 
possibility of manufacturing dense ceramics at low 
sintering temperature [9]. 

II  MATERIALS AND METHODS 

Carbonized clay with volume mass – 1600 kg/m3 
and humidity level of 24%, as well as ground 
chamotte and water were used for sample preparation, 
where the various sized foamglass pellets are used as 
melting filler.  

The properties of foamglass pellets are given in 
Table 1 and the chemical structure of carbonized clay 
is shown in Table 2.  

 
TABLE 1. PROPERTIES OF FOAMGLASS PELLETS 

 Grain size, mm 

Designation 0-4 4-8 

Bulk density, kg/m3 265 150 

Volume density, kg/m3 270 270 

Exploitation regime, ºC from -250 to +650  
 

TABLE 2. CHEMICAL COMPOSITION OF CLAY 
Component SiO2 Al2O3 Fe2O3 MgO Na2O MnO 

Amount, % 49.5 13.04 5.14 3.68 0.63 0.071 

Component K2O P2O5 TiO2 CaO Cr2O3 SO3 

Amount, % 3.64 0.138 0.757 8.69 0.008 0.05 
 

Proportion of dry clay, chamotte and water used in 
present research varied, changing the amount of 
chamotte, as well as changing the grain size and 
amount of foamglass pellets in order to obtain the 

porous ceramic samples with better mechanical 
properties.  

When making porous ceramics using foamglass 
pellets as melting filler, components of dry mixture 
were dosed according to mass, where dried, milled 
clay was 38 – 69%, water – 25-37% but foamglass 
pellets 6-31%.  

Mould at the size 5x5 cm for sides was used for 
preparation of the samples.  

During the research great attention has been paid to 
the chemical and mineralogical composition of the 
carbonized clay, therefore quartz, which reduces the 
technological characteristics – complicates sintering 
process, reduces strength and, in certain cases, frost 
resistance of the samples, has been not used in 
production of porous ceramics.  Quartz also worsens 
the plasticity of ceramic mass, but reduces the 
shrinkage of the samples after drying and burning.  

Whereas CaO and MgO (see Table 2) existing in 
the clay composition promote sintering of ceramics 
mass and advancing formation of pores.  

 Experimental procedure 

In the beginning, clay was dried in the drying oven 
and ground in RETSCH PM 400 mill for 30 minutes 
in dry condition. All of the required components were 
dosed in the required amount and mixed in dry 
condition, gradually adding water till the sufficiently 
homogenous mixture for sample making is obtained. 

Samples were dried using BINDER FED drying-
case at 70ºC temperature for 48 hours and afterwards 
burnt gradually increasing temperature. Within the 
range of temperature 0C up to 150C, samples were 
kept for 3 hours for the vaporization of excessive 
water, thus eliminating cracks in the porous ceramic 
samples. Temperature in the range from 150-800C 
was increased with rate 5C/min or 130 min in total to 
ensure that melting process of foamglass pellets is not 
too fast, but in the range from 800-1090C - rate was 
2C/min or 145 min in total. At the maximal 
temperature 1090C, samples were kept for 2 hours in 
order to completely burn all of them (see Fig.1). After 
burning samples were refrigerated for 48 hours by 
gradual decrease of temperature from 1090C to 20C. 

 

 
 

Fig. 1.  Sample burning graph 
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 Water absorption, volumetric mass, compressive 
strength, as well as an efficiency coefficient CE has 
been defined for the obtained porous ceramic samples, 
using the following equation: 

 CE = Rcs/cs*100  (1) 

Where Rcs – Compressive strength, MPa. 
   cs – Volume density, kg/m3 

III RESULTS AND DISCUSSION 

The goal of this research is to obtain a porous 
ceramic materials with definite volume density and 
compressive strength characteristics, so achieving a 
material that could be used for load-bearing 
constructions as constructive building material, as 
well as insulation material. 

To achieve the goal of the research, it was 
necessary to select the composition of formation 
mixture, drying and burning regimes, as well as 
determine the mechanical and structural parameters of 
ceramic samples, selecting the best possible 
composition of the drying/burning regimes and 
composition.  

Volumetric mass of samples where foamglass 
pellets with grain size of 4-8 mm were used as the 
melting filler, varied from 861.71 kg/m3, if the amount 
of filler is 18%, to 1178.34 kg/m3, if the amount of 
filler is 6% (Fig. 2). 

While the volumetric mass of samples where 
foamglass pellets with grain size of 0-4 mm were 
used, varied from 1094,03 kg/m3, if the amount of 
filler is 20%, to 1472,01 kg/m3, if the amount of filler 
is 35%  (Fig. 2). 

 
Fig. 2.  Average volumetric mass of the samples with grain size of  

0-4 mm and 4-8 mm 

For the preparation of samples, using 0-4 mm 
foamglass pellets, the necessary water amount was 
higher (65-80% comparing to the amount of dried 
clay) in comparison to samples where the grain size of 
foamglass pellets was 4-8 mm, in order to ensure a 
better consistency of the mixture and increase the 
amount of melting filler.  

Despite the fact, that samples, where the smaller 
filler (0-4 mm) was used, were with higher volume 
density, usage of smaller grain size made it possible to 
avoid the formation of cracks in the material after the 
drying and burning of samples.  

Shrinkage of the samples was measured after their 
drying and after burning. For samples with foamglass 
grain size of 4-8 mm was from 2.22% up to 8.78%. 
Highest shrinkage was observed at the freater amount 
of filler. 

Shrinkage of samples with foamglass grain size of 
0-4 mm was from 3.27% up to 15.02%, increasing if 
the amount of filler is higher.   

Shrinkage after the burning of samples, where the 
foamglass pellets with grain size of 4-8 mm were 
used, was from 3.33 to 11.56%, but for samples with 
foamglass grain size of 0-4% - 15.27-28.12%; in both 
cases the least shrinkage was observed for the samples 
smaller content of the melting filler.  

Compressive strength was determined for all the 
samples, the resulting values for the samples with 
foamglass grain size of 4-8 mm can be seen in Fig.3, 
whereas resulting values for the samples with grain 
size of 0-4 mm are summarized in Fig.4. 

Fig. 3.  Compressive strength of the samples, where the grain size 
of foamglass pellets is 4-8 mm 

 

Fig. 4.  Compressive strength of the samples, where the grain size 
of foamglass pellets is 0-4 mm 
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Greatest compressive strength – 39.55 MPa has 
been stated for the samples with 65% of water, where 
35% of foamglass pellets with grain size of 0-4 mm 
were used as a melting filler. For the samples with the 
foamglass grain size of 0-4 mm and 80% water 
amount the greatest compressive strength, using 45% 
of filler, reached 34.63 MPa. Greatest compressive 
strength in both cases was observed for samples with 
highest content of foamglass pellets. 

 In samples where foamglass pellets with grain size 
4-8 mm were used the compressive strength is in 
range from 1.15 MPa to 1.94 MPa by respective 
increase upon decreasing of the amount of melting 
filler.  

Water absorption of the samples, where the grain 
size of melting filler is 0-4 mm or 4-8 mm was 
obtained during the research it is summarized in 
Table 3.  

 

TABLE 3. WATER ABSORPTION OF THE SAMPLES 
Grain size 
of filler, 

mm 

Amount of 
filler, 

% 

Amount of 
water, 

% 

Water 
absorption, 

% 

4-8 6 50 10.21 

4-8 9 50 9.55 

4-8 12 50 9.11 

4-8 18 50 8.33 

0-4 20 80 6.52 

0-4 25 80 4.53 

0-4 30 80 3.51 

0-4 40 80 2.70 

0-4 20 65 6.78. 

0-4 22 65 5.71 

0-4 25 65 5.70 

0-4 27 65 4.53 

0-4 29 65 4.48 

0-4 30 65 4.09 

0-4 32 65 3.72 

0-4 35 65 2.65 

 
Obtained data demonstrates that the greatest water 

absorption – 10.21% is for the samples with filler 
grain size of 4-8 mm and the amount of filler – 6%.  

Water absorption of samples, where the grain size 
of filler is 0-4 mm varies from 2.65% for samples with 
65% of water and 35% of filler to 6.78% for samples 
with 65% of water and 20% of foamglass pellets. 

For grain size of 0-4 mm and 4-8 mm the greater 
water absorption is recognized for the samples with 
smaller content of the melting filler.   

Efficiency (as a proportion between the 
compressive strength and volume density) has been 
defined (Table 4) for the obtained porous ceramic 
samples in order to better characterization of the 
interdependence of the material properties. Samples 
with the 4-8 mm foamglass pellets are 10.31 – 24.00 
times less effective comparing to samples where the 
grain size of foamglass pellets is 0-4 mm, reaching 
from 0.13 – 0.16 of efficiency.  

 

TABLE 4. EFFICIENCY OF THE SAMPLES 
Grain 
size 
of 

filler, 
mm 

Amou
nt of 
filler, 

% 

Amoun
t of 

water, 
% 

Volum. 
mass, 
kg/m3 

Compr. 
strength, 

MPa 

Efficie
ncy,  

 

4-8 6 50 1178.34 1.94 0.16 

4-8 9 50 1020.33 1.49 0.15 

4-8 12 50 970.88 1.30 0.14 

4-8 18 50 861.71 1.15 0.13 

0-4 20 80 1094.03 20.82 1.90 

0-4 25 80 1121.34 21.86 1.95 

0-4 30 80 1240.03 22.39 1.81 

0-4 40 80 1472.01 33.16 2.25 

0-4 20 65 1131.20 22.17 1.96 

0-4 22 65 1179.16 19.42 1.65 

0-4 25 65 1193.43 21.30 1.78 

0-4 27 65 1203.69 19.87 1.65 

0-4 29 65 1206.70 23.48 1.95 

0-4 30 65 1233.25 31.37 2.54 

0-4 32 65 1256.08 35.53 2.83 

0-4 35 65 1266.33 39.55 3.12 

 
Maximal efficiency of the samples is 3.12, if the 

amount of filler is 35% and the amount of water is 
65%. It can be seen that highest efficiency is observed 
at greater amount of filler and lower amount of water.  

Macropores and micropores can be seen within the 
structure of porous ceramic sample, where melting 
filler grain size was 0-4 mm. Pores, acquired by 
melting of foamglass pellets, have regular form and 
pores measuring 0.2 – 1.5mm as they are shown in 
Fig. 5. 

 
Fig. 5. Micrography of porous ceramic, where the grain size of 

melting filler was 0-4 mm. 

It can be seen in micrography, that after the melting 
of foamglass pellets, 0.04 – 0.11 mm thick glass layer 
ir formed around the pores, providing samples with 
higher compressive strength and lower water 
absorption.  
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Discussion 

During the research the acquisition of porous 
ceramics was practically demonstrated by using 
foamglass pellets with different grain size as the 
melting filler upon changing the amount of it and 
obtaining the material with various physical and 
mechanical features.  

Volumetric mass of porous ceramic samples can be 
easily regulated by changing the amount and type of 
foamglass pellets, if the amount of water is kept at the 
same level, as well as changing the necessary amount 
of water.  With the lower amount of water, plasticity 
of the mixture decreases and it is more difficult to get 
homogeneous mixture as well as to work it in the 
moulds, though besides the decrease of plasticity we 
must also consider the increase of compressive 
strength and efficiency, therefore recognition and 
acquisition of optimal proportion between the 
mentioned parameters plays essential role, thus 
ensuring the acquisition of optimal material.  

Obtained results of the research testify that porous 
ceramics, obtained within this research, have a great 
potential of application for load-bearing constructions. 

Decreasing of water absorption with increasing 
amount of melting filler – foamglass pellets in 
ceramics may be explained by decreasing permeability 
of the materials for water due to covering inner 
surface of voids by glass (Fig. 5). It means that the 
obtained material should improve the thermal 
insulation properties by saving breathing possibility.  

In line with the conducted research, the addition of 
foamglass pellets as a melting filler improves the 
strength of the obtained samples, however, it reduces 
the temperature necessary for burning as well as the 
amount of clay required, thus enabling to save a 
natural resources through effective recycling of the 
glass waste. 

With the use of mentioned porous ceramic 
production method, heat insulation elements of 
various forms (depends on moulds) and sizes may be 
obtained, controlling the size and amount of pores in 
the material.  

The following investigation will be devoted to 
developing more effective material by controlling 
thermal conductivity properties.  

IV CONCLUSION 

Within the research samples of porous ceramics 
were developed upon application of melting fillers 
with various grain size, stating the shrinkage (after the 
artificial drying and burning), volumetric mass, water 
absorption, compressive strength and efficiency (as a 
ratio between compressive strength and volumetric 
mass) of the acquired samples.  

Following results were obtained for the samples, 
where the grain size of the melting filler was 4-8 mm: 
volumetric mass - 861.71 kg/m3, if the amount of filler 
is 18%, to 1178.34 kg/m3, if the amount of filler is 

6%; shrinkage after drying - from 2.22% up to 8.78% 
and the highest shrinkage was recognized at the 
greater amount of filler; shrinkage after burning - from 
3.33 to 11.56%, compressive strength – 1.15 to 1.94 
MPa, water absorption – 8.33 – 10.21% and 
efficiency – 0.13-0.16.  

While for the samples, where the grain size of the 
melting filler was 0-4 mm volumetric mass varied 
from 1094,03 kg/m3, if the amount of filler is 20%, to 
1472,01 kg/m3, if the amount of filler is 35%  , 
shrinkage after drying - from 3.27% up to 15.02%, 
increasing if the amount of filler is higher, shrinkage 
after burning - 15.27-28.12%; compressive strength – 
19.42 MPa to 39,55 MPa, which has been stated for 
the samples with 65% of water, where 35% of 
foamglass pellets were used as a melting filler. For the 
samples with 80% water amount the greatest 
compressive strength, using 45% of filler, reached 
34.63 MPa. Highest compressive strength in both 
cases was observed for samples with highest content 
of foamglass pellets. Water absorption of the samples 
- from 2.65% for samples with 65% of water and 35% 
of filler to 6.78% for samples with 65% of water and 
20% of foamglass pellets. Efficiency – 1.65 – 3.12%, 
where greatest efficiency is observed at greater 
amount of filler and lower amount of water.  

By comparing the features of the obtained materials 
we can see that samples, where the grain size of 
melting filler is 0-4 mm have better compressive 
strength, efficiency and water absorption indicators, 
but samples, where the grain size of filler is 4-8 mm – 
lower volumetric mass. It can be seen, that, despite the 
decrease of the mixture plasticity, the usage of smaller 
amount of water – 65% instead of 80%, guarantees 
better properties of the material, as well as reduces the 
amount of melting filler, which we can use, therefore 
fot the acquisition of necessary features of the 
material, in the following researches it is essential to 
find the optimal amount of filler and water. 

Production of porous ceramics materials where 
foamglass pellets are used as the melting filler, allows 
us to create more effective ceramics, using waste glass 
and creating high added value for the final product. 
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Numerical simulation of the reconstruction 
bank-protection type grillage on canals and 

rivers of St. Petersburg 
Vladimir Korovkin 

St. Petersburg State Polytechnical University, 195251, St. Petersburg, Russian Federation  

Abstract. Reconstruction of urban waterfronts in St. Petersburg, built in the beginning of the last century, is rele-
vant. In the technical literature and departmental document each type of mooring hydraulic structure has its own 
method of calculation. Shown the practical implementation of engineering universal method of calculating berthing 
quays. The proposed generalized model piles in the soil, which under the action of horizontal load rotates as a rigid 
body and at the same time bends as a flexible rod. Kind of movement depends on the flexural rigidity of the piles and 
stiffness of the soil. The position of the elastic line of the pile depends on the nature of the upper sealing.  The stiffness 
of soil from the entire cycle, the load on the piles is determined from the сurve the load‒ displacement  

 
Keywords: city quay, coefficient of soil stiffness, generalized model of the piles, low pile grillage, pile foundation. 
 

I INTRODUCTION 

Embankments of the сity St. Petersburg are many 
of kilometers designs in the form of pile foundation, 
built at the beginning of the last century. Restoration 
of the historic appearance of buildings and structures 
of the city requires the preservation and renovation of 
the specified type of finishing off the coast and ca-
nals. 

Refinement calculation reconstruction bank protec-
tion in the form of low-pile raft foundation is the 
actual problem 

 
Fig. 1. Winter Canal with a bridge hanging over him and Arch. 

 

II DESCRIPTION OF THE  OBJECT OF STUDY 

The object of study is the construction in the form 
of a low piles raft foundation in the ground. Figure 1 
presented on the coast canal to St. Petersburg using 
shore protection structure in the form of low-pile raft 
foundation. 

Arch of two bank protection combines two build-
ings ‒ the Old Hermitage, built Y. Felten in 1771 ‒ 
1787, respectively, and the Hermitage Theatre, built 
by Giacomo Quarenghi in 1783‒1787 years. City 
boardwalk, preserving the building is of rubble con-
crete grillage on wooden piles. Obviously, this is a 
beautiful architecture, but still associated in the public 
mind with the "Queen of Spades" and not so much of 
Pushkin as Tchaikovsky must be maintained forever. 
In modern cities in a dense housing is becoming in-
creasingly urgent problem of high-rise buildings, 
requiring load transfer to the deeper layers of soil 
base. A number of cities, including St. Petersburg, 
with its numerous channels, have complex conditions 
for the construction of modern buildings and urban 
waterfronts, due to the presence of a thick layer (15-20 
m) of weak clay soils. It makes use of pile foundation. 

Enhancing the relevance of this topic is due to the 
rapid growth of the number of storeys of buildings, 
including the installation of pile foundation. In rela-
tion to the city waterfront of St. Petersburg practical 
interest as the reconstruction of existing embankment 
rivers  and canals so and the construction is of  con-
crete grillage on  piles.   
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III THE AIM OF THE WORK 

In the technical literature [1, 2, 3] and in the de-
partmental normative documents [4, 5], each type of 
ports hydraulic structure has its own method of calcu-
lation. When translating the manual is based on a 
significant portion of the computers calculation is 
made on the terms and assumptions that were laid in 
the era of the lack of computers [6- 8]. 

To simplify the understanding of the mechanism of 
interaction of structural elements with the ground and 
maximize the use of computers was proposed in 2002, 
the engineering universal method of calculation, 
which can be applied to any structure mooring quay 
[9] and with utilization in the work [10,11]. 

The essence of the calculation is that any mooring 
quay  consists of separate elements ‒ joist of different 
stiffness from perfectly flexible (anchor rod) up to 
absolutely  rigid  ( rigid rigel). 

Condition rod interaction with other elements of the 
mooring quay can be various. They include different 
types of supports and the subgrade. Specific combina-
tion of rods connected to each other as a condition of 
joint deformation of structural elements so and the 
structure itself whole, each of which has different 
forms of interaction between them. This approach 
unifies computational methods and thus eliminates the 
need of some simplifications adopted in exist in  cal-
culation. 

For example, bolverk is a system from fixed by a 
flexible rod and of two vertical rods. 

Wall ‒ a balk of finite stiffness, with the top sup-
port and in the lower part, respectively ‒ in the  
ground. Anchor rod ‒ flexible rod which leans on the 
sandy soil. Anchor wall ‒ balk finite stiffness, which 
is located in a homogeneous or inhomogeneous 
ground.  

The purpose of this paper is the practical implemen-
tation of engineering universal method of calculation 
of mooring quays in relation to the urban waterfront as 
a low pile raft foundation so and the possibility of 
using the method in the pile foundations of the high-
rise buildings. Assesses the impact of the assumptions 
used in the departmental document. 

IV REVIEV OF THE LITERATURE 

N. Gersevanov first gave a general solution to the 
problem of calculating  pile  of the embankments 
grillage type, treating them as a frame on the racks 
with fixed sealing up (1913). He received three canon-
ical equations of method deformation, taking the un-
knowns displacement vertical, horizontal and rotate of 
the structure. The solution of the equations allowed us 
to obtain all  forces in the piles. 

Russian scientists B. Lozovskiy, F. Dimentberg, 
V. Khristophorov et al. proposed graphics solutions. 
Methods of calculation, developed N. Vyunshem, 
C. Nekkentvedom are special cases of solutions 
N. Gersevanov. These decisions involve the transfer 

of the coordinate in the elastic center, which reduced 
the number of canonical equations of deformation. 

V. Skuratov and N. Shaposhnikov offered calcula-
tion flexible pile grillage. Pile design with an elastic 
fastening regarded as an ordinary multi-span frame 
with elastic supports, in which each node has an inde-
pendent vertical displacement and rotation, and also  
are common to all nodes of the frame horizontal 
movement. 

Approximate methods of calculating these struc-
tures proposed by V. Skuratov, F. Dimentbergom, 
N. Smorodinskii, S. Antonov and others used before 
the advent of computers. In order to simplify the cal-
culations used different assumptions, which do not 
give a correct picture of the construction work and 
creates significant errors in the effort elements.  

The author of this article proposed an approximate 
calculation of a pile structures irrespective of the 
hardness of the top structure, the development of ideas 
N. Smorodinskii  (1949).The calculation uses the 
method of separation of design elements and their 
subsequent gluing and the superposition of loads.. 

Method N. Gersevanov in relation to low grillage 
used in regulatory guidance on the design of pile 
foundations and as adopted by the coefficient of sub-
grade serves the secondary purpose for finding the 
estimated depth of seal piles [12]. 
In recent years, associated with the calculation of 
pilegrillage, typically use a classic design scheme 
[13]. Works of foreign scientists, devoted to the calcu-
lation of piled embankments [14 ‒ 17]. 

Significant progress has been made in recent years 
in methods of calculation, design and construction of 
pile foundations. New or improved methods of analy-
sis and design of pile foundations designed, based on 
extensive experience with the use of piles in various 
soil conditions. Method of calculation of pile founda-
tions under the first and second limiting conditions has 
important theoretical and practical importance. 

Work in the field of soil mechanics scientists 
B. Berezantseva, M. Goldstein, M. Gorbunov-
Posadowa, B. Dolmatova, N. Tsytovich and many 
others provided a basis for improvement of the meth-
ods of calculation of piles. Systematization of research 
results and improvement of methods of calculation of 
piles foundations performed V. A. Barbashov, 
A. A. Bartholomay , G. I. Glushkov, V. N. Golubkov, 
A. A. Meadows, etc. 

However, in many cases, the projects pile founda-
tions are with large stock, reducing the economic 
efficiency of the use of piles, indicating the need for 
further improvement of methods of their calculation.  

V THE MECHANISM OF PILE FOUNDATION 

WITH GROUND 

The author proposed a generic model of the behav-
ior of piles in the ground. Pile under horizontal load 
action rotates as a rigid balk and simultaneously bends 
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as a flexible rod. The offset of the top of the pile is the 
sum of: 
 

Δ = Δ1 + Δ2                            (1) 
 
where Δ1 is the displacement of the piles from turning; 
Δ2 ‒ displacement piles from bending. 
The amount of movement depends on the ratio of 
flexural stiffness of the piles and deformation charac-
teristics of the soil (stiffness) (Fig. 2, a). Experiments 
A. H. Zarkhi (1954), shows which  increase the flexi-
bility of the wall causes an increase in jet pressure of 
the soil in the upper layers, more passive pressure 
(Fig. 2, b). 
 

Fig. 2. Generalized model of behavior of the piles in the ground. a, 
b) The position of the elastic line and curve of earth pressure on the 
pile of finite stiffness from the force P; c, d) Also from the force P 
and moment Mz; e, f) Too from force P in a rigid piles; g, h) Too 

from the force P in a flexible piles. 

 
The rigel creates in the piles bending moment in the 

sealing. The position of the piles in the  depends on 
the stiffness of the beams, piles and soil. (Fig. 1c). For 
example, short rigid piles, embedded in the ground 
can be displaced parallel to the axis under the action 
of horizontal load. In another case, they are rotated 
relative to the zero point  changing the sign of the plot 
of pressure on the pile. (Fig. 2 (d). 

If you change the bending stiffness of the piles in 
the limit ∞ > EI > 0 and consequently ‒ the stiffness 
of soil from 0 ˂ Kxу˂ ∞ behavior of piles in the soil 

varies from rigid (Fig. 2, e, f) to flexible piles (Fig. 2, 
g, h). 

In the interests of  practical range rigidity of the 
rigel, piles and the soil there are a large number of 
options that have different meanings efforts in piles. 
In the interests of  practical range rigidity of the rigel, 
piles and the soil there are a large number of options 
that have different meanings efforts in piles.  

Classic calculation of piles constructions of the N. 
Gersevanov, using rigid fixation of the piles in the 
ground without regard to its stiffness, can be viewed 
as a individual case, when Kx,y = ∞ in the sealing,  

Experimental studies show that from the action of 
the horizontal force is short piles rotates as a rigid 
body with respect to the zero point h0 of rotation. 
Distance h0 from this point to the surface is about 0,7 
h (Fig. 2, e). Flexible piles gets wavy bending, and the 
first zero point for approaching them to the surface 
(Fig. 2, g). Hard short piles considered in relation to 
the depth of driving h to the diameter d of up to 10 -
12. Flexible long piles considered respectively with a 
ratio of more than 10 [18]. 

Analysis and generalization of results of experi-
mental studies allowed to develop and propose to use 
in practice engineering calculation method of pile 
foundation, reflecting the basic laws of their interac-
tion with the soil foundation established of the empiri-
cally [19]. 

VI SOLUTION OF THE PROBLEM 

Pile grillage can be viewed as a system of a finite 
number different rods, which  linked as joint defor-
mations of structural elements so  and deformations 
the structure as a whole. 

Rigel ‒ the rigid balk, which leans on the  pile 
foundation. This balk loaded as external loads, so and 
internal forces from impact of the  pile foundation.  

Pile foundation is a system of balks of different ri-
gidity, rigidly fixed  embedded in the rigel, and im-
mersed in the  soil foundation. Settlement scheme uses 
of the frame construction with different stiffness 
crossbar and uprights. The nature of the work struc-
tures in the soil is determined by the stiffness charac-
teristics of the rigel, uprights and ground. Additionally 
taken into account the beneficial effect of between the 
pile space , which is ignored in the standard method of 
calculation.. 

Deformation characteristics of soil. In port hydrau-
lic engineering calculations of constructions interact-
ing with the ground, early  was performed only with 
regard to the first limiting condition. Experiments 
have shown that not accounting for the deformation 
characteristics of the soil when you interact with it 
design distorts  the calculation scheme structures.  
The software system using continuum model more 
accurately reflects the actual behavior of the soil under 
load. However, they are not sufficiently adapted to the 
calculation of berthing waterworks, due to not taking 
into account many factors in their work. In the prac-
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tice the calculation of berthing waterworks are use 
over a simple model Fuss-Winkler using coefficient of 
subgrade resistance. 

Theory analysis of structures lying on the ground 
with a deformed one and two coefficients of subgrade 
resistance was developed in the works of A. Dinnik, 
P. Pasternak, A. Krylov,  N. Snitko, V. Vlasov and 
many others. Among foreign scientists engaged in this 
task H. Westergaard, H.Bufler, H.Lieb, G.Meier [20], 
Y. Cheung, O. Zienkiewicz [21], C. Desai, J. Christian 
[22] and others. 

Using in calculations a variable coefficient of 
subgrade resistance (soil stiffness coefficient) better 
reflects the operation of the foundation. It is sufficient 
to choose the law of variation coefficient of subgrade 
resistance, which provides the desired character of 
rainfall. However, there are some difficulties, because 
for this purpose it is necessary to solve the problem in 
the theory of elasticity.  Then select the desired ratio,  
that makes no sense. The coefficient  of stiffness are 
devoted studies of B. Kositsin (1963), V. Lishak 
(1964), S. Rivkin (1969), V. Fedorovsk (2000) and 
others.  

Using the program «CROSS» successive approxi-
mation procedure applied to foundations can more 
accurately determine the stiffness coefficient of soil 
[23]. «CROSS» program is part of the package SCAD 
Office and provides independent work, and the ex-
change of data with the integrated strength analysis of 
structures Structure CAD (SCAD) [24]. The above 
procedure of successive approximations, in our opin-
ion, is acceptable at low loads to the foundation. Since 
there is no law changes the stiffness of soil from the 
full load cycle and is not considered a redistribution of 
the contact pressure from the edge of the plasticity 
region. 

Author represented the mechanical model of the 
combined stiffness of the soil  (subgrade resistance) 
for pile foundation.  The model has the elastic body 
Hooke (H) and of the plastic body of the Saint-Venant 
(SV), besides include structural element (S), which 
taking of the different degrees of hardening or 
softening the soil. The model on Fig. 3, what similarly 
the model adopted for the foundation [25]. 

Quantity springs in the model are located on a lat-
eral surface of the pile. The number of turns of the 
springs depends on the depth of the active zone of the 
soil (Fig. 3,a). The spring resists compression more or 
less of  elastic, when a small external loads. The  load 
increases to the limiting value and  changes of  the 
value  resistance to compression of  springs due from 
the structural element (S). This leads to a nonlinear 
plot reactive pressure of the soil. The nature of chang-
es in the relative deformation characteristics of the 
resistance of the soil on the pile from the load shown 
in Fig. 3, b. 

 

Fig. 3. a) Mechanical model of the combined stiffness of soil, taking 
into account the structural element. b) Schedule changes in the 

relative stiffness from the dimensionless curve deformation. 
 

Piles divide the height by the number of plots. Each 
plot corresponds of the interval on the relative curve 
deformation  depending on the load (Fig. 3 b, top). In 
the Interval of the curve determines the relative stiff-
ness of the soil Ku rel  (Fig. 3 b, bottom). 

Values of force P and deformation piles Δ allow 
you to find the coefficient of stiffness of the soil de-
pending on the load.  

Example. To calculate the reconstructed waterfront 
on the canal Griboyedov in St. Petersburg.  

 
 

Fig. 4. a) Cross-section of piles grillage. b) Design scheme. 
с) Bending  moment of  the diagram in piles. 

 
Initial data. The old quay in the form of hard rub-

ble concrete masonry grillage rests on three rows of 
wooden piles. The new hard grillage with variable 
cross-section of reinforced concrete on the pile foun-
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dation of two rows of 0.6 m diameter bored piles. Step 
across the line cordon of piles 2.35 m, respectively, 
and along the cordon 1.4 m.  
The strength characteristics of soils are shown in Fig. 
3 and the deformation  characteristics respectively, 
taken from [11]. In calculating the existing wooden 
piles in a margin of safety facilities not taked into 
account. Results of the comparison of calculations are 
given in table 1. 

Table 1. 
 Results of calculations1 

Name Calculati 
for a SNP 
[11]. 

Calcula-
tion for a 
generic 
method 

Program 
" Рlaxis" 

Bending moment in 
the topic sealing of the 
first piles, [kNm] 

-135.23 -131.21 -129.43 

Bending moment at 
the topic sealing of the 
second pile, [kNm] 

-135.23 -131.61 -129.50 

Bending moment in 
the span of the first 
pile, [kNm] 

- 58.23 51.54 

Bending moment in 
the span of the second 
pile, [kNm] 

- 58.46 51.9 

The effort in the first 
pile, [kN] 

-470.0 -417.92 - 410.34 

The effort in the 
second pile, [kN] 

64.16 12.02  9.08 

Horizontal displace-
ment of the top, [mm] 

- 4.87 6.16 

 
1.The calculation was performed by student 

A. Melentev. 

VII ANALYSIS OF THE                                                  

CALCULATION RESULTS 

Stiffness of characteristics soil, interacting with the 
piles, and increased flexural rigidity of the piles 
changed the designs scheme, featured SNP [11]. In 
particular the moment of fix the bottom of the piles is 
not apparent. Efforts in piles obtained as in the generic 
method, using SCAD, so and in   Рlaxis, were less 
than in the calculation of the SNP. This had resulted 
from accounting stiffness characteristics of the soil, 
interacting with piles. 

Comparative calculations of the promenade with 
various values of the stiffness characteristics of the 
soil, shows that in the case of flexible piles and dense 
soil settlement efforts more or less comparable with 
the calculation SNP 2.02.03-85. In other conditions 

the computational scheme used in the normative doc-
ument may not be manifest that, as shown by calcula-
tions using the deformation characteristics of the soil, 
leads to distortion of the forces in piles. 

VIII CONCLUSIONS 

1. In the current technical literature and regulations, 
each type of port hydraulic  engineering  has its 
own method of calculation. In  first N. Gersevanov 
was given a general solution to the problem of cal-
culation grillage type of the pile embankments. 
Treating them as a frame construction with abso-
lutely rigid grillage on racks with rigid bottom 
seal.  

2. Shows the mechanical model of coefficient soil 
stiffness based on structural element. 

3. Shows the method of determining the stiffness of 
the soil  from load  on the curve deformation.. 

4. Shows the practical implementation of the pro-
posed above engineering universal calculation 
method berthing quays  in the low  of pile grillage, 
using the program SCAD. In calculating the de-
formation characteristics used in the form of hori-
zontal and vertical coefficients stiffness of the soil. 

5. Comparative calculations of the promenade with 
various values of the stiffness characteristics of the 
soil, shows that in the case of flexible piles and 
dense soil settlement efforts more or less compara-
ble with the calculation SNP 2.02.03-85. In other 
conditions the computational scheme used in the 
normative document may not be manifest that, as 
shown by calculations using the deformation char-
acteristics of the soil, leads to distortion of the 
forces in piles. 

6. When calculating the structures using a model 
coefficient bed, special attention should be paid to 
the reliability of the characteristics of the soil on 
which depend essentially  on efforts and defor-
mation in structural elements. Meanwhile, their 
values recommended in  Rules, have a fairly wide 
range of values and require adjustments. 

IX REFERENCES 
[1] G.N. Smirnov, V.V. Aristarkhov, S.N. Levichev, A.G. 

Sidorov, E.A. Korchagin. Ports and port facilities. Ed. DIA, 
Moscow, 2003, 463 p.  

[2] P.I. Yakovlev, A.P. Tyurin, Y.A. Fortucel. Port hydraulic  
structures. Ed. Transport, Moscow, 1990320 p. 

[3] P.P. Kulmach, V. Filippenok, N.G. Zaritovskiy.  Marine 
hydraulic structures. Ch. II, Mooring, offshore and shore pro-
tection structures. LVVISU, Leningrad, 1991, 391 p 

[4] Design of the mooring quays, CH-RF 54.1-85 MRF RSFSR, 
Moscow, 1991, 247 p. 

[5] Instruction on designing marine berthing and shore protection 
structures. RD 31.31.55.93, MMF, Moscow,1996.  

[6] PLAXIS. Plaxis v. 8.2. Finite Element Code for soil and rock 
analyses. Netherlands, 2002. 

[7] Program GEO5 for design and analysis of retaining. 
Armagrandi and gravitational structures. Certificate of con-
formity No ROSS CZ.SP.N,  Moscow, 2012. 



 
 

Vladimir Korovkin / Environment. Technology. Resources, (2015), Volume I, 78-83 
 

 
 

83 
 

[8] Program Cluster, version 1, Engineering and consulting 
centre for Foundation. Moscow, 2005.  

[9] V. S. Korovkin. Universal method of calculating berthing 
quays. The first scientific-practical conference Sea and river 
ports of Russia, Moscow, 2002, 103-105 pp.  

[10] T. Dang, V. Korovkin. Engineering kinematic theory of 
ground contact pressure in the annexto the hydraulic port fa-
cilities. Advanced Materials Research, Vols. 945-949, 2014, 
pp. 541-548.  

[11] A. Melentev, V. Korovkin. Calculation of Retaining Walls 
with Anchoring at Different Levels. Applied Mechanics and 
Materials, 725-726, 2015,pp. 185-189. 

[12] SP 24.13330.2011. Pile foundations. The updated version of 
SNP 2.02.03-85. Moscow, 2011. 

[13] A.Y. Budin. City and harbourquays Ed. Polytechnic, St. 
Petersburg, 2014, 418 p. 

[14] CUR-publication 166.Damwand constructies. | ISBN 90 376 
063 8 | CUR, Gouda, the Netherlands, 4th issue, 2005. 

[15] J. Grabe. Sheet Piling Handbook Design.Thyssen Krupp GfT, 
Bautechnik GmbH HSP HOESCH Spundwandand Profil 
GmbH,  Hamburg, 2008. 

[16] Design Manual. Steel Sheet Piling United States.  Steel 
Updated and reprinted by U. S. Department of Transporta-
tion. FHWA with permission, 1984. 

[17] A Handbook of Quay Walls. CURCentre for Civil Engineer-
ing Research, Havenbedrijf  Rotterdam NV, 

Gemeentewerken Rotterdam. Published by Taylor & Francis, 
the Netherlands ISBN: 978-0-415-36439-3, .2005.  

[18] N. K. Snitko. Static and dynamic pressure of the soil. 
Stroiizdat, Leningrad, 207, 1970. 

[19] V.S. Korovkin. Calculation exploited berthing facilities with 
regard to reologicheskih properties of the base and the harsh 
climatic conditions of the continental shelf. Ed. SPbGPU, 
Sankt‒Peterburg, 2013. 88 p. 

[20] H. Bufler, H. Lieb, G. Meier. Frictionless contact between an 
elastic stamp and elastic foundation. Ing. Arch., Bd. 52, 
No.1/2, 1982.  

[21]  Y.K. Cheung, O.C. Zienkiewicz. Plate and tank on elastic 
foundation. An application of finite element method Intern. J, 
Solid  structural, vol. 1, No. 4, 1965. 

[22] C.S. Desai, J.T. Christian Numerical methods in geotechnical 
engineering. McGraw-Hill. Inc., 1977.  

[23] E. H. Krikunov, A. C. Perelmuter, M. A. Perelmuter, , A. I. 
Sementsov. Fedorov Century, CROSS-program for determin-
ing the coefficients of the bed  Magazine of foundation, 
foundations and soil mechanics, 2002.  

[24] N. I. Vatin, U.P. Wash. Joint settlement building and shallow 
foundations in SCAD. Methodical  instructions, St. Peters-
burg, 2007. 

[25] V. S. Korovkin Engineering kinematic theory, the contact 
pressure of the soil in the application to the calculation of cer-
tain types of foundations Magazine of civil Engineering, 6, 
2013, 39-49p. 

 



 
Environment. Technology. Resources, Rezekne, Latvia 

Proceedings of the 10th International Scientific and Practical Conference. Volume I, 84-88 
 

ISSN 1691-5402 
© Rezekne Higher Education Institution (Rēzeknes Augstskola), Rezekne 2015 

DOI: http://dx.doi.org/10.17770/etr2015vol1.218 
 

 
 

The regions of parametric instability 
of brush-contact device electromagnetic 
circuit in unstable working conditions  

O. I. Kozyreva, I. V. Plokhov, Y. N. Guraviev, I. E. Savraev, A. V. Ilyin 
Pskov State University, Electro mechanic Faculty.  

Address: Russian Federation, Pskov, Lenin square, 2 

Abstract. The method to determine parametric instability regions of the electromagnetic circuit of the 
secluded brush contact of brush-contact device with using the oscillation equation Mathieu II order for a 
dissipative system with one degree of freedom is developed. Recommendations on the selection of the 
parameters of the external damping device to eliminate the instability of electromagnetic waves in 
unstable working conditions brush-contact device are given. 
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device. 

I INTRODUCTION 

Energy turbine generators have a constructive unit, 
called brush-contact device (BCD) or subassembly of 
the sliding electrical contact (SSEC). Reliability of the 
turbine generator is determined, including, reliable 
operation of this device. On the brush are acting 
significant dynamic forces that lead to mechanical 
disturbances and interruption current [1, 2]. Also in 
the electrical circuits BCD arise electromagnetic 
resonance phenomena caused by the parametric 
modulation of the transition resistance and capacitance 
in the contact zone [3–6]. Described effect may cause 
increased brush-sparking, wear of contact parts, ring 
fire [7–10]. One of the important ways to reduce 
brush-sparking is the elimination of parametric 
resonance processes in electromagnetic circuits. To do 
this, we need to explore the regions of parametric 
instability of the oscillating system and to set 
appropriate limits on the functional parameters of the 
node [11–15]. We also will define characteristics of 
the external damping device to eliminate the 
instability of electromagnetic oscillations in unstable 
working conditions brush-contact device. These 
problems are important, since their decision will 
increase the reliability of BCD and of turbine 
generator as a whole.  

In this paper the problem of constructing the 
regions of parametric instability of the 
electromagnetic vibrating system BCD of turbine 

generator is solved analytically. Also, a technique of 
selecting the parameters for the brush-contact device 
test stand is shown. 

II MATERIALS AND METHODS 

Complete replacement scheme SSEC of the turbine 
generator is shown in Figure 1. 
In this scheme: 

1 2 1 2, ,... ; , ,...b b bn b b bnL L L R R R  are the inductance and 

the electrical resistance of the secluded brush contact 
at the first slip ring; 
 1 2 1 2' , ' ,... ' ; ' , ' ,... 'b b bn b b bnL L L R R R  are the inductance 

and the electrical resistance of the secluded brush 
contact at the second slip ring; 

1 2 1 2, ,... ; , ,...r r rn r r rnC C C R R R  are the transition 

capacitance and the resistance of the secluded brush 
contact at the first slip ring (variables parameters); 

1 2 1 2' , ' ,... ' ; ' , ' ,... 'r r rn r r rnC C C R R R  are the transition 

capacitance and the resistance of the secluded brush 
contact at the second slip ring (variables parameters); 

1 1,rw rwL R  are the inductance and the electrical 

resistance of the rotor winding; 
, ,es es esL R E  are the inductance, the electrical 

resistance and the electromotive force of energy 
supply of drive winding of the turbine generator; 
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Fig. 1.  The replacement scheme SSEC of the turbine generator.

 

1,2 2,3 , +1 1,2 2,3 , +1, ,... ; , ,...i i i iL L L R R R  are the 

inductance and the electrical resistance between the 
two secluded brush contacts at the first slip ring; 

1,2 2,3 , +1 1,2 2,3 , +1, ,... ; , ,...i i i iL L L R R R  are the 

inductance and the electrical resistance between the 
two secluded brush contacts at the first slip ring; 

1,2 2,3 , +1 1,2 2,3 , +1' , ' ,... ' ; ' , ' ,... 'i i i iL L L R R R  – the 

inductance and the electrical resistance between the 
two secluded brush contacts at the second slip ring. 

Consider the electrical processes in the electric 
circuit of the secluded brush contact. Equivalent  
circuit is shown in Figure 2. 

 

Cr1

Rb1

Lb1

Rr1
Ees

Res

Les

 
Fig. 2.  Equivalent  circuit of the secluded brush contact. 

 The operator expression for the electric 
resistance in this circuit is presented: 

1( ) = + +1 1+ 1 1

RrZ p Lp R
R C pr r

. 

Then, the operator equation of the circuit is 
evident: 

( ) ( )
( )

=

,

2 + + + +1 1 11 1 1

= 1+
1 1

LR C p L RR C p R R Ir r r r r

R C p Evr r

 

where 
= +1 esR R Rb , = +1 esL L Lb . 

Linear differential equation II order with periodic 
coefficients is obtained by  inverse Laplace 
transform. Voltage of winding excitation is given 
constant =esE const : 

( ) ( ) ( )
( )
''+ +1 '+ 1 1+ =

1 1 1 1

= 1 .
1 1

I R L R C I LC R R I
r r r r

LR C E
r r es

 

(1) 
 
The research of the stability of the 

electromagnetic system, being described by the 
equation (1) is considered below. 

The differential equation of the following form 
2

( ) + ( ) + ( ) = 02
d q dq

A t B t C t
dtdt

, generally describes 

the parametric vibrations of a linear system. The 
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coefficients in this equation are dependent on 
parameters, that characterize the properties of 
parametric action. For certain values of the 
parameters, the solution may be unstable. A set of 
points form in the space of parameters regions of 
dynamic instability [11, 16, 17]. If the variable 
parameters are frequency of periodic parametric 
action, then the most interesting is the frequency 
ratio, called parametric resonance [11–17]. 

In this variant, oscillating motions are external 
parameters impact on the system. Vibrations are 
transmitted to the brush from the contact surface of 
the rotating collector ring. They entail periodic 
oscillations of the resistance and the capacitance of 
transition layer of the sliding contact [3, 4, 9, 10]. If 
depth of modulation parameters of the transition 
layer is high, then the system may be in the region 
of parametric resonance (brush-sparking, ring fire). 

To find the parametric resonances of the system, 
we will plot the boundary of instability, using 
oscillation equation Mathieu II order for a 
dissipative system with one degree of freedom [11]. 

Equation Mathieu has the form: 

0
2''+ 2 '+ (1+ 2 cos ) = 0I εI ω μ ωt I    (2) 

Lead the equation (1) to the form of the Mathieu 
equation (2). Assign = , =R const L const . We 

assume that the transition capacitance 1Cr and the 

transition resistance 1Rr  of the secluded brush 

contact vary harmonically with the frequency ω , 
amplitude ,r ca a  and constant component 0 0,R C  

[3–5]: 

1 0( ) = (1± cos );r RR t R ε ωt

1 0( ) = (1± cos ),r CC t C ε ωt  

where 0=R Rε a R , 0=C Cε a C are the parameters 

of the modulation depth , 0R Cε ε  . 

 Approximately find the coefficients for the 
Mathieu equation [11, 16, 17]: 

0ω is the natural frequency of electromagnetic 

oscillations in this circuit, 

0 0
0

12 = (1+ )ω R R
LC

; 

μ is the total modulation depth of the oscillating 

circuit (excitation coefficient), 

0

2 = + ;
+C R

R
μ ε ε

R R
 

ε  is the damping parameter of electromagnetic 
oscillations (dissipation), 

0 0

1
2 = + ;

R
ε

L R C
 

ω  is the frequency of parametric action (frequency 
of vibrations). 

Plot the boundary of instability for the dissipative 
system on in the plane 0, = 2μ η ω ω . For 

calculation boundaries of instability are taken the 
following formulas. For the first instability region 
(basic parametric resonance): 

 
For the second instability region: 

 
where 0= 2υ πε ω – decrement of free oscillations. 

III RESULTS AND DISCUSSION 

For calculations the parameters of the brush-
contact device test stand are taken (Tables 1) [18–
20]. 

Tables 1 

The parameters of the test stand  

Rsv, Ω Lsv, mH Rb1, m Ω Lb1, nH εR , εC 

1.3 0.3 0.8 75 0.5 

Calculations for several values 0 0,R C  are given 

in Tables 2: 
Tables 2 

Calculations data 

C0, nF R0, Ω ω0, rad/s ε υ 

200 40 1.31E+05 5.21E+04 2.507 

200 70 1.30E+05 3.79E+04 1.827 

200 90 1.30E+05 3.00E+04 1.447 

200 200 1.30E+05 1.47E+04 0.712 

 
According to the calculations we plot graphs in 

Fig. 3 

 
Fig. 3. The instability regions for equivalent circuit of the brush-
contact device test stand: 
1 and 1` are the boundaries of the first and the second instability 

regions, 0 = 200 ΩR ; 2 and 2` are the boundaries of the first 

and  the second instability regions, 0 = 90 ΩR ; 3 and 3` are the 

boundaries of the first and the second instability regions, 

0 = 70ΩR ; 3 and 3` are the boundaries of the first and the 

second instability regions, 0 = 40ΩR . 
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As can be seen from the graphs, the instability 
region appears at a sufficiently high resistance 
value 0R . With the growth of 0R , the boundaries of 

the instability regions shift toward lower values of 
the modulation.  

A similar calculation for several values of the 
transition capacitance 0C  shows that there is an 

inverse relationship: at the growth of 0C , the 

boundaries of the instability regions shift toward 
high values of the modulation. 

Analysing the instability regions with value of 
the modulation factor calculated by the formula (4), 
we can see whether the processes of circuit 
stability. 

Calculated modulation factor for the circuit 
μ = 0.256.  Thus, EM circuit gets into the region of 
parametric resonance when 0 = 180ΩR , Fig 4.  

 Fig. 4. The instability regions for the equivalent circuit of the 
brush-contact device test stand: 
1 and 1` are the boundaries of the first and the second instability 

regions, 0 = 200 ΩR ; 2 is the line μ = 0.256. 

 
According to Fig.4 define the values of the 

decrement of free oscillations 0= 2υ πε ω , in which 

the circuit will be unstable. 
 

Tables 3 

Values determined from Figure 4 

  η ω, rad/s f, kHz 

start value 1.0577 2.74E+05 43.6 

final value 0.9387 2.43E+05 38.69 
 

So, if the frequency of external vibrations will be 
in the range from 43.6 kHz to 38.69 kHz 
investigated circuit will be unstable. 
 Thus, we have found the possible regions of 
parametric instability with the frequency of 
vibrations ω for the electromagnetic circuit of 
secluded brush contact, for given values of the total 
modulation depth μ, of the natural frequency of 
electromagnetic oscillations ω0 and of the 
dissipation ε. 
 To exclude the parametric resonance should be 
avoided working condition in which mean values of 
transition capacitance and resistance of sliding 
contact exceeds allowed value.  

Whenever it is impossible we propose the 
introduction in the electromagnetic circuit the 
external damping device [21]. Its main element is 
the additional capacitor installed between the 
working brush and the slip ring. 

The equivalent circuit and the calculations of EM 
circuit with the additional capacitor for the secluded 
brush contact are presented. 
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Fig. 5.  The equivalent circuit of the secluded brush contact 
with the additional capacitor. 

For this circuit the linear differential equation II 
order with periodic coefficients in the form of the 
Mathieu equation (2) is offered: 
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The coefficients for the Mathieu equation are 

evident: 
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The parameters of the brush-contact device test 
stand with the additional capacitor Cadd for the plot 
instability regions are given in Tables 1, 5 [18–20].  

 
Tables 4 

The parameters of test stand  

Rsv, Ω Lsv, mH Rb1, m Ω Lb1, nH εR , εC 

1.3 0.3 0.8 75 0.5 

 
According to the calculations we plot graphs in 
Fig. 5. 
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Fig. 5. The instability regions for the equivalent circuit of brush-
contact device test stand with the additional capacitor: 
1 and 1` are the boundaries of the first and the second instability 

regions, 0 = 200 ΩR ; 2 is the boundary of the first instability 

region for the test stand with the additional capacitor Cadd. 
 

As can be seen from the graphs when we add the 
additional capacitor the boundary of instability 
region shifts toward higher values of the 
modulation. 

Calculated modulation factor for the circuit 
μ = 0.256. Thus, circuit with the additional 
capacitor is not gets into a region of parametric 
resonance. By increasing the value of additional 
capacitor, the instability regions completely 
disappear.  

IV CONCLUSION 

In electrical circuits brush-contact device arise 
electromagnetic resonance effects,   which may 
cause increased brush-sparking and wear, as well as 
a ring fire. This occurs when the frequency of 
parametric mechanical modulation of the transition 
resistance and the transition capacitance of sliding 
contact coincides with natural oscillations of EM 
circuit of brush-contact device.  

We have developed the method to determine 
parametric instability regions of the 
electromagnetic circuit of the secluded brush 
contact of brush-contact device, leaning upon the 
following parameters:  

- the frequency of parametric action (frequency 
of modulation of parameters of transition 
layer) ω ;  

- the total modulation depth of the oscillating 
circuit of transition capacitance and resistance 
in the contact zone μ ; 

- the natural frequency of electromagnetic 
oscillations in circuit of the secluded brush 
contact, 0ω ; 

- the damping parameter of electromagnetic 
oscillations ε . 

Recommendations on the selection of the 
parameters of the external damping device to 

eliminate the instability of electromagnetic 
oscillations in unstable working conditions brush-
contact device are given. 
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Simulation Based Analysis of  Digitally 
Controlled 4-phase DC-DC Converter with 

Coupled Inductors  
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Abstract. Interleaved converters are used in many different conversion systems involving various topologies and are 
related to different fields of application due its advantages over single-phase converters. Such advantages include 
reduced current in switching devices and passive elements, reduced output current ripple, and so on. Reductions in 
size and costs of magnetic components and inductors current ripple can be achieved by an integration of magnetics. In 
this paper application of 2-phase coupled inductor designed in convenient way by using commercially manufactured 
coil formers and ferrite cores is analyzed to developed 4-phase  interleaved DC-DC converter. Different structures of 
the coupled inductor for 4 phases is studied. The steady state phase and output current ripple in buck mode of the 
interleaving magnetic integrated bidirectional DC-DC converter is simulated. The necessary count of inductors for 
selected topology are  manufactured and placed on the PCB board. 

 
Keywords: DC-DC power converters, multiphase switching converters, integrated magnetic, bi-directional 

converter, digital control. 

I INTRODUCTION 

Switching power converters have become more and 
more important in industry today. Interfacing the 
energy sources and storage devices such as fuel cells, 
batteries and supercapacitors requires several DC-DC 
conversion functions. In many applications such as 
photovoltaic arrays, fuel cells, wind generators high 
efficiency, small size DC-DC converter are required 
as an interface between the voltage source and the 
output loads, which operates at different voltage level.  

 Fig. 1. Magnetic integration principle: a) single inductors; 
b) paralleled cores sharing a part of the core; c) increasing the 
coupling with gap in the central leg; d) multiphase magnetic 

integration 

Single phase DC-DC converters have limitations in 
high current applications due to the redundant power 
loss in inductor and high inductor ripple current. The 

standard multiphase interleaved design avoids this 
problem because it achieves output current ripple 
cancelation. In the recent years energy transfer among 
phases by means of magnetic coupling has been used 
in multiphase converters [1-7]. Advantages of 
magnetic integration is improved dynamic behavior, 
size and losses of magnetic components and reduction 
of MOSFET stresses.  

The geometric definition of the integrated cores can 
be done looking at the general principle of paralleling 
magnetic circuits (Fig. 1.). In Fig. 1a, two separate 
inductors with single gapped core is shown. The 
winding produces a magnetic flux through the 
magnetic circuit as shown by the arrows. In Fig. 1b, 
the cores of the inductors of different phases of an 
interleaved converter are split together, sharing a 
central leg. As magnetic resistance of the central leg is 
low, only a small part of magnetic flux goes throw the 
other winding. If air gap in central leg is introduced 
(Fig. 1c) then AC component of flux (ΔΦ) goes 
through second winding and acts like a transformer 
reducing per-phase current ripple. The central leg have 
lower flux level and therefore the size of magnetic 
component can be reduced. If interleaved converter 
has many phases (Fig. 1d) then output current ripple is 
eliminated by interleaving and small inductance is 
necessary therefore magnetic leg for DC magnetic 
flux can be removed. 
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Most of the prior scientific papers about coupling in 
multiphase converters is based on monolithic inter 
phase transformers similar to Fig. 1d. Such a 
transformer allows transferring energy among phases 
but for this transformer using of non standard cores is 
necessary. In this paper application of 2-phase coupled 
inductor designed in convenient way by using 
commercially manufactured coil formers and ferrite 
cores is analyzed to developed 4-phase  interleaved 
DC-DC converter.    

II MULTIPHASE INTERLEAVED       

CONVERTER APPROACH  

Interleaving control schemes are widely used in 
converter applications [8-12]. Merits of such control 
methods are reduction of input/output current and 
volume of the converter,  increase in the processed 
power capacity of converters.  

First look at the single phase converter. Current 
ripple of such a converter describes well known 
expression:    

_
(1 ) IN
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Fig. 2. Output current ripple of the single phase converter 

 

Fig. 3. Current of the single phase converter by D=0,5 

By using of the Eq. 1 can be drawn curve shown in 
Fig. 2.  Can be seen that maximum current ripple is 
when duty cycle is equal to 0,5. The particular curve  
is designed assuming that VIN=120 V, L=500 µH and 
switching frequency of 12,5 kHz. Fig. 3 shows form 
of the current with maximum ripple by duty cycle 
equal to 0,5.  These curves will be used further to 

compare single phase solution with interleaved and 
interleaved with coupled inductor ones. The 
interleaving technique allows reducing of the output 
current ripple, reduction factor can be calculated as 
follows: 

_

1
( )

(1 )
multiphase

one phase

m m
N D D

I N N

I D D

 
      

  
, (2) 

where D - duty cycle, N - number of phases and 
m=floor(N·D) is the maximum integer that does not 
exceed N·D [14]. 

By using of the Eq. 2 can be drawn curve for 
particular four phase case shown in Fig. 4. By splitting 
together curve represented in Fig. 2 in relative units 
and calculated by Eq. 2 can be obtained viewable 
picture (Fig. 5) that allows comparing how 
interleaving allows to reduce output current ripple. 
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Fig. 4. Reduction factor of output current ripple of the four phase 
converter  

 

Fig. 5. Normalized output current ripple of the interleaved converter  

 Fig. 5 [13] shows the normalized output current 
ripple according to number of phases (N) and duty 
cycle.  It shows that by using interleaved structure 
current ripple can be significantly reduced. As can be 
seen from Fig. 5 interleaving of four phases reduces 
output current ripples in wide range therefore 4 phase 
boost converter structure is selected. Multiphase 
interleaved approach employing phase-shifted pulse 
width modulation (PWM) to control MOSFETs, it is 
often used in designs where paralleling of 
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semiconductor devices is required. The phases are 
kept independent by using discrete inductors in each 
phase. Feature of the independent phase approach is 
the ability to turn-off the individual phases when the 
output power decreases, this allows maximization of 
the efficiency in each operating point.  
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Fig. 6. The schematics of the interleaved DC-DC converter in buck 
mode with the uncoupled inductors 

The prospective DC/DC converter will be provided 
for supercapacitor based energy storage system. Fig. 6 
shows the structure of this bidirectional DC-DC 
converter. The transistors VT1 to VT8 is controlled by 
pulse width modulation. Each parallel pair of switches 
turns ON with shifting of 90 degrees. The switching 
frequency of the converter will be around 12,5 kHz. 
To control this DC/DC converter digital control will 
be used. Digital controllers of the previous era had 
bandwidth problems. In the recent years the situation 
has changed significantly. The speed and functionality 
performance of the microcontrollers has improved. 
They are also available at a much lower cost. The 
advantage of the digital controller is that it is 
programmable and offers more functionality to the 
system compared to the analog controllers. Novel 
control algorithms and methods with digital control 
can be realized. Such converter can be used for many 
other application, it can be modified as only buck or 
boost converter because synchronous rectification has 
better efficiency than diodes.  

 

Fig. 7. The schematics of PSIM model for one phase of the 
interleaved DC-DC converter 

For assessment of pulsation of current in for phase 
interleaved DC-DC converter PSIM model is used. 
Fig. 7. shows schematics of PSIM model for one 
phase of the converter. It consists of 120 V DC 
voltage source (VDC1), MOSFET transistor (MOS9), 
diode (D1), inductance L1=0,5 mH, PI regulator which 
regulates average phase current equal to 10 A. 

 

Fig. 8. Per-phase current in interleaved 4-phase DC-DC converter, 
D=0,125 

T=20µs

t,ms

Δi=1,2 A
40

39

41

 
Fig. 9. Output current in interleaved 4-phase DC-DC converter, 

D=0,125 

Fig 8 and 9 shows results of the simulation by the 
duty cycle equal to 0,125 while then output current 
ripple is the biggest (Fig. 5). As can bee seen from 
figures pulsation of phase current is more significant 
than pulsation of output current. Ripple of output 
current is reduced at least 4 times and is less than 3 
percent of the output current. Whereas per-phase 
current ripple stays high, it can be described by 
expression as follows: 

_
( ) (1 )IN out IN

phase uncoupled
V V DT D V DT

I
L L

 
   .  (3) 

Eq. 3 matches with Eg.1 consequently Fig. 2 
describes per-phase current ripple to. As follows from 
Fig. 2 the largest current ripple is when duty cycle is 
equal to 0,5. Let us examine this case  more detail by 
mean of simulation. 

As can bee seen from Fig. 9 pulsation of phase 
current (4,8 A) is almost 50 percent of the total per-
phase current (10 A) and is much more larger than 
pulsation of output current (1,2 A). So big current 
ripple leads to increased losses in inductor and 
MOSFET transistors therefore interleaved converter 
with coupled inductor is useful because the significant 
advantage of interleaved converter with coupled 
inductor is that the ripple in one winding can be 
dumped to another winding and per-phase current 
ripple can be reduced. 
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Fig. 9. Per-phase current in interleaved 4-phase DC-DC converter, 
D=0,5 

III PROPOSED COUPLED INDUCTOR 

The interleaving structure has more inductors than 
the single phase converter. The two individual 
inductors of the two interleaving channels can be 
integrated on a single magnetic core to reduce 
component size, per phase current ripple. The 
structure of the proposed integrated inductor is shown 
in Fig. 10. The both windings of the inductors is built 
on the central leg of the E core. Although in literature 
[1] is proposed to place windings of the inductor on 
the wing legs thereby obtaining higher leakage 
inductance, it is not available commercially 
manufactured coil formers for such a case. In this 
paper proposed inductor can be wound on ETD coil 
former in a convenient way. Figure 11 shows practical 
implementation of the coupled inductor of two phases. 
Winding of the one phase (2) and winding of the 
second phase (3) are separated by isolating material 
(1) and are placed on the coil former (4). The winding 
machine (5) can be used to build such an inductor.   

1

2

1leakage1leakage

2leakage2leakage

 c 

 

Fig. 10. Core structure of the coupled inductor and similar solution 
from [14] 
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Fig. 11. Practical design of  the coupled inductor 

Fig. 12. Equivalent circuit of inversely coupled inductors 

The equivalent circuit of a two-phase coupled 
inductor is shown in Fig. 12. The mutual inductance 
M represents the coupling between the two inductors. 
The voltages across the two inductors (vyc1, vyc2) are 
related to the currents through them (i1, i2) as follows: 

 1 2
1 ( )yc a

di di
v L M M

dt dt
   , (4) 

 1 2
2 ( )yc b

di di
v M L M

dt dt
    . (5) 

Assuming that both inductors have the same 
inductance La=Lb=Lleakage, L=M+Lleakage and by 
rearranging the equations (4) and (5): 

 22 1ycvdi diM

dt L L dt
   (6)   

As follows from equations 6 per phase current 
ripple of other phase affect first phase and in such a 
way current ripple of each phase can be reduced.   

 
Fig. 13. Measuring of inductance 

It is difficult to calculate precise value of 
inductance and coupling coefficient therefore easier is 
measure this values and change parameters of the 
inductor (air gaps, winding count) to achieve desired 
values. To measure coupling coefficient both 
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windings must be connect in series and measured total 
inductance of this connection (Fig. 13). This 
inductance can be expressed as follows. 

 1 2 2totalL L L M   . (7) 

If both of inductances is equal (L1=L2=L) then 
mutual inductance can be expressed as: 

 
2

2
totalL L

M


 . (8) 

Coupling coefficient is equal to: 

 
M

k
L

 . (9) 

IV SIMULATION AND ANALYSIS 

There are several implementation methods to build 
multiphase converter from two winding coupled 
inductor. The rule to generate a valid structure is that 
all the transformer lines must form at least a single 
line that includes all phases. Leakage inductance of all 
windings connected in the same phase can be 
considered as a single phase inductance that can help 
to filter the output voltage produced by the ideal 
transformer. 

 
Fig. 14. Centralized structure of the coupled inductor for 4 phases 
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Fig. 15. Closed chain structure of the coupled inductor for 4 phases 

 

Fig. 16. Full matrix structure of the coupled inductor for 4 phases 

Fig. 14, 15, 16 shows different structures to build 4-
phase interleaved converter with coupled inductor. In 
design of the proposed structures important are the 

number of transformers and volt-seconds applied to 
the transformer. The volt-seconds applied to the 
windings of the transformers reflects the way of 
transferring energy. If the energy is transferred more 
than once (centralized and closed chain structure), the 
higher the total losses of the transformer structure. 
From this point of view the best structure is full matrix 
but this structure needs more transformers therefore 
magnetic structure will be expensive with bigger 
volume. Centralized and closed chain structure have 
the same count of coupled inductors but centralized 
structure is not symmetrical so inductance of second 
phase will be larger and it leads to non symmetrical 
current in this phase therefore for closed chain 
structure is selected as most appropriate for particular 
case.  

To assess the per-phase and output current ripple 
PSIM simulation of closed chain structure of coupled 
inductors with parameters equal to the developed 
inductor. In PSIM software is special element that 
simulates coupled inductor, they are connected in 
closed chain structure (Fig. 15) to simulate 4-phase 
interleaved DC-DC converter.   

To view on integrated magnetic impression on 
current ripple reduction objectively magnetic flux 
must be taking in to account. As can bee seen in Fig. 
10 through ferrite core flows magnetic flux that is 
generated by the current difference i1-i2 and DC 
component of current which creates leakage flux. 
Assuming the worst case when both currents of 
coupled inductor is in opposite phase then i1-i2=2ΔI1. 
Taking this into account can be written equation for 
flux density B:  

_ 1
(1 ) / 4 2IN DC

c c

L k I I L
B

NA NA

  
  , (10) 

where N - number of turns; Ac - core cross sectional 
area. 

As can be seen from Eq. 10 flux density through 
core can be significantly reduced if coupling 
coefficient is equal to 1, but increasing of coupling 
coefficient leads to the significant current ripple of 
output current therefore must be find some 
compromise between current ripple and flux density. 

As for the core materials ferrite is used maximum 
flux density is set to 0,35 T. If separate inductors is 
used then 5mm air gap it is necessary to avoid 
saturation, by winding count 50 and the inductance is 
equal to 500 uH. If k=1 then M=L=5,6 mH, very small 
air gap is necessary but additional  inductor is required 
to stay in the continues conduction mode and reduce 
output current ripple, the current regulator must be 
very advanced as current misbalance leads to 
saturation of the core of the transformer. In this case 
to avoid this problems coupling coefficient equal to 
0,85 is selected with inductance of 400 µH.   
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Fig. 17. Per-phase current ripple in 4-phase converter with coupled 
inductors 

Per-phase current ripple of 4-phase interleaved DC-
DC converter with coupled inductors in cyclic cascade 
(Fig. 17) is less than in case with uncoupled inductors 
(Fig. 2). This curve is designed by simulation of the 
converter by different duty cycles, for example as 
displayed in Fig. 18. The form of the current is 
changing by different duty cycles. 

 
Fig. 28. Per-phase current ripple in 4-phase converter with coupled 

inductors, D=0,1 

 
Fig. 19. Output current ripple in 4-phase converter with coupled 

inductors, D=0,125 (max output current ripple) 

Output core ripple in case of coupled inductor (Fig. 
19) is higher than if uncoupled inductor is used (Fig. 
9) and in particular converter is close to the one phase 
case (Fig. 2).  Nevertheless, proposed structure allows 
reducing this current ripples by adding additional 
inductor in each phase or in the output branch to 
achieve desirable level of pulsations of output current.  

V EXPERIMENTAL PROTOTYPE  

 Four coupled inductors is made, they are placed 
on the board and connected in closed chain structure. 
It is necessary to complement with DSP, current 
sensors, MOSFET driver and so on to develop an 
operating interleaved DC-DC converter. Inductor is 
wound on ETD59 coil former, it structure is shown in 

Fig. 3. The central air gap and air gaps of outer legs is 
selected equal to δ=δc=0,5 mm, count of windings is 
30, the measured inductance is L=400 µH, coupling 
coefficient k=0,85. In each phase there is two 
inductors in series. 

 

Fig. 20. Experimental prototype 
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Fig. 21. Phase current, D=0,1 

Fig. 21 shows per-phase current of the experimental 
prototype, it is similar  to the Fig. 18. This means that 
the simulation results are correct. 

VI CONCLUSIONS 

In this paper application of 2-phase coupled 
inductor designed in convenient way by using 
commercially manufactured coil formers and ferrite 
cores is analyzed to developed 4-phase  interleaved 
DC-DC converter. The implementation approaches, 
operational principles and benefits are analyzed in 
detail based on simulation.  

One of the main advantages of interleaved 
converters over single-phase converters is  reduced 
output current ripple but per-phase current ripple 
remains large. Reductions this current ripple can be 
achieved by an integration of magnetics. Therefore 
original structure of two phase coupled inductor is 
proposed, it has constant inductance but moderate by 
air gap coupling coefficient, it can be designed by 
using traditional ETD core former. 

 Different structures of the coupled inductor for 4 
phases DC-DC converter is studied and the closed 
chain structure is selected as the optimal solution. The 
phase and output current ripple in buck mode of the 
interleaving magnetic integrated converter is 
simulated. Simulation shows that per-phase ripple can 
be significantly reduced but output current ripple 
becomes a little bigger. If it is necessary, output 
current ripple can be reduced by using additional 
inductor. 
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Abstract. The growing development of manufacturing, automotive, aerospace and other sectors in the industry 
generates the necessity to continuously expanding on modifications of electrical machinery and equipments which are 
used in them, as well as to improve their performance and reliability. The report presents some results from a study to 
the process of laser cutting through melting on lamellae for rotor and stator packages by using the laser system 
TruLaser 1030. Some functional dependencies are offered between physical quantities describing the cutting process 
by melting and technological parameters aimed providing the quality requirements. With a software TruTops to 
optimize the cutting out are shown the results of studies to determine the technological working time for cutting of a 
concrete stator lamella. 

 
Keywords: laser technology, laser cutting, electrical steel. 

 

I INTRODUCTION 

To contemporary production of new and special 
motors in small series for modern electric cars stay a 
task to find a new technological solution for cutting of 
lamellae by Si-sheet metal for stator and rotor 
packages (fig. 1) [1]. Requirements are: the 
information by the designer quickly and flexibly to be 
carries over to the production equipment with which is 
created and tested new samples.  
 
 

 

 

 

 

 

 

Fig. 1. Lamellae with different geometry 

Such possibility provides the laser technology for 
contour cutting. Extensive specific studies are 
necessary to make for the deployment of such 
innovative task. In recent years, a new generation 
(disk and fiber) lasers appeared [2,3,4]. Laser 

technique and technology are priority aspects in the 
industrial production of the 21st century due to many 
unique and specific features that these lasers have. 
They are very efficient for solving the tasks, as well as 
they provide high performance and flexibility of the 
cutting process. 

Advantages [5] offered by the innovative laser 
technology for cutting of sheet material in the 
automotive industry, are:  

- very high reliability; 
- there is no tool wear – no mechanical action of 

the process; 
- high speed; 
- flexibility and changeovers; 
- processing of lamellae with complex 

configuration because of the possibility of the 
laser radiation to transported by fiber and finely 
to focus in small work spot; 

- a rapid implementation at new constructive 
solutions, shortening the time of execution (from 
creating a new drawing to cutting of lamella with 
new sizes and shapes) ; there is no necessity of 
production a new punching tool, as it stands in 
conventional technology; 

- reducing the tooling costs;  
- reducing the setup times of the technological 

system;  
- lower production costs and higher productivity; 
- high accuracy of the obtained dimensions; 
- good quality (no burrs, a small HAZ, etc.). 
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Laser technological process is due to the thermal 
effect of electromagnetic laser energy absorbed from 
the surface of the material. As indicators for quality to 
substance treatment are presented in the functional 
dependence from: the laser parameters (power density, 
pulse repetition rate, etc.), the parameters of the 
process (speed of displacement to the laser radiation; 
physical and chemically properties of the material [5].  

II CHOICE OF APPROPRIATE LASER SYSTEM 

A suitable choice of laser source is necessary to 
make at solving any particular task.  As for each 
specific cutting process must be noted: 

- characteristics of the laser system (power P of 
laser radiation, cutting speed v, wavelength λ, 
operation mode of the laser source, focal length f 
of focusing system, type and pressure p of the 
gas, shape and diameter of gas nozzle dG, etc.); 

- specifics of interaction of laser radiation with the 
substance (a choice of an appropriate method for 
cutting  – by melting and/or evaporation).  

For example, the parameters of the laser radiation 
have to: 

- be stable through the entire time of the treatment 
process;  

- correspond at selected method used in the 
technological process, as well as at the kind and 
composition of the material, its thickness, the 
surface quality and the complexity of the 
contour;  

- be able to manage and follow during the work. 
It is a matter of fact that the choice of a suitable 

laser system for each concrete technological process is 
a complex issue. 

 
 
 
 
 
 
 

 
 
 
 
 

 
Fig. 2.  Important considerations that should be taken into report 

the choice of laser system for cutting of lamellae 

Along with a number of technological factors that 
should be taken into account, it is necessary to be 
analyzed and economical ones too (fig. 2):  

- investment and production costs; 
- efficiency and productivity, etc. 
Eventually, the quality of production and its 

economical efficiency are determined by the correct 

and optimal selection of these factors and 
considerations that should be well noted and analyzed. 

The aim of the present study is: 
1. Conducting of experimental studies in order to 

give working intervals of the basic 
technological parameters for the qualitative 
cutting of lamellae with technological system 
TruLaser 1030 and disk laser TruDisk 2001 – 
its wavelength is λ =  1,03 μm and power P up 
to 2 000 W. 

2. Cutting of a specific lamella on a sheet material 
of electric metal steel with TruTops program 
under real conditions.  

III METHODS 

In practice, dependent on the laser type, kind of the 
materials and the requirements of the production itself, 
there are well known four methods of laser cutting.  

They are different both, in the essence and the 
character of the ongoing physical process, as well as 
in their capabilities and specific purpose.  

Sublimation laser cutting 

Removing the material from the lamella by laser 
cutting through sublimation is performed by direct 
evaporation of the substance from the area of impact 
[6]. Higher power densities are required – about (1011 
÷ 1012) W/m2, in order to realize this cutting process. 
Basically high power fiber lasers are used. In a single 
scan of the laser beam along the contour depth of cut 
in the material is several tens of micrometers. 

Several scans along the same contour should be 
done to realize this method when cutting thicker 
materials. Although in our case the task is cutting of 
lamellas with thickness 0,35 mm and 0,50 mm, this 
method is not preferred – the results are in good 
quality, but the cost of technological equipment is 
quite high as compared with that of disk lasers.  

Oxygen laser cutting 

In this cutting method simultaneously with the laser 
radiation, oxygen is served in the treatment zone 
through a nozzle [7, 8]. 

There occurs an exothermic reaction of combustion 
with the release of a large amount of heat, as opposed 
to the previous method. Heat energy and the energy of 
laser radiation assisted melting of the material and 
ultimately accelerated the cutting process, so it is used 
for the processing of significantly thicker steel sheets. 
That allows passing the method of oxygen laser 
cutting with lower power densities (about 109 W/m2). 
Disadvantages of the method: treatment zone and 
HAZ are considerably larger comparing to 
conventional methods. And in the case of the task the 
method is also unsuitable. 



 
 

Lyubomir Lazov, et al./ Environment. Technology. Resources, (2015), Volume I, 96-101 
 

 
 

98 
 

Laser cutting with water jet 

The specificity of the method is that the laser beam 
enters along the axis of a thin water jet into the 
treatment area [9]. In the water jet the beam has total 
internal reflection as in a fiber. Subsidiary reagent is 
no added in the processing zone as it could lead to 
objectionable impacts on the surface treatment of the 
material – the electrical steel. An additional 
specialized aggregate needs to be included in order to 
provide a water pressure up to 500 bar and a flow rate 
V = (5 ÷ 75) ml/min. 

Laser cutting by melting 

In laser cutting by melting in the processing area 
are reached temperatures higher than the melting 
temperature Т ≥ Тm  of a given material. 

The formed melt is discharged from the cutting 
zone as the influence of steam raising pressure and the 
gaseous stream – for example nitrogen gas under 
pressure up to 24 bar [10]. In our experiments the 
technological system TruLaser 1030 with a built-in 
disc laser TruDisk 2001 provides output power up to 
2000 W sufficient to realize the laser cutting process 
by melting. Technological parameters and 
characteristics of the system are referred to in our 
previous publications [11, 12]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 3. Principle schema for a laser cutting system 

A principle schema for a technological laser system 
is shown on fig. 3. In it are included the following 
basic modules:  

- laser source TruDisk 2001 of  Trumpf company 
[]; 

- supply block (26 kVA);  remote system;  cooler 
system; 

- working table; 
- cutting head for moving along x, y and z axis; 

- an optical cable for laser beam transporting to 
the working table; 

- focusing system; 
- auxiliary gas supply system – nitrogen. 

IV RESULTS AND DISCUSSION 

According to the chosen method, experiments to 
determine the optimal operating ranges of 
technological parameters (P, v, Δf and p) are carried 
out as well as analyze their affects on the width b and 
the cutting quality on samples from electrical steel 
sheet M250-35A and M530-50A [13, 14]. 

An essential part of the experiments was oriented to 
study the impact of the technological parameters (laser 
power P, cutting speed v and gas pressure p) on α – 
the angle of divergence on the wall of the cut (fig. 4).  

 
 
 
 
 
 
 
 

 
 
 
 

Fig. 4. An angle α defining deviation from parallelisms of the walls 
through cutting 

Changing the power P of laser radiation in the 
range of 400 W to 2 000 W at the cutting speed v = 14 
m/min on samples of steel sheet with 0,35 mm 
thickness leads to change  Δα ~ 1,4 º (fig. 5). 

 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 5. A chart of dependence α = α (P) at cutting speed v = 14 
m/min on samples of M250-35A 

Similar graphs of the relation α = α (P) were 
obtained when cutting specimens M530-50A at speeds 
v = (4, 8, 20) m/min. 

To study the relationship α = α (v) the cutting speed 
is varied in the range v = (20 ± 60) m/min, 
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respectively at constant power P = (500, 1 000, 2 000) 
W and pressure р of the working gas. 

 

 
Fig. 6. A graph of experimental dependence α = α (v) for samples of 

M530-50A at power P = 2 000 W 

In the studied diapason of speeds the alteration of 
inclination angle α is very small Δα = 0,5 º (fig.6). 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 7. A graph of experimental relationship α = α (p) when cutting 
the samples of M530-50A; the power P = 2 000 W and speed v = 50 

m/min are constant 

The pressure of auxiliary gas-nitrogen is varied in 
the range p = (4÷ 20) bar with step  Δp = 2 bar when 
studying the dependence α = α (p), in the set of 
experiments (fig. 7). The obtained results indicate that 
in the interval from 4 bar to 20 bar as the variable Δα 
is ~1 º for samples with thickness 0,35 mm and 0,50 
mm. 

The relationships b = b(P) and b = b(v) for sheet 
electrical steel M250-35A and M530-50A, are studied 
in a series of experiments with a special developed 
methodology. Results are described in detail at our 
papers [11, 12]. Analysis shows that the amendment 
of power P and speed v does not substantially alter the 
geometry of the cut (the width b of upper and lower 
surface of the lamella). 

For example: The rapidity, with which is being 
amended width of the cut as the entrance Δbenter and 
the exit Δbexit in function of power P = (400 ÷ 2000) 

W, has many small values, respectively: at the 
entrance ∆benter / ∆Р = 0,0081 μm/W; at the exit  ∆bexit 
/ ∆Р = 0,0061 μm/W (fig. 8). 

 
 
 
 
 
 
 
 
 
 

 
 

Fig.8. Experimental dependences benter = benter(P) and bexit= bexit (P) 
at cutting with speed v = 20 m/min 

It is not established significant change of the cutting 
width b on the entrance and exit when altered the 
cutting speed v in the range (20 ÷ 60) m/min. Average 
values of cutting width in the studied range of speeds 
are as follows: М250-35А – benter = (262 ± 5)μm; bexit 
= (173 ± 5)μm; за М530-50А – benter = (273 ± 5)μm; 
bexit = (168 ± 5)μm (fig. 9). 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 9 Graphics of experimental relationships benter = benter(v) and 

bexit= bexit (v) at constant power Р = 1000 W 

Cutting quality in studied experiment series are 
evaluated by using optic observations of the treatment 
areas. 

Operating intervals for the studied technological 
parameters P and v are defined when cutting of 
lamellas with good quality: 

- Laser power Р = (1 000 W ÷ 1 400 W) at 
constant speed v = 20 m/min (fig. 10); 

- Cutting speed v = (20 ÷ 30) m/min and power Р 
= 1 000 W; as well as v = (20 ÷ 50) m/min and 
power Р =  2 000 W (fig. 11). 
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Fig. 10. A cutting section at P = 1 200 W and v = 20 m/min on 

samples of width 0,50 mm 

 

 

 

 

 

 

 

 
Fig. 11 A section of cut at P = 1 000 W and v = 20 m/min of 

samples with 0,35 mm 

 
Program control of the process 
An optimization for specific cutting is done by 

software TruTops when using preliminary engineering 
theoretical and experimental results in the examination 
of the cutting g process through melt of stator lamella.  

Nowadays the program management of the laser 
processes has been developing very fast.A software 
controls the movement of the focal spot on a given 
path to the working surface, as well as adjusts the 
power of laser radiation and gas supplies. Measured 
values are recognized by special sensors that 
controlled the laser process.  

The optimization of the laser power and cutting 
speed during the laser process is one of the biggest 
challenges to managing the laser processes. For 
example the laser power and cutting speed have to 
decrease when there is a motion on complicated 
contour. In some cases on complex contours the laser 
beam must be switched off for a split second and then 
be switched on again.   At that time the cutting head 
must be moved with high speed over the material 
surface from a one point to a new position. A set of 
programs for process control in the laser technological 
system are created for optimization of the cutting. 

Programs automatically calculated the best path on 
which the laser beam has to move as the sequence of 
scan individual elements (lamellas) in cutting is given, 
as well as the starting position for cutting each 
element. The program should be taken into account 
these values of speeds that are suitable for cutting of 
curves and angles. This is a comprehensive strategy 
which must be well thought out and planned. 

Control command module of the technological 
system consists of three groups with included 
information data: 
А) constructive design – a special design of the 

lamella is drawn in CAD module which is written in 
the specific track under GEO format;  
Б) parameters of the sheet material – the geometry 

of sheet material (4 000 x 1 000 x 0,50), its thickness 
and type, surface condition (in our case the varnish 
holding is type C), optimization function for cutting 
(cropping as much as possible details with minimal 
waste), route (fig. 12), etc.;  
В) laser technological parameters of the cutting 

process: power P, W; speed v, m/min; focal length f, 
mm; focus position Δf, mm; pressure p, bar; auxiliary 
gas (nitrogen), etc. 

 
 
 
 
 
 
 

 

Fig. 12 A cutting route of as stator lamella 

29,02 min is the measured time for cutting of 36 
stator lamellas with smooth and pure edges and 45,24 
min – for 58 lamellas (fig. 13). 

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 13 Optimization cutting of sheet material for 36 and 58 stator 

lamellae 

Based on final results, technological tables are 
prepared using TruTops software. The technological 
tables consist of database. They are made for every 

50 μm 

50 μm 
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kind of material according to its thickness. The 
optimal values of laser parameters for the particular 
technological process as laser power, cutting speed, 
the type and contour size, focal length, etc., are 
included in these tables. Any technological table has a 
separate number and previously is inserted in the 
machine databases. It could be queried and updated at 
any time. Only an individual technological table is 
taken when the process is programmed by the 
operator. During the process the machine management 
automatically takes the necessary values from the 
table. 

Using these data, the machine operator can quickly 
reach the optimal working parameters for the quality 
cutting of lamellas by electrical steel. 

V CONCLUSION 

Implementation of the method of laser cutting of 
thin materials from electrical steel for achieving 
higher quality in manufacturing process of electric 
motors is a cause for increasing in the competitiveness 
of SMSs in Bulgaria and Latvia. 

The positive economic and social effect by the 
introduction of such innovative laser technologies has 
been connected not only with increasing of the 
production, but also they created new technological 
areas, opened new horizons and thereby a large 
number of jobs; as it leads to improve quality and 
increase the competitiveness of the products on world 
markets; intellectualization of the engineering work, 
resulting in improved working conditions, while 
increasing the educational level of working staff and 

ultimately increases the standard of living in countries 
applying innovative solutions and procedures. 
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Abstract. In recent years, conventional techniques of marking on some parts of different work pieces, as well as on 

packages with color printing are increasingly being displaced by laser color marking. Colored marking of stainless 
steel could be realized by the process annealing. The advantages offered by the new technology are in greater 
accuracy, speed, flexibility and high amount of recorded information per unit area (bar and matrix codes). In the 
report are discussed and analyzed the factors influencing on the specific to the process of laser color marking at the 
products of CrNi steel.  The study was conducted using a commercially available industrial pulsed fiber laser. 
Presents the results of the measurements and analysis of the influence of laser process parameters on the color 
contrasting obtained. In this case, the relevant parameter, the field of high frequencies and low pulse energy were 
examined. The present thesis describes studies a properties of the laser radiation, such as, pulse width, average power, 
the intensity and beam diameter. 

Keywords: laser, marking, color lettering of stainless steel. 
 

I INTRODUCTION 

Modern solid-state Q-switched lasers generate a 
powerful pulses with a repetition rate of tens of kHz. 
The average radiation power value of tens of watts, 
provides P ~ 108 W / cm2 power density in the area of 
processing. This allows to use solid-state lasers for 
marking metals, refractory alloys and steels, hard 
ceramics in various industries. The laser marking is a 
modification of the material surface. It causes local 
heating, melting and partial evaporation of the 
material in the limited spot size field.  

The most common method for color marking on 
metal surfaces are termoprinting, emulsion coating, 
powder coating or electrolytic oxidation techniques. 
The disadvantages of these methods can be noted that 
during operation they have a low degree of durability, 
color fading over time, etc. The method of electrolytic 
oxidation does not allow simultaneous labeling with 
several colors on the surface.  

Mechanism of coloring marking on plastic 
materials   is based on major four principles: bubbling; 
condensation; carbonization; chemical change. 

Laser color marking on metals appeared about 15 
years ago. Compared to other methods, laser color 
marking is the fastest and cheapest way of color 
marking on metal surface. But it have not found wide 
application in practice. The reason can be found in 
quite complicated implementation, time-consuming 
and not quite often repeatable results. 

The two main problems that researchers must solve 
at this stage is reproducibility and process stability. 
Often, experimentally determined parameters required 

to obtain a specific color on one system, do not give a 
positive result for other systems, even very similar to 
the same model. In the literature are articles that 
describes this process, but there is still a lack of 
information about what extent and which of the 
process parameters have an impact on the 
reproducibility of the created colors. 

II  LASER COLORING MARKING PRINCIPLE 

To be successful conditions for the emergence color 
marking, there are several parameters to be optimized 
for all solid-state lasers used for marking: frequency 
and pulse width, power density, the layout of the 
intensity over the cross-section of the beam, etc. It is 
known that for lasers such as lamp-pumped, the 
optimal frequency range for labeling metals is           
2-5 kHz, and the use of such frequencies in Fiber laser 
are impossible. If, try to compare different modes of 
laser marking systems at the same power, we will not 
get correct result, as the time and energy 
characteristics of the pulses are different, not 
mentioning the significant differences of the spatial 
characteristics of radiation. 

 Colour marking can be obtained with diode and 
lamp-pumped lasers. However, this effect is not stable 
("floating") and difficult to reproduce. Constancy 
integrated zone temperature laser action is probably 
necessary condition Table 1, but for the better effect 
of color marking specific conditions are required that 
are related to the spatio-temporal characteristics of the 
laser radiation and its stability. It is these conditions 
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are fulfilled in Fiber-lasers that successfully 
determined the possibility of color coding. 

In the literature are mentioned two methods for 
color laser marking on metal surfaces:  

 - The first utilizes a laser as a heat source, which 
covers metal surface with transparent or 
semitransparent oxide film. [1, 2, 3, 4, 5]. Illuminating 
surface with white light, radiation is reflected from the 
upper and lower oxide layer. As a result, the 
phenomenon of interference (superposition) of the 
reflected rays turns light effect, which is perceived by 
sight. The thickness of the oxide layer [6] and are 
determined by the coefficient of the refractive index 
into color spectrum. 

TABLE 1. 

PROCESS OF HEAT TREATING (TEMPERING) OF STAINLESS STEEL 

 
- Second method, colors on the surface of various 

metals are created by the laser-induced periodic 
surface structures (LIPSS), known as “laser-induced 
ripples,” by the femtoor and picosecond lasers [7, 8] 
(fig.1) .  

At the moment, there is an increasing trend to look 
for scientific and engineering and technological 
solutions to improve the capabilities of these 
technologies and related systems for color marking. 
Today, for commerciall marking there are available 
laser systems with stable parameters. For a real 
implementation of this method in the industry 
identification of process control parameters and 
articulation of scientifically-based physical 
representations are needed. 
 

 
Fig. 1. 3-D image of laser induced periodic surface structures 

(LIPSS) on material LSM 

III EXPERIMENT DETAILS 

The study was conducted on industrial laser 
marking system „DFL Ventus Marker II “ Firma ACI 
(fig.2)  Yb: Fiber laser wavelength λ = 1062 nm, with 
average output power P = 20 W, pulse peak power 
Pimax = 12kW, beam quality factor M² = 1,32, pulse 
duration  τ - variable, pulse frequency  ν = 1-1000kHz. 

 
 
 
 
 
 
 
 

 
 
 

 

Fig. 2.  Laser marking system „DFL Ventus Marker II “  
Firma  ACI 

For a deviation of the laser beam is used in the 
scanner system. The galvanometric mirrors deviate 
(deflected) the beam and the F-Theta lens (LINOS 
type 4401-305-000-21) with a 160 mm focal length 
focused the laser beam (X, Y-axes) on working 
surface. The beam diameter at the focal point was 
approximately 61 μm. One an adjustable (Z-axis) table 
used to placed to the marking samples. An external 
distance sensor allowed the displacement of the 
sample in the Z-axis to be measured with an accuracy 
of 10 μm.  A block diagram of the experimental is 
shown in Fig. 3. 

Color visually Color Temperature  0C 

 white yellow 200 

 straw yellow 220 

 golden yellow 230 

 yellow brown 240 

 brownish red 250 

 red 260 

 magenta 270 

 violet 280 

 dark blue 290 

 cornflower blue 300 

 light blue 320 

 bluegrey 340 

 gray 360 
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Fig. 3. Block diagram of the experimental system 

Tests were carried out on plates made of the most 
commonly used type of stainless steel alloys. The 
chemical composition of the samples 12Х18Н10Т is 
(71% Fe; 0,12% C; 18% Cr; 10% Ni, 2% Mn,       
0,8% Si,…) [9][10]. 
Тhe samples of stainless steel with dimensions of 

100 × 100 mm and thickness of 1 mm. Before the 
experiment, the plates were washed with isopropyl 
alcohol in an ultrasonic cleaner. The samples were 
marked in atmospheric air. 

The tested plates contained up to 81 fields with 
dimensions of 6 × 6 mm and about 1 mm interval 
between successive rows and columns. Each tested 
field corresponded to a different set of process 
parameters (laser fluence). The tests were conducted 
for the experimentally determined range of parameters 
(presented in Table 2). 

TABLE 2.  

PARAMETERS SELECTED FOR TESTING OF LASER COLOR MARKING 

 
Due to the vast number of parameters, experiments 

were designed in a manner to keep several parameters 
constant while adjusting the others and thus 
establishing the effect of the processing parameters 
individually. 

A test fields be filled by the method of the raster 
marking (the principle of sequential line scanning) 
(fig.4) with an option for variable pitch dy = 10 µm. Аt 
diameter of work spot 62 µm any line would overlap 
about 83%. 

Working ranges for power and processing speed 
were selected from preliminary experiments. The 
speed range of 50 to 650 mm/s was selected for 

research from available scanner speeds (10 - 2000 
mm/s). The average power working range of 5 W to 
13 W was selected accordingly. The frequency was 
changed in a range of 100 kHz to 715 kHz with a 
corresponding pulse width. The Table 3 are presented 
the data for puls frequency v, puls duration τ, puls 
energy Ei which were conducted experimental studies.  

 

 
Fig. 4.    Тhe method of the raster marking 

TABLE 3.  

SUMMARIZED DATA FOR PULS FREQUENCY, PULS DURATION AND 

PULS ENERGY USED IN THE EXPERIMENT 

v,  kHz τ,  ns Ei, µJ 

20 320 1000 

25 221 800 

32 144 630 

41 100 490 

76 36 260 

123 20 160 

215 13 90 

500 5 40 

715 3 30 

 
In order to optimize the laser coloring process can 

adjust the pulse width, repetition rate, average power 
and scanning velocity. Further, the combinations of 
these parameters produce different pulse energies and 
peak powers. The peak power Pimax during a square 
pulse can be calculated by 

Pimax = P / τ v 

Pimax = Ep / τ 
in which P is the average power [W],   
               τ - the pulse width [s],  
                v - the pulse repetition rate [Hz], 
               Ep - the pulse energy [J].  
The pulse energy can be calculated by 

Ep = P/ v 
 

 

Average laser power P [W]  10–64 in steps of 5 

Speed of scanning V [mm/s] 10–633 in steps of 78 

Pulse repetition rate PRR [kHz] 395 

Hatching h [μm] 10 

(1) 

(2) 

(3) 
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Fig. 5. Сpectrograms of the 4 sample processed with different regimes 

 
Objective change of color was carried under various 

technological processing modes with a help of 
spectrophotometer “Shimadzu MCP-2200 UV-Vis-
NIR”. Тhe measurements (was taken) were realized in 
the wavelength range from 300 nm to 900 nm. The 
spectrograms of 4 of the examined samples can be 
seen on fig. 5. Regimes for their treatment are listed in 
Table 3. 

TABLE 4.  

THE SAMPLES AND REGIMES OF PROCESSING 

 
 

The software used to control the spectrometer  
enables operation on several color spaces. For 
colorimetric identification, one of the most useful 
color spaces, the CIE L*a*b*, was used. It enables 
color difference to be easily evaluated. CIE L*a*b* 
(CIELAB) is the most complete[citation needed] color 
space specified by the International Commission on 
Illumination (French Commission internationale de 
l'éclairage). It describes all the colors visible to the 
human eye and was created to serve as a device-
independent model to be used as a reference. In the  
Lab color space is separated from the value of the 
lightness values of chromatic color component (hue, 
saturation). The three coordinates of CIELAB 
represent the lightness of the color (L* = 0 yields 
black and L* = 100 indicates diffuse white; specular 
white may be higher), its position between 

red/magenta and green (a*, negative values indicate 
green while positive values indicate magenta) and its 
position between yellow and blue (b*, negative values 
indicate blue and positive values indicate yellow). 

Its unit vector is approximately identical to the 
color resolution of the human eye. 

IV  RESULTS 

Parameters ν (frequency) and τ (pulse width) 
provide intensive effect of radiation to the material 
while minimizing its overall warming. 

Strict coincidence in naming colors and in fixing 
temperatures is not observed. After all, qualitative 
assessment of color is purely subjective task. Above 
all, duration of heating has significant impact on 
getting one heat tint (temper) color or another. The 
color of iron turning blue at temperature much lower 
than the one expected to be necessary to cause even 
straw yellow coloration can be caused by a more or 
less lengthy processing. Similarly, the straw yellow 
coating on iron-steel products can be caused by 
holding the latter for necessary number of minutes at 
temperature several tens of degrees lower than than 
indicated in Table 1 (220°). 

Oxide films depending on their thickness on metals 
are commonly subdivided into thin (invisible) with a 
thickness of 40 nm, medium (visible as heat tint) with 
a thickness of 40-500 nm, and thick (visible) with a 
thickness of more than 500 nm. 
Аs seen by research findings  (fig.6) certain integral 

heating characteristic which takes into account the 
sample surface temperature T (Nх) generated by 
theaction of pulses train and total heating time tx,y 
must be the parameter which characterizes the 
formation of oxide films with different structures and 
colors. This resembles Bunsen-Roscoe law (in 
photochemistry): amount of product of photochemical 
reaction is determined by total amount of energy of 
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incident radiation, i.e., product of power of radiation 
and time of action, or generalized parameter - 
exposure (amount of lighting). In addition, 
photochemical effect does not change for various 
values of generalized parameter. 

The made a series of experiments at v = 215 kHz;   
τ = 13ns and v = 715 kHz; τ = 3ns have shown that  
each color corresponds to a value of an integral 
temperature which is in narrow range for wide change 
of mode parameters (power, speed, pulse frequency 
and width) fig. 7a,b. 

According our results of experiments the specific 
form of chosen function for laser coloring is well 
described by the semiempirical temperature-time 
combination the function F.  

F = T(Nx) . tx,y 

where tx,y is the action time,  T(Nx)- the temperature 
of metal surface.  

 
The action time tx,y can be calculated on the basis of 

the following formula  

v
Nd

NNt yxyx
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where Nx, Ny are the amounts of pulses in the focus 
region taking into account the overlap on х and y axes, 
v is the scanning speed, d - diameter of working spot, 
mm, N is the resolution (lines by 1 mm) 

 
The temperature of metal surface Т(Nх) upon laser 

irradiation with the series of Nх pulses the following 
formula can be attained [11] 
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where q0 is the density of radiation power; τ - the 
pulse duration; v - the repetition rate; Т0 - the initial 
sample temperature; R - the reflectivity on λ = 1,06 
μm; k - the material thermal conduction; a is the 
material thermal diffusivity.  

Research suggested that change of the parameter of 
function F characterizes the order of occurrence of 
colors upon the laser coloring, which is also 
confirmed by other authors [12]. 

According to thermodynamic calculations in 
research, the most probable is formation of 
compounds of iron and chromium with oxygen in the 
process of interaction between steel and atmosphere 
during laser heating, as the magnitude of the Gibbs 
energy in temperature range of (298-1000)K is 
significantly lower than needed for compounds with 
nitrogen, carbon or water. According to results of 
calculations, multicomponent film with phase 
composition of Fe2O3, CrO2, NiO is formed in the 
atmosphere while heating surface of stainless steel up 
to 700 K.  

  
Fig. 6.  The influence of average power P and scanning speed v of 

the sample on the color marking,  v = 395 kHz, τ = 7.10-9 s 

TABLE 5. 
THE SAMPLES AND REGIMES OF PROCESSING 

 
This fact is confirmed in our experimental results. 

From the components of the atmosphere we found 
only oxygen during energy-dispersive X-ray 
spectroscopy analysis with scanning electron 
microscope (SEM) TESCAN-VEGA LMU II. 
Investigation of thin films structure was performed on 
x-ray difractometer SmartLab RIGAKU with Cu-Kα 
radiation (λ = 1,543 Ǻ) operated at an acceleration 
voltage of 40 kV and an emission current of            
150 mA. Bragg - Brentano focusing optic wavelength 
with a primary monochromator was used. 

Mass fraction ω(Х) of each component of stainless 
steel for an unprocessed surface of stainless steel as 
well as for colored films after laser heating up to 
certain temperature is shown in the Table 5. 

 
 

Elements Weight % 
 Metal  

12Х18Н10Т 

Metal 12Х18Н10Т surface  

of the test sample 
 GOST  

5632-72 

(EN - 1.4878) 

Unproces

sed surface 

Treated 

surface 

50% 

Treated 

surface 

26% 

O 
oxygen -- -- 5,70 9,05 

Cr 
chrome 17,0 – 19,0 19,16 15,68 17,33 

Fe 
iron Basic 70,87 69,44 64,40 

Ni 
nickel 9,0 - 11,0 7,72 7,77 7,86 

Mn 
manganese ˂ 2,0 2,25 1,41 1,37 

Si 
silicon ˂ 0,8    

(4) 

(5) 

(6)
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Fig. 7. The influence of average power P and scanning speed v of 
the color marking: 

a) v = 215 kHz, τ = 13.10-9 s 
b) v = 715 kHz, τ = 7.10-9 s 

V CONCLUSION 

The research of interaction of nanosecond duration 
laser radiation with surface of stainless steel was 
conducted in this work. As a result, empirical tables of 
dependencies between colors formed by engraving 
and laser radiation parameters with help of which it is 
possible to program obtaining quite complex colored 
images were set up for given stainless steel specimens. 

The research of phase composition of surface and its 
structure confirmed presence of oxide films and 
showed that quite complex periodic surface structure 
and layers of various thickness form by virtue of 
pulsed nature of radiation caused by exposure. In 
order to ascertain this complex process there is a need 
for further research with application of other types of 
lasers and other technological parameters. 

The technology of laser color marking of metal 
surfaces which allows to change their optical 
properties in visible range can be applied in metal 
coloring when obtaining a durable high resolution 
image is needed with help of contactless effect on 
material (advertising business, jewelry production, 
machine manufacturing). It can also be used 
successfully as a mean of protection against corrosion.  
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Abstract. Different methods for laser marking are systematized and discussed in the paper. Today in the practice 

there are many different methods that could be used to realise high quality on the workpiece of various materials with 
various shapes. Some materials could be marked only by marking or engraving without special requirements and 
difficulty, while for other materials one can choose the concrete method about the kind of material, marking type, and 
the specific needs of the production process and the geometry of detail. This makes it necessary to know, to summarise 
and systematize in a database all methods for particular lasers and materials, in order to quickly and flexibly respond 
to the specific needs of each customer by the manufacturies on marking systems. The report studies the specific 
opportunities and fields of applications of different methods for marking with laser. 

 
Keywords: laser marking, methods. 
 

I INTRODUCTION 

In recent years the process of laser marking is used 
to perform automated reading of information plotted 
on a given part and written as alphanumeric or coded 
as bar and matrix codes of individual components or 
products [1, 2, 3, 4]. The marked parts and details 
containing coded information which can be read 
automatically enable them to be monitored during the 
manufactoring process and throughout the supply 
chain (fig. 1). It is ideal when looking for service parts 
and repairs or putting in a claim, as well as being able 
to contribute to accountability and ensuring guarantee.  

In many branches of industry the method of „Direct 
Marking on the Product” (DPM) is used to allow 
identification of the final industrial product. 
Ordinarily, the usage of DPM is preferred over other 
methods such as labeling of products. However, the 
physical characteristics and makeup of the part can 
also result in marking issues for manufacturers. 
 
 
 
 
 
 
 
 
 

 
 

Fig. 1. Laser marking of parts with different codes 

 
 
 

Today in automotive and aerospace industries, 
mechanical engineering, etc., the most common 
technologies used for DPM are laser marking, 
continuous ink jet printing, dot peening and 
electrochemical etching [5, 6]. When selecting one of 
these marking technologies it is necessary to focus on 
the type of material, the flexibility of the process, the 
financial cost, the process speed, the productivity and 
ability to automate the process of marking. In making 
a decision on the marking of some product except the 
choosing type of code and its content, it is also 
important to evaluate and select the best marking 
method – view table 1 and table 2.  

TABLE 1  

A COMPARISON BETWEEN THE DIFFERENT TECHNOLOGIES AND 

MATERIALS SUITABLE FOR MARKING 

 
TABLE 2  

A COMPARATIVE ANALYSIS BETWEEN MARKING TECHNOLOGIES 

BASED ON SEVERAL FACTORS 
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II LASER MARKING 

The process of laser marking is one of the most 
widespread industrial applications of lasers. It can be 
implemented through different physical processes by 
interaction of laser beam with the substrate – fig. 2. 
Different types of lasers and optical delivery systems 
for transportations, focus locked, and deviation of the 
beam are used by laser marking systems to mark 
metals, ceramics, glass, plastics, leather, wood and 
other different kinds of materials. Laser marking is 
mostly in the form of an alphanumeric and 2D Data 
Matrix code affixed on the surface of the product, 
containing some information about the date of 
manufacture, serial number etc. [7, 8, 9, 10].  

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Fig. 2. Physical processes in laser marking on metals 

Laser marking compared with traditional techniques 
for marking has not only a higher quality and 
flexibility of the process, but also it allows the 
introduction of automation and integration within 
production process. The main advantages of various 
types of laser techniques for marking are [2, 11]: 

- durable process; 
- non-contact technology; 
- precise beam focusing; 
- high speed machining;  
- high contrast and quality of the treatment; 
- high productivity and low operation cost; 
- good accessibility, even if the surface is 

irregularly shaped; 
- easy automation and integration in the 

manufacturing process; 
- prompt localization of laser energy to the 

workpiece; 
- high reproducibility; 
- environmental technology. 

Depending on the absorbed energy and the reaction 
time thermal processing is distinguished from cold 
treatment (UV). 

Photons with high energy (UV) can realize the so-
called "cold treatment", as well as they may cause 

some cuts in the material by breaking the chemical 
bonds within the organic material, or separate a given 
material in some parts, without having a thermal 
process in the treatment zone. Laser marking by “cold 
processing” is a specific process that implements 
material removal without causing any thermal effect 
of the areas around cuts, i.e., no thermal damage or 
heat deformation, etc. effect. For example, in the 
industrial electronics using an excimer laser a material 
may be removed by a thin layer deposited on a 
backing of semiconductor matter. 

The thermal method is based on the absorption of 
electromagnetic energy of the laser radiation from the 
sample surface and its transformation into thermal 
energy. The temperature in the treatment zone is 
increased and it is possible to realize physical 
processes such as heating, melting, vaporization, etc. 
in the area of the marking. As a result of the 
interaction marking can be achieved by layers 
deposited on the base material as well as the surface. 
The thermal laser processing for marking is divided 
into two groups - laser marking and laser engraving:  

Laser marking? 
"Laser marking" means a marking or labeling of 

details and materials with a laser beam. In this respect, 
there are various processes of implementation, such as 
removing of substance, coloring, annealing, foaming, 
etc. Depending on the material and requirement for 
the quality, each of these procedures has its own 
advantages and disadvantages. 

Laser engraving? 
During laser engraving, the surface of the 

workpiece is melted and evaporated. Therefore, the 
laser beam removes the material. So the result 
obtained on the surface is the "engraving".  

III TYPES OF LASER MARKING 

There are several ways of the realization of laser 
marking on the surface of products: Raster Marking, 
Vector Marking and Marking using a Mask. 

A. Raster Marking 

The principle is similar to a dot matrix printer, with 
the particularity that here the working tool is the laser 
beam (fig. 3). The raster marking is primarily used in 
cases where it is necessary to affix mainly textual 
information at high speed. Rarely, it is used for 
drawing images (photos/logos), i.e., where there is no 
need for high quality and high volume of information. 

 
Fig. 3. Raster marking 
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B. Vector Marking 

This is the most widespread method of laser 
marking. This is the most flexible method for marking 
with which various applications almost anywhere in 
the industry that require making of numerical codes, 
bar codes, 2D codes, logos and almost any other kind 
of a desirable marking can be realized. The beam is 
focused onto the workpiece via an optical system 
(lenses and mirrors), whose management is controlled 
by a sophisticated computer program. Using special 
software, a computer controls mirrors of the 
galvanometer. The marking is made by directing the 
beam in directions x and y onto the working area (fig. 
4). The beam deflection method can transmit a high 
density of information. The position of the laser beam 
and its focus can be changed in order to implement 
exactly the preset image without distortions or 
deviations. In accordance to the needs of the user, the 
new image is started easily by the software and the 
passing to marking can take away only some seconds. 
The most commonly used lasers for this method are in 
continuous mode. 

 
Fig. 4 Vector marking 

Methods a) and b) can be implemented successfully 
as well as systems of plotter and such incorporating 
scanner fig. 5. 

 
Fig.5.  a)   plotter system   b) scanner system 

A. Projection Marking Using a Mask 
A laser beam passes through a mask (template). The 

beam is designed by an optical system on the working 
area – fig. 6. The method allows the mask to be used 
repeatedly, thereby the processing parameters are not 
changed. Receiving time of the image is very short 
because it works in pulsed mode of the laser. 
Disadvantage of the projection method is that for each 
new task a new mask has to be prepared, i.e., lacking 
flexibility; more time and resources to make new 

mask are necessary; time lost on another selection of 
appropriate technological parameters. 
 

 

 

 

 

 

 

 
 
 

Fig. 6. Projection marking 
 

Comparing the three marking types, it is concluded 
that: 
• marking speed: the projection method for marking 
using mask is the highest-speed – per second up to 
several tens of marks. This is due to the fact that 
marking is made in pulse mode as the duration of laser 
pulses is within the range of microsecond μs to 
nanosecond ns. During the marking it is not necessary 
to stop the movement of the specimen. 
• working area:  A) and B) methods provide 
significantly bigger working area of the marking. By 
mask marking the marking area is very small because 
the diameter of beam spot is with limited sizes, as well 
as the energy per pulse on the mask is restricted, too. 
• flexibility: for the projection method to produce each 
new mark a new mask is required. The production of a 
mask requires a lot of time. Therefore, the projection 
method is more suitable for manufacturing of large 
series without any change in the patterns. In beam 
deflected marking, the patterns are produced by 
software. Thus, it is highly flexible to change patterns. 
• investment cost: investments for the realization of 
the methods A) and B) are higher, as the system for 
scanning and deflection of the beam is more 
expensive.  

IV MARKING METHODS IN LASER MARKING 

TECHNOLOGIES 

The marking processes include one or a 
combination of the following: 

• forming a channel with a smallish depth into the 
material by evaporation; 

• a modification of the surface by melting and a 
subsequent solidification; 

• changing the colors in the material; 
• physical modification of the layers piled on the 

material surface; 
• etc. 
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REMOVING THE SURFACE LAYER 
During the impact, the laser beam removes the 

coatings previously insisted onto the substrate (fig. 7). 
As a result, contrast is obtained between the substrate 
and the colors of the coating. Most often used 
materials to be plotted onto the surface are: special 
foils, films, laminates, anodized aluminum or coating 
of other metals. 

 
 

Fig. 7. A schema of removing the surface layer 

LASER ENGRAVING 
For implementation of laser engraving it is 

necessary for material to absorb a larger amount of 
energy in the zone of the processing than when 
implementing laser marking. Removal of material by 
evaporation occurs in the process. With this method, 
engraved channel is obtained in the specimen (fig. 8) 
similar to that which arises as a marking in the method 
of the electrochemical etching. The main advantage of 
this laser marking method is that it can be done at high 
speed. Although this method appears to be the most 
vigorous laser marking technique, it can not be seen 
coloring the treatment zone as a result of the 
interaction. Like laser etching, direct laser engraving 
can be easily determined by touch or low power 
microscope (10X) magnification. Laser engraving is 
not recommended for use on parts with thickness less 
than 2,5 mm.  

 
 
 
 
 
 
 
 
 

 
 

Fig. 8. A scheme of formation of a channel in the material under the 
action of laser radiation 

LASER THERMAL BONDING 
Laser thermal bonding is a process realized by an 

additional material which under the heat influence 
generated from laser impact is coupled with the base 
material (fig. 9). Fine glass powder or crushed metal 
oxides mixed with inorganic pigments or a liquid 
carrier (typically water) are primarily used as additive 

materials. The pigment can be applied by brush or 
sprayed directly onto the surface. 

When using laser bonding, it is possible to transfer 
the coating to be implemented with a pad printer, a 
screen printer or a roller. For this process adhesive 
tape with plotting on the additional material is often 
used. 

 
 
 
 
 
 
 

 
Fig.9. Material fused on a surface using the laser thermal bonding 

process 

LASER SURFACE MODIFICATION 
Laser surface modification by melting and diffusion 

is done by some material preliminarily deposited onto 
the surface (fig. 10). As a result of the impact a new 
alloy with other physical and mechanical properties 
(e.g. corrosion-resistant and rubbing (wear)) is 
generated. The coating materials can be applied with a 
brush or sprayed with an atomizer onto the surface, as 
the process is realized after the drying of the layer. 
Unmarked areas of the coating subsequently are 
washed with water or a special cleaning agent. The 
marking symbol may be located directly in the 
untreated surface or on the laser treatment area. The 
process is well done on the surfaces of carbon steel 
and aluminum alloys.  

 
 
 
 
 
 
 
 
 
 

Fig. 10. A scheme of laser modifying the material 

LASER INDUCED VAPOR DEPOSITION (LIVD) 
Laser induced vapor deposition is a patent pending 

process that is used to apply for identification 
markings, heating and defrosting strips, antennas, 
circuitry, and sun shields of gauzy materials. This is 
achieved by vaporizing material from a marking zone 
under a transparent part using the heat generated from 
a laser. The gaseous vapors and droplets resulting 
from the heat make condense on the cooler surface to 
form a hard uniform coating that is applied in a 
prescribed pattern. The process is carried out under 
normal conditions without a need for high heat or seal 
gas. The marking materials (most metals) used to 
produce machine-readable symbols can be formulated 
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to be read using optical readers and sensing devices 
like X-ray, thermal imaging, ultrasound, magneto-
optic, radar, capacitance, or other similar sensing 
means. 

The LIVD processes will provide another sure way 
to apply machine-readable marking to aerospace parts. 
Details of these advanced processes will be reported in 
updates to the future. 

ANNEALING MARKING / LASER COLORING 
Color laser marking is a special kind of laser 

etching for metals. The energy absorbed in the impact 
zone of the laser beam leads to a process of oxidation 
on the material surface. 
 
 
 
 
 
 
 

Fig.11. Marking of a surface using the laser coloration process 

The process is used to change the color of metallic 
substrate material without burning, melting, or 
vaporizing the irradiated material. This is done using a 
laser beam with low power that moves slowly across 
the surface at a given speed as a result of which the 
marking area is changed (fig. 11). In this laser 
marking method a high-quality, high-contrast marking 
is obtained that does not destroy the surface of the 
specimen. A colored laser marking penetrates in deep 
surface roughness and allows the process to be 
implemented at levels of unevenness to 12,7 μm. 
Laser color marking causes less damage to the surface 
in comparison with other methods and does not lead to 
corrosion of the surface and therefore it can be used 
for the marking of some stainless steel. These effects 
can be minimized or eliminated by careful selection of 
the parameters of the laser marking. This method of 
marking cannot be removed by rubbing the surface 
with fingers and can be successfully seen at a 
magnification less than ten (10X).  

LASER ETCHING 
The method of laser etching is similar to that of the 

laser coloring excluding that energy absorbed by the 
surface is sufficient here to implement the process of 
melting in the work area. The advantage of using this 
technique is that the marking process can be 
implemented at high speed since it is not realized to a 
great depth in the preparation of the colored image. 
Excellent results can be obtained at the depths of 
penetration less than 25 μm. This technique, however, 
should not be used in some cases for metals because 
the cracks resulting from the cooling of the melt may 
be disseminated on surface of the basic material that 
can prove critical for a safe exploitation of certain 
details. These cracks can be extended into the 
material, by subjecting it to repeated cycles of 

heating/cooling. In such modes of operation of this 
method, the details to the marking are not preferable. 

 
GAS ASSISTED LASER ETCH (GALE) 
Laser marking that takes place in a normal 

environment often has no better contrast, i.e., the 
difference between the engraved mark and 
background of the substrate is not large. This often 
makes it necessary to increase the time for marking 
(impact) and also may result in the limitation of the 
various materials that can be marked. Laser etching 
(GALE) is a technique that uses an auxiliary gas, i.e., 
the marking is carried out in the presence of an 
appropriate gas environment, thereby improving the 
contrast and increasing readability. The mark is done 
at lower values of laser power, i.e., marking on the 
material is realized with minimal laser treatment.  
GALE method achieves this through the use of an 
auxiliary gas that reacts with the material under the 
laser impact. A mark is prepared which is a different 
color from the background – fig. 12. The auxiliary 
gases might be reductive, oxidizing or even inert, such 
as their choice being dependent upon the target 
material. Contrasting surface results were achieved 
through optimization of the parameters of the laser 
source, the gas and the material. 

 
Fig. 12. View of gas auxiliary laser etch coating under 

magnification (Note that surface protrusions are left intact after 
marking) - Tests performed at the University of Tennessee Space 

Institute, B. H. Goethert Parkway, Tullahoma, TN 373888 

V LASERS FOR THE MARKING PROCESS 

Technological schema of a system for laser marking 
is shown in fig. 13.  

In the process various types of lasers can be used in 
systems [12] – see table 3. The most popular laser 
sources that are used in the marking technological 
systems are: Nd:YAG lamp-pumped lasers, which 
produce a light in the near infrared area at a 
wavelength of 1064 nm [13], and CO2 lasers - аt the 
wavelength 10600 nm. 

The wavelength of Nd:YAG lasers – 1064 nm is 
absorbed more easily by a vast range of materials. 
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CO2 lasers are economically advantageous for 
marking on condition that their wavelengths are being 
absorbed by the treated materials. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13. A general view of the technological system for laser 

marking 

TABLE 3 

SOME LASER SOURCES USED IN THE TECHNOLOGICAL 
SYSTEMS FOR MARKING AND ENGRAVING 

Type  
of laser 

Wavelength 
 λ, nm 

Power P, W 

CO2 10600 10÷200 W 
6J/pulse when marking 

Nd:YAG 1060 25÷10 W, 0.20 J/pulse 
when marking 

Doubled  
Nd:YAG 

532 1-3 W 

Eximer 175-483  max 2 J/pulse when 
marking 

Fiber 1062-1064 10 – 20 W 
Disc 1062-1064 20-70 W 
 
Excimer lasers also are successfully used in the 

laser marking [14,15]. Among all types of lasers, they 
shall ensure the highest resolution of the mark. But, 
these types of lasers are rarely used due to the low 
productivity of the process and the very high cost of 
the laser equipment. Recently, diode-pumped fiber 
and disc lasers have appeared, which are also 
successfully used for the marking process. These 
lasers offer high beam quality, excellent stability of 
the frequency, and long maintenance intervals 
(typically every 12,000 to 15,000 hours without 
service). 

For any particular application of laser marking 
many factors should be taken into account 
[16,17,18,19,20,21]: 

• power density qS; 
• wavelength λ; 
• time of impact tproc; 

• material properties; 
 thermal conductivity k 
 specific heat capacity c 
 melting temperature Tm 
 vaporisation temperature Tv 
 reflectivity R / absorptivity A for the concrete 

material, wavelength and temperature. 
Power density qS is determined by the amount of 

power P generated by the laser divided by the area of 
focused beam. 

              
2

4

d

P
qS 
 ,     P = Pp τ ν 

where:   Pp is pulsed power,  
               τ – duration of time, 
               ν – pulse frequency, 
               d – diameter of working spot. 

Wavelength, beam divergence and quality of optics 
become important factors in determining how small a 
focused beam can be on the work surface. 

d0 = М2

D

f


4

 

where:  f  is the focal length, 
            D – beam diameter, 

   М2 – a parameter defining the quality of the 
beam 

(for fiber laser М2 = 1.1, for disk laser - М2 = 1.2, 
i.e., these lasers have almost perfect quality of 
radiation, for Nd:YAG laser –  М2 = 1.5 ÷ 2 , for CO2-
lasers –  М2= 1.5 ÷ 2, for diode lasers – М2 = 10 ÷ 20). 

The time of the impact of the laser beam on the 
material also has a significant influence on the quality 
of marking and the penetration depth (fig. 14). 

 
Fig. 14. Mark-point density vs. pulse rate at various beam velocities 

[22]. 

Sometimes, the pulse duration is a key factor when 
choosing a laser which can be used for carrying out a 
certain marking. 

The reflectivity or absorptivity depends on the kind 
of the material, surface state (i.e. smooth or rugged, 
polish or oxidized), the wavelength of the laser 
radiation and the surface temperature. In general, 
metals absorb а larger percentage of the incident laser 
power of Nd:YAG lasers (λ = 1064 nm) than that of 
CO2 laser (λ = 10600 nm). On the other hand, non-
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metals such as wood, paper, leather, plastics, glass, 
etc. absorb the wavelength of the CO2 lasers better. 
Some materials, such as silicon successfully absorbs 
energy from the both lasers. Laser marking is a 
complex technological process. For its implementation 
it is necessary to select the appropriate laser. 

To evaluate the correct choice of a system for 
realizing a specific laser marking the following factors 
should be taken into account: 

• a system for transportation of laser radiation; 
• laser specification;  
• system control and software; 
• ergonomics - ease of operation;  
• recommendations for the manufacturer; 
• service guarantee and maintenance; 
• the cost. 

The laser specifications of different types of lasers 
are different. For CW lasers, the basic positions that 
should be required in a specification are: wavelength, 
average laser power, output power stability, quality 
factors of the beam and Q-switch mode (maximum 
pulse repetition rate, minimum pulse duration, laser 
peak power). 

For pulsed lasers, the specifications should include: 
wavelength, average power of the laser, maximum 
peak power, maximum energy per pulse, pulse 
repetition rate, pulse duration, frequency stability, and 
quality of the beam. 

There are many types of optical delivery systems. 
For mask marking processes, the systems can include: 
beam expander, homogeniser, CCD camera and 
monitor or/and microscope, and project lens. The 
project lens, together with the beam size entering it, 
determines how big a mark can be obtained per pulse. 
For beam deflected marking system, the system may 
include beam expander, CCD camera and monitor 
or/and microscope, scanner, fiber optics, and lens. The 
lens is very important in determining focused spot 
size, marking field, minimum marked-line width and 
power density on the workpiece. 

The scanner together with the marking software 
determines the scanning speed. 

Control systems and software for different laser 
marking systems are very different. The control 
system can involve feeding of the workpiece, control 
for switching the beam on/off, as well as interfaces for 
computers, laser source, stage, and protection/alarm 
systems. The marking software must be easy to 
introduce into the consumer system and provide 
convenient and easy interaction. 

VI CONCLUSIONS 

An increasing number of companies is interested in 
industrial applications of laser technology, primarily 
in mechanical engineering, automotive and 
electronics. More and more new products that were 
made using the laser as one of the most important 
tools in their production have appeared in the strongly 

competitive global market. Industrial laser 
applications, mainly for cutting, welding and marking 
are well established techniques.  

Currently, among the different types of material 
processing that use laser, laser marking is one of those 
that found the highest prevalence. It provides a high 
quality of marking compared to traditional methods.  

Nowadays, lasers are effective as tools for marking 
and engraving, as well as their application is 
predominate in marking of plastics, metals, alloys, 
silicon, ceramics. Laser technology meets the 
requirements for speed, quality, flexibility and price. 
Some of these qualities are impossible to implement 
with traditional technologies. 

The need to process materials that have special 
characteristics as well as the implementation of the 
processes of marking in new fields of industry require 
the development and the production of new 
technological systems that will meet these 
requirements. The progress in the laser equipment and 
technology provides users with a wide range of new 
options for marking at a rapid pace. At present, 
several new lasers are under development; their 
appearance will result in lower investment and 
operating costs and will improve the quality of 
product marking. There are new green lasers being 
developed for marking special products such as silicon 
wafers, without damaging the base material, and lasers 
emitting in the blue and violet ranges of the 
electromagnetic waves, such that it would be possible 
to significantly reduce the amount of marking sign 
with their assistance. This leads to a continuous 
development in the sector of laser marking. 
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Abstract. Nowadays the materials made by methods of powder metallurgy are widely used for producing details of 
the heavy-duty friction pair. Due to high reliability and effective combination of mechanical and tribological 
properties such materials are usually used in transport industry, for example for gear assemblies of different kinds of 
automobiles, brake system of high speed trains, aircrafts etc. There are many variations of powder materials, but for 
friction pairs the iron based antifriction materials, for example Fe-C-Cu, Fe-P, Fe-Cu-Sn, Fe-Cu-Sn-Pb-MoS2, Fe-C-
Cu-Ni-Mo and others are successfully used. In recent years, the requirements for antifriction materials are raised 
highly because of more intensive freight traffic and speed of vehicles. On the other hand, the demand of more 
inexpensive materials and effective using of natural resources is the issue of the day. 

The aim of this paper is to offer the new low-cost metal powder material based on Fe-C compound with content of 
Ni and Mo up to 0.3%. The influence of the parameters of technological process (pressing and sintering) on physical 
properties (porosity, density), mechanical properties (hardness) as well as on 2D roughness and 3D texture 
parameters was studied and is presented in this paper as well. The “Taylor Hobson Ltd” 3D measurement system has 
been used in metrological study. The analysis of the influence of the technological process on the surface roughness 
parameters is given. The tribological properties (friction coefficient) were evaluated using “ball-on-disk” testing 
without lubrication. The analysis of achieved results is prove the appropriateness of using of new low-alloy metal 
powder material on the iron base for producing details of friction pair. One of the possible applications - bushes for 
braking systems of railway rolling stock. Using offered material allows reducing the product cost in complex with 
acceptable wear resistance and durability.  

 
Keywords: materials testing, surface roughness, friction. 

I INTRODUCTION 

Powder Metallurgy (PM) is a materials processing 
technology to create new materials and parts by 
diffusing different metal powders as raw ingredients 
through the sintering process after mixing and 
compacting. PM has grown with the expansion of 
various industries since middle of 20th century. 
Nowadays, over 90% PM products including details of 
the heavy-duty friction pairs like automotive braking 
systems are used in the transportation market of all 
kinds (air, ground and water transport) [1].  

Modern tribomaterials consist of composites made 
by PM with metallic matrix from iron, copper or 
aluminum reinforced with a) friction components (as 
oxides: Al2O3, ZrO2, SiO2, carbide: TiC, SiC, B4C, 
nitrides: TiN, Si3N4) with role of friction and 
improving of the wear resistance and b) lubrication 
components (graphite, molybdenum disulfide, etc.), 
with the role of increasing material resistance to 

gripping and for wear reduction of disc (rotor) brake 
[2]. Iron and copper have been used extensively for 
various tribological applications [1] - [3]. The copper 
and iron-based antifriction materials are most often 
fabricated using PM technique due to its many 
advantages such as the elimination of solidification 
induced chemical segregation and structural defects 
often accompanied with melting and solidification 
processes. The ease in mixing of different powders 
leads to the possibility for developing new composite 
materials with special physical and mechanical 
properties that are otherwise difficult to manufacture 
[3]. 

In the recent years iron-based sintered bearings 
production was considerably increased at the expense 
of the copper-based ones, due to the low cost and 
availability of the iron powders as well as their higher 
strength [4], [5]. It should be mentioned here, that 
mixtures of iron and copper powder have a twofold 
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benefits: 1) copper melts at 1094°C, i.e. below 
sintering temperature, and rapidly infiltrates the pore 
system of the compact from where it diffuses 
relatively easily into the iron powder particles; 
2) copper is dissolvable in  γ -iron (austenite) up to 
approx. 9 wt.-%, but only up to 0,4 wt.-% in  α -iron 
(ferrite); consequently, iron-copper alloys can be 
precipitation-hardened by low-temperature annealing 
after sintering – and actually do so to a certain extend 
already on passing the cooling zone of the sintering 
furnace [6]. 

Good results were achieved by adding nickel and 
molybdenum, but the costs of such elements rise 
rapidly in recent years [1]. In some cases the cost of 
expensive alloying elements can be avoided and 
micro-alloying can be applied. In micro-alloying the 
amount of additive usually is from 0.1 to 5%. Some 
authors assumed that dispersed additives have great 
potential for microalloying and nanoalloying [1], [7], 
[8]. Thus, the introduction of nanopowders of copper 
or copper-iron ligature into a powder iron-based 
material has led to an increase in strength, hardness, 
density, and to reduce in sintering temperature [8]. 

The demand of more inexpensive antifriction 
materials and effective using of natural resources is 
the issue of the day. The aim of this paper is to offer 
the new low-cost metal powder material based on Fe-
C compound with content of Ni and Mo up to 0.3%. 

It is known that the quality of contact surfaces 
together with dimensional tolerance and properties of 
powder parts are very important for tribological 
applications [9] - [11]. Surface condition of powder 
parts on the different stages of producing is the 
important factor that influences on the exploitation 
properties and running ability of product. The 
investigation of the influence of the technological 
process (pressing and sintering) on surface quality and 
tribological properties of powder parts produced from 
new micro-alloyed powder material was done for 
proving the possibility of using such material for 
producing the details for the friction pairs. 

II MATERIALS AND METHODS 

The view of fragments of powder parts after 
different stages of production (two-side compacting 
and following sintering) is shown on Fig. 1. 

For investigation the following powder mixture 
(from powders produced by „Höganäs AB”, Sweden) 
was used (mass %): Fe 96.5%, Ni 0.22%, Cu 2.27%, 
Mo 0.28%, S 0.04%, P 0.01%, С 0.6%, Kennolube 
(graphite lubricant) 0.7%. The main properties of 
offered low-alloy metal powder material are the 
following: apparent density 3.15 g/cm3; flow 40 
sec/50g; compressibility 6.80 g/cm3. Powder parts 
(Fig. 1) were produced by the following steps: 1) two-
side compacting was carried out on the hydraulic press 
in the closed die at pressure up to 600 MPa; 

2) sintering was realised in the endogas atmoshere at 
the temperature 11200С, retention time 40 min. 

 

Fig.1.  Fragments and view of powder parts after compacting (H1) 
and following sintering (S2): outer diameter 25 (45) mm, inner 

diameter 11 (29) mm, length 22 (31) mm correspondingly. 

After compacting the porosity of powder parts was 
up to 23 %, density – up to 6.9 g/cm3. Sintered density 
of the parts was up to 7.1 g/cm3, porosity 20%, tensile 
strength 300 МPa, hardness HV10 98÷100. 
Methodology for the investigation of the properties of 
powder parts which was used in our investigation is 
given in [12]. 

For metrological study of surface quality of the 
powder parts on the different stages of producing 
(after compacting and after compacting and sintering) 
the “Taylor Hobson Ltd” 3D measurement system was 
used. This system allows roughness and waviness 
filtration out of measured (primary surface) that gives 
better understanding of surface structure and 
manufacturing process as well it can be used for 
creating surface 3D photo simulation images etc. 2D 
and 3D measurements with stylus instrument were 
achieved by basic “stepping” method (Fig. 2) and data 
processing by computer [13].  

 
 

Fig.2.  Principal scheme of basic “stepping” method used by stylus 
systems [13]. 

Tribological study was done using tribometer made 
by “CSM Instruments” (Switzerland), besides testing 
conforms to the following standards DIN 50324 
“Tribology; testing of friction and wear model test for 
sliding friction of solids (ball-on-disc system)”, 
ASTM G99 “Standard test method for wear testing 
with a pin-on-disk apparatus” and ASTM G133 
“Standard test method for linear reciprocating Ball-on-
flat sliding wear”. The friction coefficient was 
evaluated using “ball-on-disk” testing without 
lubrication, when the tested example was used as a 
disc, but a high-strength steel ball was used as a 
counter-body. The principal scheme of testing is 
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shown on Fig. 3. Experimental settings are shown in 
Table I. 

 

Fig.3.  Principal scheme of ball-on-disk testing: F is the normal 
force applied on the ball, R is the radius of the wear track. 

TABLE I 

EXPERIMENTAL SETTINGS 

Testing parameters: Value/type of testing parameters: 

Force 3 N 

Measurement period 20 s 

Linear velocity 0.05 m/s 

Radius of ball’s contact 3 mm 

Distance 1 m 

Diameter of the ball 6 mm 

Material of the ball 100Cr6 (DIN EN ISO 683-17) 

Material of the sample H1, S2 

Liquid for surface cleaning Alcohol solution 

Atmosphere Air 

Temperature 21C (room) 

Moisture 46%  (room) 

III RESULTS AND DISCUSSION 

The influence of the technological process on the 
surface quality and tribological properties of powder 
parts, produced from new low-cost metal powder 
material, was investigated by measurement and 
comparison of the average 2D roughness parameters 
and 3D (surface) texture parameters of powder parts 
after compacting and following sintering and by 
measurement and analysis of the friction coefficient as 
well. 

A. 2D roughness parameters 

The 2D amplitude roughness parameters (according 
to ISO 4287 “Surface texture: Profile method - Terms, 
definitions and surface texture parameters”) Ra - 
arithmetic mean roughness and Rz - maximum height 
of profile were measured. Comparison of 2D 
amplitude roughness parameters of powder parts on 
the different stages of producing is given in Table II. 
As shown the Ra and Rz values increases after 
sintering. 

Some researches assume, that surface texture 
metrology gives a better understanding of the surface 
in its functional state since in practical applications 
surface roughness of the machine parts behaves as a 
3D object [14] - [17]. 

TABLE II 

COMPARISON OF 2D AMPLITUDE ROUGHNESS PARAMETERS  

Powder parts after: Ra, μm Rz, μm 

 

compacting 
 

1.56 
 

7.76 

 

sintering 
 

2.37 
 

11.2 

B. 3D texture parameters 

Achieved 3D surface images of the powder parts 
after compacting and following sintering are given on 
Fig. 4 and Fig. 5 respectively. The following 3D 
texture parameters (according to EN ISO 25178-2 
“Surface  texture:  Areal - Part 2:  Terms,  definitions  

 

Fig.4.  View of the 3D surface image and photo simulation of the 
powder part after compacting. 

and surface texture parameters” and [13]) were 
measured and analyzed: 1) amplitude parameters: Sa, 
Ssk; 2) spatial parameter: Str, 3) functional (material 
volume) parameter: Vmc, 4) hybrid parameter: Sfd. 
Such choice of texture parameters is based on its 
essence and significance for friction surfaces of the 
powder parts: 

 Sa - arithmetic mean of the deviations from the 
mean plane, represent an overall measure of the 
texture comprising the surface; 

 Ssk - skewness of the scale-limited surface, 
represents the degree of symmetry of the 
surface heights about the mean plane; 

 Str - texture aspect ratio of the surface, 
measures the isotropy of surface; 

 Vmc - core material volume of the scale-
limited surface, indicate a measure of the 
material forming the surface between various 
heights; 

 Sfd - fractal dimension of the surface 
(complexity of the surface), smaller value 
specifies the more periodical surface (different 
from the random surface). 
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Comparison of the mentioned 3D texture 
parameters of powder parts after compacting and 
following sintering is given in Table III. 

 

Fig.5.  View of the 3D surface image and photo simulation of the 
powder part after sintering. 

TABLE III 

COMPARISON OF 3D TEXTURE PARAMETERS 

 
Powder 
parts after: 

 
Sa, μm 

 

 
Ssk 

 
Str 

 
Vmc, 

mm3/mm2 

 
Sfd 

 
compacting 

 
3.06 

 
-1.39 

 
0.706 

 
0.0174 

 
2.57 

 
sintering 

 
2.65 

 
-1.56 

 
0.766 

 
0.0187 

 
2.56 

As distinct from 2D amplitude roughness 
parameters the 3D texture amplitude parameter Sa 
decreases after sintering. As was mentioned earlier it 
could be explained by more adequate measurement 
results using surface texture metrology. The high 
values of the hybrid parameter Sfd (close to 3 - 
maximum value of Sfd) partially confirm such 
hypothesis: deterministic-chaotic surface like surface 
of porous powder material after compacting and 
sintering cannot be adequately characterized by 
standard 2D roughness parameters. 

An important point is that the surface after sintering 
is more isotropic since the value of parameter Str is 
closer to 1 (maximal value of Str). The reason for 
these changes of surface condition could be argued by 
shrinkage of powder material during sintering. So in 
future we can use measurement results not only for 
evaluation of details quality, but for prediction of 
shrinkage and consequently for pressing equipment 
design and choosing of sintering regimes. 

The highest value of functional parameter Vmc 
prove the better bearing ability of surface after 
sintering due to greater core material volume in 
contact during normal exploitation time (after wear-
in). 

On the other hand the negatives values of amplitude 
parameter Ssk - surface after compacting and 
following sintering is characterized by negative 
skeweness - confirm good lubricant retention ability. 

We can assume that the values of 3D texture 
parameters, especially for surface of powder part after 
sintering, open up wide possibilities of using new low-
alloyed powder material. 

C. Friction Coefficient 

The friction coefficient as a function of time and 
length of friction path for compacted and sintered 
powder parts is shown in Fig. 6 and Fig. 7 
respectively. 

In both cases the stable curve of friction coefficient 
with relatively small fluctuation along length of 
friction path is observed. Average value of friction 
coefficient for compacted sample is μ = 0.14, but for 
sintered sample μ = 0.22. 

After the testing of friction the visual examination 
of the surfaces of samples was done. As a result of 
visual examination it could be stated, that during 
testing the standard friction process occur, because no 
any trace of wear or plastic deformation of surface 
were founded out. 

 

Fig.6  The friction coefficient as a function of time and length of 
friction path for compacted powder part. 

 

Fig.7  The friction coefficient as a function of time and length of 
friction path for sintered powder part. 
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IV CONCLUSIONS 

The new low-cost metal powder material based on 
Fe-C compound with content of Ni and Mo up to 
0.3% is offered. The powder details from this material 
could be produced by conventional PM technology 
consists of two-stage compacting and following 
sintering. 

The complex testing of powder parts on the 
different stages of producing was done including 
evaluation of physical and mechanical properties 
(porosity, density and hardness), measurement and 
analysis of 2D roughness parameters, 3D texture 
parameters and friction coefficient as well.  

It was hypothesized, that different character of 
changes of 2D and 3D amplitude parameters could be 
explained by the premise that the 3D metrology is 
more suitable for exploring deterministic-chaotic 
surfaces like surfaces of porous powder parts. 
Received values of 3D texture parameters show, that 
the surface of powder parts is isotropic with good 
lubricant retention ability and bearing ability. 
Appropriateness of using of new low-alloy metal 
powder material on the iron base for producing details 
of friction pair confirms the relatively small friction 
coefficient (after sintering 0.22) as well. One of the 
possible applications - bushes for braking systems of 
railway rolling stock. Using offered material allows 
reducing the product cost in complex with acceptable 
wear resistance and durability, which could be 
predicted taking into account favorable results of 
metrological and tribological studies. 
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Abstract. This article reviews mathematical model for the determination of friction coefficient for sliding friction 
pair for lubricated surfaces in case of   friction of boundary lubrication. The given case examines contact of an 
absolutely smooth ball and flat rough surface taking into consideration properties of the material, surface roughness 
parameters, as well as kinematic viscosity and density of lubricating material. The model refers to widely spread ball-
on-disc type tribometer measurements  for ball and plane contact.  
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I INTRODUCTION 

This article examines a mathematical model for the 
determination of friction coefficient for sliding friction 
pairs of lubricated surfaces. In the particular model 
contact of absolutely smooth ball and flat rough 
surface is regarded as a friction pair taking into 
consideration mechanical properties of the material 
and surface roughness parameters, as well as 
kinematic viscosity and density of lubricating 
material. The model refers to widely spread ball-on-
disc type tribometer measurements where ball is in the 
contact with plane. Specification of tribometer meets 
tribological measurement standard [1]. In the given 
case mathematical modelling of friction process is 
being carried out, which helps to describe theoretically 
the effect of additive to parameter influencing friction 
coefficient, the mathematical model is based on the 
experimental work described in the publication [2].  

II MATHEMATICAL MODEL OF FRICTION 

COEFFICIENT DETERMINATION FOR 

LUBRICATED SURFACES  

Rotary moving parts, lubricated surface friction is 
shown by Strybeck curve [3] the character of which is 
given on Fig. 1. It shows a simplified version of the 
change of friction coefficient Vd depending on the 

Hersy Index  
௏೏	∙௡

௤
 , where   Vd – dynamic viscosity of 

oil,  n – speed of rotation, q – load  per an area unit. 
The Strybeck curve is divided into three parts and 
each part characterises a separate friction mode:  

          I –  hydrodynamic friction, 
         II – mixed friction,  
         III –friction of boundary lubrication. 
          In mode I  two hard surfaces are separated by an 
uninterrupted oil layer, where thickness of oil layer h 
is more than the height of surface roughness Rt.   

Since in this case there is no direct contact between 
surfaces 1 and 3 it, can be regarded that there are no 
friction processes between surfaces.   Part II of the 
curve that characterises mixed friction shows that only 
a part of load is received by oil layer and partly also 
by peaks of roughness of both surfaces. Thickness of 
oil film h is approximately similar to the height of 
surface roughness Rt.         
 
 

 
Fig. 1. Diagram of Strybeck curve and zones of lubrication modes 

(h - thickness of lubrication layer,  Rt – height of roughness). 
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    In case of part III of the curve, i.e. in case of 
boundary lubrication thickness of lubricating material 
being in contact turns very thin and load is fully 
received by surface roughness peaks that are covered 
with a thin oil layer.     
    Based on the parameters characterising the Strybeck 
curve we can write the respective friction coefficient 
formula:  
 

                                     ݂ ൌ ߙ ∙
௏೏∙௡

௤
                       (1.1) 

 
where   ௗܸ - dynamic viscosity; 
        n – rotation speed; 
        q – load per an area unit; 
 coefficient of correction determined - ߙ        
experimentally; 
 
    In practice when determining viscosity of 
lubricating material at different temperatures the most 
often there is being used kinematic viscosity 	 ௞ܸ , 
which is determined using the following formula:  
 

                                  	 ௞ܸ ൌ
௏೏
ఘ

                                (1.2) 

 
where  ρ – density of lubricating material;  
            Vk – kinematic viscosity; 
 
     Thus the friction coefficient can be rewritten by the 
following formula.  
 

                                  		݂ ൌ ߙ ∙
	௏ೖ∙ఘ∙௡

௤
                      (1.3) 

 
        Formula (1.3) shows that friction coefficient 
depends on kinematic viscosity Vk, density of 
lubricating material, rotation speed n and load q. 
Studying the effect of oil additive the only variable 
value is kinematic viscosity Vk because other 
parameters are characteristic quantities of experiment.  
 

 
 

Fig.2. Contact diagram of friction surfaces according to tribometer. 
 
      The given paper envisages studying of the effect 
of oil additives by tribometer CSM Instruments, the 
design of which envisages contact of ball with a flat 

surface, therefore it is necessary to study this contact 
(see Fig. 2).  Formula (1.3) comprises   parameter ݍ, 
which can be determined applying the contact 
provisions of friction surfaces.   

III CONTACT OF ABSOLUTELY SMOOTH             

BALL AND FLAT ROUGH SURFACE 

The surface contact theory envisages an area 
arising when solid body deforms rough surface [3];  
 

ߟ  ൌ
஺ೝ
஺ೌ

  ,                      (1.4) 

 
where ܣ௥ െ	actual contact area including roughness; 
௔ܣ            െnominal area to be determined according 
to component dimensions.   

With flat components the nominal area is equal to 
nominal dimensions of contacting surfaces. The 
nominal area of ball in contact with a plane will be the 
area of side surface of ball settling that is in contact 
with material (Fig. 3) 
 

 
 

Fig.3 . Contact diagram of settled ball 

 
According to [4] the side area of the ball M is equal to  
 
ܯ	                                      ൌ  (1.5)                        ݄ܴߨ2
 
where   R – ball radius; 
             h – height of the settled part;  
 

      In  CSM tribometer a ball having a constant 
radius (R=3mm) has contact with a rough flat surface. 
In the existing contact theory such  characteristic 
dimensions  of contact have not been established. 
Therefore we will replace ball - plane contact  with the 
contact of two planes. For this pupose we use  
graphical simulation of contacts (Fig.4)  

 

 
Fig. 4 Contact of ball with rough flat surface  
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          This simultion compares the contact of ball with 
a rough flat surfac  if the top of the ball reaches the 
level of surface roughness 1σ counted  from the mid-
line with the contact of a plane and rough surface, but 
plane during contact reaches level 2σ  counting from 
the mid-line.  
          The result shows that at the roughness 
parameter Ra = 0,12-0,18 µm, contact area of ball – 
rough plane differs from an ideal plane - rough plane 
contact not more than by 5%.   
It should be noted that for the purpose of visuality 
Fig.4 gives a schematic picture of rough surface, yet 
simulation of actual contact  includes actul character 
of roughness with correct roughness step parameters.  
       Since the surface roughness Ra of the 
experimental sample of the given paper satisfies this 
provision we can use formulas obtained in this work 
[5] in case of contact of two plate.  

         In case of an elastic contact, arising when 
tribometer’s steel ball contacts  with a flat disk load 
per an area unit q can be calculated according to 
formula; 

  

௘௟ݍ                            ൌ ݇௤௘௟
ௌ௔

ோೄ೘భ∙ఏ
 ሻ,                (1.6)ߛଵሺܨ

 
where  Sa – 3D surface roughness mean arithmetic  
deviation ;  
            ܴௌ௠ଵ  - surface roughness steps perpendicular 
to the direction of surface treatment (in general case); 
  .elastic contact constant –	ߠ             
 

ߠ                                   ൌ
ଵିఓమ

గா
                               (1.7)  

         
where  ߤ െ Poisson’s ratio of deformed material. 
           E – elasticity modulus of deformed material.,  
           ݇௤௘௟ - coefficient considering surface roughness 
anisotropy;  
 

݇௤௘௟=
ଶ

ଷ
ට
గ

ଶ

ర
∙

గ

௄ሺ௘ሻ
ቂ
ாሺ௘ሻ

௄ሺ௘ሻ
ቃ
భ
మ ∙

ሺଵି௘మሻష	
భ
ఴ

ሾଵାሺଵି௘మሻ
య
రሿ
భ
మ
                        (1.8) 

 
where e – eccentricity of contact area;  
           K(e) and E(e) – elliptic integrals  [4]; 
 

                         ݁ଶ ൌ 1 െ ܿ
ఴ
య	 ,                                (1.9) 
 

Value c is obtained from the relation of surface 
roughness steps;  
    

                             ܿ ൌ
ோೄ೘భ

ோೄ೘మ
                                 (1.10) 

 
      ܴௌ௠ଵ, ܴௌ௠ଶ – roughness steps perpendicular to and 
along treatment directions.  
 ;where ߛ ሻ - tabulated function of parameterߛଵሺܨ      

ߛ        – deformation level counted from the mid - 
plane of roughness. 

 Since the load envisaged in the experiment on the 
sample is 3N (see 1.3), it can be predicted, that in the 
flat sample deformations, take place in the upper 
layers, i.e. deformation level ߛ ൒ 2.                         
         At  ߛ ൒ 2 , according to [6]  

 ≥ ሻߛଵሺܨ										
ଵ

ସ଴ఊ
൑

ଵ

ସ଴∙ଶ
൑

ଵ

଼଴
 ;  

        In the given case formula (1.6) is considerably 
simplified, because surfaces have isotropic roughness, 
where c=1 and e=0 , and value of coefficient ݇௤௘௟݅ݏ 
	 ݇௤௘௟ =0,85 . 
 
Inserting the above values in formula (1.7)  
 

௘௟ݍ                               ൌ 0,01
ௌ௔

ோೄ೘∙ఏ
	                    (1.11) 

 
     Inserting formula (1.11) in the expression (1.4) we 
obtain the final formula for the calculation of friction 
coefficient: 
 

                        ݂ ൌ 1,7 ∙ ߙ
	௏ೖ∙ఘ∙௡∙ோೄ೘∙ఏ

ௌೌ
	               (1.12) 

 
      Values included in the formula (1.12) have the 
following measuring units:   

Vk
- kinematic viscosity (m2/s), 

ρ – density (kg/m3), 
n – rotation speed (1/s),  
RSm – surface roughness step parameter (µm),  
Sa  - surface roughness (µm),  
 ;elastic contact constant (Pa-1 ) – ߠ
 
At the given measuring units we get non-dimensional 
value of friction coefficient ݂.    
 
To compare the experiment with the theory we use 
formula (1.12). This formula includes non-
dimensional coefficient a characterising sample 
friction in case when oil has no additives. 
 According to formula (1.12) we get the following 
expression:  

                           α ൌ
௙൉	ௌೌ

ଵ,଻∙௏ೖ∙ఘ∙௡∙ோೄ೘∙ఏ
                    (1.13) 

IV CONCLUSIONS 

          The given mathematical model, can be used, for 
the comparison of results obtained during friction 
coefficient experiments with theoretical values. 
Taking into consideration the parameter of kinematic 
viscosity of lubricating material, at different 
concentrations of additives, determining viscosity 
experimentally. It can be concluded, from the model 
that influence of additives, can be strongly affected by 
the kinematic viscosity of lubricating material, which 
can affect the friction coefficient of lubricated friction 
pair.  
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Abstract. The objective of this study is to determine the advisability of introducing adaptive control of the 
indentation made by the drilling tool depending on the structural characteristics of the processed part.  In the cases 
when the adaptive control is economically advisable, the selection of the technological cycle and the speed of moving of 
the tool can be achieved by the implementation of the respective algorithm for optimization of the dimensions fed for 
drilling.  
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I INTRODUCTION 

Metal cutting machine tools with numerical 
control (CNC) are intended to provide a solution to 
the occurred in the modern machine engineering 
contradictions between the requirements for flexibility 
and the high degree of automation. In order to increase 
their efficiency and widen the scope of their 
implementation, it is necessary to assess in full their 
technical potential for technological operation 
optimization. One of the areas of cost minimization of 
the technological operations is related to the reduction 
of the idle strokes runtime (auxiliary strokes) that are 
required and accompany the operating strokes (main 
strokes). 

II FORMULATION OF THE PROBLEM 

The solution of this problem can be achieved by 
the introduction of adaptive control. The differences 
between the operating cycles of drilling holes with and 
without adaptive control are shown on Figure 1. 

 
a) 

 
b) 

Fig. 1.  Drilling operating cycle: a) without adaptive control; 
b) with adaptive control 
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In the case of the standard CNC (without adaptive 
control) processing is carried out by a program that 
provides: 

- quick movement of the tool from p. 1 to p. 2; 
- operating feeding movement from p.2 to p.3 and 

quick tool retraction from p. 3 to p.1. 
 
In this case, the operating feeding stroke is defined 

as:   
 

(1)                   1 1px np g uL l l l    

Where 1pxL  is the length of the stroke in the case of 

drilling without adaptive control;     

npl  - the distance required for the safe tool cutting; 

gl  - the size of the processed surface; 

 1ul  - the exit distance of the tool in the case without 

adaptive control.  
With the application of the dedicated adaptive 

control program, the programmable tool leading   is 
achieved at fast pace from p. 1 to p.2 and afterwards 
the forward leading of the tool with maximum allowed 
feeding, while taking into account its resilience.  This 
movement continues until reaching p. 3 which is not 
set in the programme.  It corresponds to the point 
where the tool contacts the work piece.  The contact is 
registered by the adaptive control system which sends 
a signal for stopping the accelerated feeding and for 
switch on of the operating tool feeding.  The 
movement of the operating feeding continues to p. 4 
which similarly to p.3 is not set in the programme, but 
it is determined by the adaptive control system. It 
corresponds to the point at which the tool in fact has 
left the processed material of the work piece. After 
reaching p. 4 the adaptive control system gives a 
command for quick tool retraction from p. 4 to p. 1.  
In this case, the stroke is determined by the formula: 
(2)     2 2px g uL l l   

where 2pxL  is the stroke length in the adaptive control 

drilling;   

2ul  - exit length of the tool in the adaptive  control 

drilling. 

III ANALYTICAL STUDY 

 
The operating time cycle is expressed as follows: 

(3)     1
1 ,pxx

x pn

LL
T

S L




   

(4)     2
2 ,px npx

x pn bp

L lL
T

S S S




   . 

where xL   is the distance of movement of the tool at 

rapid pace;   

xS  - speed of rapid pace; 

pnS -  speed of movement of operating feeding; 

bpS  - speed of movement of rapid pitching-in. 

The time reduction of the operating cycle with 
applied adaptive control is defined as: 
(5) 1 2T T T   . 

After converting equations (1), (2), (3), (4)  and 
substitution in equation (5), it looks as:  

(6) 1 2 1np pnu u

pn pn bp

l Sl l
T

S S S

 
     

 
. 

If we assume that 1 2u u up zl l l    , equation (6) 

is converted into  

2 pnz

pn bp

S
T

S S

  
    

 
, 

where z lb lg     is the error of the linear 

dimensions of the work piece; 

lb  - error of the dimensions of the supporting 

technological base to the end of the work piece; 

lg  - error of the size of the processed surface. 

The specific increase of the processing 
performance will be equal to: 

(7)   
2

1
2

pnz

g bp

ST

T l S

  
   

 
, 

where  g

pn

l
T

S
  is the cutting time. 

If we denote 

 
1

z

g

k
l


  and 2

pn

bp

S
k

S
 , the 

relationship (7) assumes the following form: 

 (8)    1 22 .
T

k k
T


   

On the grounds of (8) we assume the following:  
1. With the increase of the pitch-in speed of the 

tool (reduction of  2k ) the adaptive control effect 

increases, which is expressed in higher processing 
efficiency.  

2. The adaptive control effect depends 
considerably on the size of the processed surface. 
With the increase of this size (reduction of 1k ) the 

performance is reduced.  
In order to achieve maximum effect of the 

adaptive control in specific working conditions, the 
speed of the feeding movement of pitching in bpS   has 

to be maximal, while taking into account the tool’s 
resilience.   

The maximum axial force that can withstand the 
drill when pitching into the processed surface is 
determined by [2] according to the following: 

(9)   
2

min

2min

max

2
,

1
kp

EJ
P

J
l

J



 
 

 
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where minJ  and maxJ  are respectively the smallest and 

the biggest inertia moment along the cross section of 
the drill.    
l  - length of the taper drills. 

The maximum allowed torque of the pitching drills  
(10)     kp pM W  

where p  is the tangential pressure of destruction; 

W  - the polar moment of resistance of the drill.   
To determine the moment of inertia and resistance 

of the spiral drill with satisfactory accuracy, the 
following equation can be applied [2]: 

4
min 0.0052J d , 4

max 0.027J d , 30.047W d , 

where d   is the external diameter of the drill in mm;   
For spiral drill made of tool steel, it is 

experimentally found out that  
2620 660 / .p N mm    

Under these conditions formula (9) and (10) 
assume the form: 

3 4 218.10 / ,kpP d l        329.kpM d . 

To determine the pitching-in feeding bpS  the 

empirical relations of the axial force can be used -  0P   

and the torque moment  М when drilling. The order 
models of the following type are widespread: 

. . .p pq y

o p pP C d S K  . . . ,m mq y
m mM C d S K  

where  mC  and pC  are constants defining the type of 

the work piece and the tool. If  0 ,kp kpP P M M  , we 

obtain two values of the pitching-in feeding: 

1

1

. .

p

p

y
kp

bp q

p p

P
S

C d K

 
 
 
 

, 
2

1

. .

m

m

y
kp

bp q
m m

M
S

C d K

 
  
 

. 

 

The pitching-in feeding of the tool into the 
processed work piece in the drilling operation is 
defined finally by the limitations of the metal cutting 
machine.  

 

 1 2min ,bp bp bpS S S
  

when 

 max 1 2 minmin ,bp bpS S S S 
 

maxbpS S when  1 2 maxmin ,bp bpS S S , 

 
where minS  and maxS  are the minimum and maximum 

feeding that can be achieved by the metal cutting 
machine. 

If  1 2 minmin ,bp bpS S S  the processing on this 

machine is impossible.   

IV CONCLUSION 

On the grounds of the present analytical study on 
the application of the adaptive control of the pitching-
in of the drilling tool, we can conclude that the 
processing optimization in terms of time is possible 
only by defining the feeding of each separate drill of 
the toolset of the machine. This is done in the course 
of the preparation of the control programme for the 
machine with CNC. The computational operations can 
be done be the respective developed computer 
software.  
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Abstract. bearingless synchronous machine (BSM) is an electrical machine which rotor is suspended by 
electromagnetic forces (not ball bearings). It allows achieving ultra-high rotation speed and significantly extending 
area of electric drive application. Nowadays there are different variants of the machines with the structural design 
and the searching  of optimal solution is going on. 

The basic calculation parameters of bearingless machines are radial forces that can withstand the rotor from 
external load and torque produced on the shaft. This article describes the theoretical results based on a computer 
model that produces the finite element method and experimental study of the BSM prototype. 

 
Keywords: bearingless electrical machine, active magnate bearing. 

 

I INTRODUCTION 

Electrical machines with active magnetic bearings 
are used in high-speed motor drives [1]. 
Implementation of magnetic suspension started being 
possible by the development of the element base of 
radio components. As a result, that implementation of 
complex currents control laws in electrical machines 
became possible. It enabled the development of new 
designs of machines, without the difficulties which 
encountered in the past with limited processing speed 
signals. 

Currently different versions of bearingless 
electrical machines are being developed, but at the 
same time each of them has advantages and 
disadvantages. One of the variants is bearingless 
electric machine with distributed windings [2,3,4,5,6]. 

In a bearingless motor gap magnetic field 
generates both torque and radial forces and it keeps 
the rotor in the centre. It is a result of  electromagnetic 
field with the help of a drive and a suspension winding  
superposition [2,7,8].  For example motor has a stator 
with four and two magnetic poles windings and a 
cylindrical rotor. In figure  1a) is shown magnetic flux 
Ф4а  from drive winding is shown. 

 

 
Fig. 1.  Creating radial forces in BSM. 

Fluxes create four poles in arias 1,2,3,4. Every 
pole creates magnetic force, total force equals zero in 
rotor center position. The principle of radial x-force 
creation is shown in figure 1b). Two poles winding 2a 
creates magnetic flux Ф2а. Magnetic induction 
increases in sector 1 as magnetic flux Ф4а  and Ф2а 
which are summed, and decreases in sector 3 as 
magnetic flux Ф4а  и Ф2а, are  subtracted. So radial x-
force appears. The force amplitude  is controlled by 
current in 2a conductor. Force vector is controlled by 
current phase. In figure c1) the creation of radial y-
force is shown. The principle of 3-phase motor 
operation is the same [2,9,10]. 

The basis of this principle allows us to create 
different types of bearingless motors, such as an 
induction motor [11], permanent magnet synchronous 
motor, synchronous reluctance motor, homopolar and 
hybrid motors [12], switched reluctance motor [13] 
and etc. Each type of motor has its advantages and 
disadvantages [14]. In this paper we are going to 
research on the bearingless synchronous inductor 
machines [15]. 
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II MATERIALS AND METHODS 

The creation of an electromagnetic field, that allows 
hold the rotor in the center position and creates the 
desired torque are the main goals of control in 
bearingless machine. Due to the high cost of natural 
modeling, computer simulation is getting more and 
more common in the design and study of new devices. 
Currently there are many computer programs that 
allow simulate electromagnetic fields in the electrical 
machines (ANSYS, COMSOL, ELCUT, SolidWorks). 
Most of them use the finite element method for the 
analysis. Comparing computer simulation to the 
analytical description, the apparent advantage of the 
first one is a higher accuracy that helps to avoid many 
simplifications. It allows you to explore the model of 
almost any complexity. Naturally, we cannot speak 
about the reliability of a computer model of a complex 
technical device without experimental investigation.  

In this paper we present a comparison of the results 
of computer simulation in the modeling environment 
FEMM and real modeling of bearingless synchronous 
machine module. Figure 2 shows a cross-sectional cut 
of a BSM module with a windings arrangement 
example. 

 

Fig. 2. Module of BSM (А, В, С – drive windings; a, b, c – 
suspension windings). 

 

    The rotor module has four poles, as well as one of 
the stator windings (we call it a drive winding).  The 
second winding (suspension winding) has two poles. 
Axes of similar phases both of winding drive and 
suspension winding are the same. The volume 
occupied by the windings in the slots is determined by 
the required ratio of the radial force and torque 
module. The width of the rotor pole  is 45 degrees. 

The stator of induction motor 4A71B4 is the basis 
pattern. The stator has 24 slots and two three-phase 
distributed winding: 4-pole winding drive and 2-pole 
suspension winding. Winding drive is fundamental, 
the number of turns in a slot is 50, and the turn 

number of the suspension windings is 35. The length 
of the rotor’s active part is 74 mm. 

Figure 3 shows the model modular unit of 
bearingless electrical machine in the FEMM. 

 

Fig. 3.  The model in the FEMM. 

The program allows calculating directly the torque 
and radial forces acting on the rotor. 

To create a physical model the stator of the 
induction motor 4A71B4 was used. The scheme for 
radial forces research is shown in Figure 4. The rotor 
has a mechanical support to the ball bearing (point O). 
Assume that this hinge support and the rotor can rotate 
freely relatively to this point. The load application 
center of electromagnetic forces (Fem) is the center of 
the stator (point O1). 

 

Fig. 4.  Scheme for radial forces research . 
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The gravity application center (FH) is the rotor mass 
center - point O2. O3 - point of balance force 
application Fm, which is measured by scales.Having 
known the force Fm and FH, Fem can be determined. 

The moment equation, acting on the rotor relative to 
point O is (1): 

 

321 l*Fl*Fl*F nHem                                          (1) 

 
where Fn is defined as: )cos(*FF mn   

So,  
 

132 l/)l*)cos(*Fl*F(F mHem                         (2) 

 
To find the torque the second ball-bearing was set 

and the maximum force required to rotate the rotor 
was measured.   

Currents in the drive and suspension windings are 
delivered from two three-phase inverters and they are 
measured by ammeters. Currents phases are selected 
such way that the resulting radial force is directed 
vertically downward. 

III RESULTS AND DISCUSSION 

The research purpose is a comparison of the results 
of a computer simulation and an experiment. The 
main parameters are the torque and radial force. 

During the experimental research only the 
maximum torque was measured. The torque in this 
type of machines depends on the angle of rotor 
rotation relative to the stator field, so the maximum 
moment angle was determined firstly. The dependence 
of the torque on the angle of rotor rotation were 
determined in the FEMM  (Fig.5). 

For leachate BOD5 is very low, varying from 8.1 to 
18.9 mg/L, which is non-typical for young landfill 
leachate. The reason of this can be landfill 
management, where concentrate from  

 

Fig. 5. Torque depending on the angle of rotor rotation 1) I4=0.6 А 
2)  I4=0.7 А 3) I4=0.8 А 

These graphs are plotted for various values of the 
drive windings currents. As can be seen, the maximum 
torque angle does not depend on the value of current 
and is approximately 28 degrees. The reduction of the 

date of 17 degrees is explained by the specific 
situation of the stator teeth from the rotor teeth. 
Reducing of this impact can be achieved by 
manufacturing a rotor with beveled slot. In 
experimental research was obtained the similar data. 
Thus, all the torque measurements were performed at 
the rotor rotation angle of 28 degrees. 

Values obtained at a suspension windings currents  
I2 are 0 and the changes of drive windings currents  I4 

are shown in the figure 6. 

 

Fig. 6. Torque depending on the drive windings currents. 

As can be seen, the results obtained by computer 
simulation (FEMM) almost completely agree with the 
experimental research results (Exp). 

An important parameter in the bearingless machine 
is the impact of the suspension windings currents on 
torque. If this effect is large, the torque on the shaft 
changes at a constant current I4, which has negative 
effect on the load. The research of these parameters is 
shown in the Figure 7. 

Date Exp_1 and FEMM_1 is obtained for the drive 
windings currents I4 = 1, Exp_2 and FEMM_2 for I4 = 
2A.  

 

Fig. 7. Effect of the suspension windings currents on the torque. 

The discrepancy between the results of computer 
simulations and experimental research is presented in 
Table 1. 
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TABLE 1.         

THE DISCREPANCY BETWEEN THE RESULTS OF COMPUTER 

SIMULATIONS AND EXPERIMENTAL RESEARCH  

EXPERIMENT, 
N*M 

FEMM,  

N*M 

DISCREPANCY, 

% 

0,462 0,437 5,34 
0,467 0,439 6,13 
0,462 0,440 4,72 
0,463 0,443 4,39 
0,478 0,446 6,56 
0,480 0,451 6,12 
0,486 0,455 6,24 
0,493 0,461 6,47 
0,504 0,468 7,11 

 
As can be seen from the table, the difference does 

not exceed 8%. It can be explained by the assumptions 
made in the computer model: magnetostrictive 
saturation and magnetization of ferromagnetic 
materials are ignore. 

Another important parameter for this research is the 
dependence of the radial forces from the windings 
currents. Previously it was said that the radial force is 
generated by magnetic fields superposition generated 
by the drive and suspension windings currents. 
Moreover, the radial force is controlled by the 
suspension windings currents. Therefore, the main 
thing is the confirmation of the dependence of the 
radial force of the suspension windings currents. The 
results obtained by computer simulation (FEMM) and 
experimental researches are presented in Figure 8. 

The dependence of the radial forces from the drive 
windings currents is also important (Figure 9). Table 2 
shows the discrepancy between the results of 
computer simulations and the experimental research. 

 

Fig. 8. The dependence of the radial forces on the suspension 
windings currents. 

As seen in the table, the discrepancy does not exceed 
15%. Such discrepancy can also be explained by the 
assumptions made in the computer model. 
 

 

Fig. 9. The dependence of the radial forces on the drive windings 
currents. 

TABLE 2.         

THE DISCREPANCY BETWEEN THE RESULTS OF COMPUTER 

SIMULATIONS AND THE EXPERIMENTAL RESEARCH  

EXPERIMENT, 

N*M 

FEMM, 

N*M 

DISCREPANCY, 

% 

28,25 29,01 -2,69 
47,81 48,55 -1,55 
68,45 68,47 -0,07 
79,86 88,98 -11,41 
98,33 108,9 -10,74 

112,46 128,63 -14,38 
136,91 146,62 -7,09 
146,14 164,42 -12,5 

IV CONCLUSION 

The data obtained in the research demonstrate the 
adequate usage of the computer simulation technique. 
Thus, guaranteeing reliable results, computer 
simulations can be employed to investigate 
bearingless synchronous machine.  Further research 
are going to be concentrated on the determination of 
the optimal design of the machine, the study of the 
dynamic characteristics, the synthesis of control laws 
and the development of the electronic control unit for 
BSM. 
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Abstract. Interest to structural application of textile reinforced polymer matrix composite materials (CM) is 
growing during last years. In different branches of machine building, aerospace, automotive and others industries we 
can find structural elements preferably be produced using such reinforcement. At the same time, such materials are 
exhibiting elastic and strength properties scatter. Present work is devoted to structural modeling of the composite 
material with textile (knitted) reinforcement having the goal to predict such materials strength and behavior under 
applied mechanical loads. In the framework of the present investigation, we observe yarn penetrated by a resin in a 
composite as a reinforcing “macro” fiber. Such “macro” fiber mechanical properties were measured experimentally, 
for this purpose was produced and was tested by tension until fracture fiber samples, having different length. Then 
was elaborated and was realized structural strength probabilistic model. In the textile geometry, was picked out 
repeating structural element – polymer matrix volume with two curved “macro” fiber’s chunks inside it. Complete 
composite material volume is possible to represent as a set of repeating structural elements. External loads application 
leads to disperse structural elements failure. Neighboring to ruptured elements are overloaded leading to higher 
probability to fail for them. Using FEM was modeled stress state in “macro” fibers inside CM. Then, was numerically 
obtained stress distribution in composite material, having different number of broken loops. Probabilities of different 
numbers of failed elements were calculated.  Strength probability function, based on Weibull approach was obtained. 
CM samples were tested under tension and obtained results were compared with numerical modeling as well as were 
analyzed.  

 
Keywords: Elastic properties, glass fiber, polymer matrix, yarn.  
 

I INTRODUCTION 

Novel composite materials (CM) investigation and 
incorporation in different structural automotive, 
marine and aerospace applications is important 
nowadays. Some of such materials have non-
traditional reinforcement. Polymer matrix composites, 
reinforced by textile fabric in many situations have 
simple fabrication technology and are exhibiting 
attractive mechanical properties, such as high wear 
and impact resistance, as well as high energy 
absorption. Woven fabric has threads running 
horizontally and vertically, in the case of knitted 
fabric, strands are forming loops. Knitted fabric has 
high shape forming ability, which allows it to be 
applied in a complex shape mould without forming 
folds. Such property is important in fabrication of 
composite material made sophisticated form structural 
elements. Elastic properties of a composite reinforced 
by knitted fabric are dependent on mechanical 
properties of the matrix and mechanical properties of 
the fibers as well as thread thickness, its degree of 
twist, geometrical size and form of the loops in the 
fabric and were numerically and experimentally 
investigated in [1-6]. At the same time strength 

properties and damage accumulation in such materials 
during loading are investigated poor. Damage 
accumulation in mechanically loaded  CM, reinforced 
by knitted fabric is stochastic process of single 
disperse yarn loops rupture, ruptured loops formation 
in clusters and clusters growth till final material 
rupture within structural element. If we want to model 
such process numerically we can observe yarn filled 
by polymer matrix as a “macro” fiber having elastic 
properties corresponding to curved unidirectional 
composite material and strength properties which can 
be obtained experimentally performing such 
unidirectional composite material testing. After that 
stresses in curved “macro” fiber loops can be 
calculated numerically using FEM approach. More 
overloaded crossections of “macro” fiber loops in the 
material will fail. Performing stochastic procedure is 
possible to evaluate this process from the beginning 
till the final CM rupture. In such case studied 
materials have properties necessary for design and 
manufacturing. 
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II UNIDIRECTIONAL MATERIAL 

EXPERIMENTAL INVESTIGATION  

We observe yarn filled by polymer matrix as a 
“macro” fiber having elastic properties corresponding 
to curved unidirectional composite material. Strength 
properties of such CM will be evaluated stochastically 
using Weibull probabilistic distribution (1). Weibull 
probabilistic distribution  

ሻߪሺܨ ൌ 1 െ ݁
ሺିሺ

഑
ആ
ሻഁሻ
				                  (1) 

where:	ߟ ൌ ሺ
௅బ
௅
ሻ
భ
ഁ ∗                (2)							଴ߪ

(1) will describe “macro” fiber probability to fail 
dependent on applied to the composite “macro” fiber 
stretching stress ߪ and its length .ܮ ,	଴ߪ  ,ߚ ଴ܮ are 
numerical constants. In the framework of our 
investigation, we are accepting that curved “macro” 
fiber in the composite can fail only by its rupture 

Fig. 1.  Sample M2, where L – the length between the tabs in mm 

under acting in its orthogonal to longitudinal fiber 
direction tensile stress. Traditional way of parameters 
	ߟ and β experimental evaluation is performing 
experimental tests with fibers having different length. 
For this purpose composite “macro” fiber samples 
having different span length were experimentally 
fabricated. For getting samples – were conducted 
following steps: a) into epoxy resin was poured 
catalyzer for gradual solidification; b) straight glass 
fiber yarns were easily stretched and were penetrated 
by epoxy resin. After solidification “macro” fibers 
were cutted in pieces for samples fabrication.  Each 
“macro” fiber piece was precisely positioned going 
throw two empty boxes with the size 40Х40Х15 mm 
as is shown in Fig. 1. Boxes were filled by a resin. 
After 2 days epoxy resin was hardened and samples 
were demoulded and tested by tension till rupture. 
Corresponding following samples were fabricated: 
1) M2 – samples with a “macro” fiber length 

between tabs L=2 mm; 

2) M6 – samples with a “macro” fiber length 
between tabs L=6 mm; 

3) M10 – samples with a “macro” fiber length 
between tabs L=10 mm; 

4) M16 – samples with a “macro” fiber length 
between tabs L=16 mm; 

5) M26 – samples with a “macro” fiber length 
between tabs L=26 mm; 

6) M100 – samples with a “macro” fiber length 
between tabs L=100 mm; 

7) M800 – samples with a “macro” fiber length 
between tabs L=800 mm; 

 

 

Fig. 2.  The sample M800 is testing  

Were produced five samples having each particular 
L length value between tabs. Samples were placed in 
a tensile testing machine grips (Fig. 2) and subjected 
to tension.  

III “MACRO” FIBER ELASTIC PROPERTIES 

“Macro” fiber consists of glass fiber yarn 
penetrated by epoxy resin.  At the beginning, dry glass 
fibers yarn without epoxy resin was mechanically 
investigated. Yarn was tested by tension for finding 
Young's modulus. The diameter of the glass fiber yarn 
was calculated by the following (3) [7]: 

D=
ට

ర
ഏ∗ഐ∗ೖ

√ଵ଴଴଴
∗ 	(3)                    ݔ݁ܶ√

where: D – diameter of the yarn in mm; 
Tex – is a unit of measuring the linear mass density 

of fibers, 300 g/km; 
ρ -the density of the glass fiber, 2.54 g/cm3 
k – numerical coefficient, which describes how 

many fibers are in the yarn volume. 
Experimental curve averaged over data obtained for 

five samples is shown in Fig. 3. Young's modulus for 
a glass fiber yarn without epoxy resin was obtained    
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E = 71.9GPa. Then all prepared “macro” fiber samples 
having different 

Fig. 3.  Stress (MPa ) –strain (averaged over five samples) curve for 
glass fiber yarn not contains epoxy resin  

length were tested. During samples testing was 
observed following: 
а) for some part of М2 samples fiber break was 

happened partially inside the clamps. Broken 
crossection was inside polymer tabs; 
б) for all samples М6, М10, М16, М26 иМ100 

“macro” fiber broken crossection was located in the 
middle part of the sample away from the polymer tabs 
(Fig. 4); 

 

Fig. 4.  Broken sample M100 

с) for samples М800 “macro” fiber broken 
crossection was located in the middle part of the 
sample. First break was initiated elastic wave which 
running from broken crossection along the “macro” 
fiber in both directions was initiated secondary breaks, 
leading to sample separation in few pieces. 

After testing for samples were received following 
graphs: 

 
 
 

 
 
Fig. 5.  Stress (MPa)  – strain (each averaged over five samples) 

curves for all tested samples 

 
From curves in the Fig. 5 were obtained Young's 

modulus of the “macro” fiber  Е௔௩௘௥௔௚௘ = 32.4GPa – 
the average value over all experimentally obtained 
data. The average volumetric glass fibers content in 
our prepared samples was evaluated from the (4) and 
was ௙ܸ ൌ 0.42. 

௙ܸ ൌ
ா೘ିாೌೡ೐ೝೌ೒೐

ா೘ିா೑
					                 (4) 

where:	Е௠ =4GP – Young's modulus of the epoxy 
matrix,  Е௙ ൌ  71.9GPa – the average value of the 
Young's modulus of the glass fiber without epoxy 
resin, which was obtained in experiments stretching 
yarns without resin. 

IV “MACRO” FIBER STOCHASTIC PROPERTIES  

All length samples were tested till rupture. Strength 
properties dependence on samples length is shown in 
Fig. 6. From Fig. 6 were obtained following 
approximation function ln (L)= - 8.0033*ln(σ)+55.366 
and values β=8.1443 and А = 56.709 in Weibull 
probabilistic function (1) and (2) describing glass fiber 
yarn impregnated by epoxy matrix strength 
distribution. 

 
Fig. 6.  Linear approximation of the samples strength 

dependence on length for “macro” fibers, were L is in mm and σ in 
MPa 
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V DAMAGE ACCUMULATION IN THE 

COMPOSITE MATERIAL REINFORCED BY 

KNITTED FABRIC AND IT STRENGTH 

Existing failure models are mostly based on the use 
of different phenomenological criteria [5,6,8]. 
Polymer matrix composite material reinforced by 
knitted fabric is forming repeatable structure of 
elements shown in Fig. 7. A repeating structural 
element - volume can be subtracted from the structure. 
Translation of the volume in four directions gives us 
composite plate. Such subtracted volume of looped 
fiber with surrounding matrix is shown in Fig. 8. In 
the case of such material loading, all translated 
repeatable volumes are loaded in the same way. The 
finite element method was used studying sequential 
failure of loops in a plate of composite material 
reinforced with knitted fabric. Loading of material 
will lead to distributed in CM volume “macro” fiber 
breaks within the loops. We suppose then if failure 
will happen it will happen in more heavily loaded 
crossection of the loop. For this purpose more 
stretched crossection within structural element was 
recognized (Fig. 9). Then according to applied 
external loads level, probabilities to find such single 
breaks dispersed in material were calculated according 
to (1), using obtained experimentally numerical 
constants. The broken crossection within the loop is 
leading to overstress formation on crossections within 
closest neighboring fibers (in neighboring repeating 
volumes). More heavily loaded crossection of the fiber 
within neighboring to ruptured loop was recognized 
and probability to failure under overloads was 
obtained. In such way, probabilities to find in loaded 
CM plate single ruptured “macro” fibers crossections, 
two neighboring broken crossections in two 
neighboring “macro” fibers, three broken crossections 
in three neighboring “macro” fibers were calculated 
and so on.   

 
Fig. 7.  Polymer matrix composite plate reinforced by glass fiber 

knitted fabric. Glass fiber yarn impregnated by epoxy matrix is 
observed as “macro” fiber 

 

Thin knitted reinforcement in the composite is 
shown in Fig. 7. This structure is loaded with a tensile 
force in the horizontal direction. Investigated 
composite material plate sizes was 12×14×2.43 mm 
(width × length × thickness). Knitted geometric 
parameters were: number of loop columns per cm, 
W=1.43 loop/cm, the number of rows per cm, C=2.5 
loop/cm. In order to simulate the thin knitted fabric 
geometry was used Leif-Glaskin model [1-4]. 

 

 
Fig. 8.  Repeating structural element of the composite material 

[1-3] 

 
Applied tensile stress in horizontal direction causes 

uneven tensile stress distribution along “macro” fiber 
orthogonal crossections. 

 

Fig. 9.  Equivalent Mizes stress distribution in orthogonal 
crossections of „macro” fibers in a case of CM stretching in 
horizontal direction by stress equal to 1 MPa (FEM solution) 

 

Was supposed full contact between „macro” fibers 
and matrix. Was used FEM mesh, dependent on the 
curvature of the fiber. Finite element maximal size 
was 0.1675 mm. Were calculated stresses in situations 
of one broken crossection, two broken crossection, 
three broken crossection and so on till 12. Stress 
distribution along unbroken fiber within the repeating 
element is show in Fig. 9 and Fig.10. The averaged 
(across crossection of the “macro” fiber) overload 
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coefficients in more dangerously loaded neighboring 
fibers are shown in the table 1. 

TABLE I 

Number of ruptured 
crossections 

Normal stress in more heavily 
loaded neighboring 
crossection, MPa 

Material without broken 
crossections 

1.7640 

1 broken crossection 1.7660 
2 broken crossections 1.7680 
3 broken crossections 1.7700 
4 broken crossections 1.7710 
5 broken crossections 1.7714 
6 broken crossections 1.7732 
7 broken crossections 1.7750 
8 broken crossections 1.7768 

 
Simulation of damage accumulation in the 

composite material having knitted reinforcement 
based on the assumption that it is a complex stochastic 
process, which begins with the single ruptured yarns 
accumulation in the material and is continuing to such 
single ruptures growth by other yarns failure on the 
border of the cluster of ruptured commonly located 
yarns. This process begins relatively slowly and turns 
to catastrophic development when the cluster growth.  
Model is not considering interaction between two 
adjacent clusters. 

Let introduce the random value ሻߪሺܫ	 : ܲሼܫሺߪሻ ൒
݅,	  ൐0, it is the size of neighboring broken fibersߪ
crossections. Cluster is reaching size of at least i 
adjacent broken yarns when the external tensile load is 
reaching value σ. In this case probability to find inside 
material clusters having size at least one broken 
“macro” fiber is equal to P(i ൒ 1)= )(W . The 

probability of finding clusters, consisting of at least 
two broken adjacent „macro” fibers is equal to 
P(i≥2)=P(i≥1)W( 	,ଵሻߪ the probability of finding 
clusters, consisting of at least three breaking adjacent 
„macro” fibers  is P(i≥3)=P(i≥2)(1-(1-W(ߪଶሻሻଶሻ, the 
probability of finding clusters, consisting of at least 
four breaking adjacent „macro” fibers is 
P(i≥4)=P(i≥3)W(ߪଷሻ.  

Fig. 10.  The averaged overload coefficient distribution for 
(across crossection of the “macro” fiber) tensile stress acting along 

the fiber within one repeating structural element 

This process can be continued and probability of 
finding clusters, consisting of at least n breaking 
adjacent „macro” fibers can be calculated as  
P(i≥n)=P(i≥n-1)W(ߪ௡ିଵሻ. 

Above mentioned probabilistic model was realized 
and probabilities to find different size clusters of 
adjacently located broken fibers were obtained (Fig. 
11). When size of the cluster is growing, probabilistic 
curves are linking forming one envelop curve, which 
is CM plate failure curve (probability to find in the 
plate cluster consisting of n→∞ broken crossections).  

Fig. 11.  Probabilities to obtained different size clusters 
consisting of broken adjacent “macro” fibers in loaded by tension 

CM plate  

VI CONCLUSION 

In the present work detailed failure process 
investigation in mechanically loaded CM plates 
reinforced by knitted fabric was realized. For this 
purpose experimentally were obtained micro 
composite material – single glass fiber yarn in epoxy 
resin, elastic and strength properties. Probabilistic 
numerical model was elaborated for structural damage 
accumulation evaluation. Model was realized and 
probability of CM plate reinforced by knitted glass 
fiber yarn was obtained. 
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Abstract. In this paper are explored the mechanical (ultimate compression strength, ultimate strain, Young’s 
modulus, hardness) and the electrical (relative permittivity, specific electrical resistance, quality factor, their 
dependence on the electric field frequency in the range till 1MHz) properties of the solid sapropel. For the researches 
are used samples from the solid, monolith sapropel (obtained in the drying process) and samples from the sapropel 
powder that are pressed with a different force; before the measurements, a part of these samples were heated. There 
is explored the dependence of the relative permittivity on temperature. Are explored the methods for the forming of 
the products from the solid sapropel powder. 

 
Keywords: solid sapropel, mechanical properties, electrical properties, sapropel powder. 
 

I INTRODUCTION 

Sapropel is a product of mechanical, physical, 
chemical, and biological transformations of the 
remnants of lacustrine plants and animals, as well as 
inorganic components of biogenic origin [1]. Process 
of creation of sapropel is reflected in works of many 
authors, for example [2], [3], [4], [5]. Sapropel is 
renewable natural resource. Overall resources of 
sapropel in Latvia are approximately 2 billion m3; 
layer of sapropel in hollows of lakes collects with 
speed 1-2mm per year; sapropel is used in agriculture, 
gardening, forest husbandry, animal husbandry, 
chemical industry, building, balneology and 
cosmetology; the amount of resources of sapropel and 
wide possibilities of using make it a national-scale 
strategic natural resource [5]. Lake sapropel 
production methods are reviewed in article [6]. In 
industrial scale in Latvia sapropel is used for 
production of soil enrichers by mixing it with peat. In 
small amounts it is used as a binder in building [7]. It 
is possible to use sapropel as modifying additive for 
binders in production of brown coal briquettes; dry 
lacustrine sapropel accelerate the oxidation processes 
and enhance adhesive coupling in the coal–binder 
system [1]. Admixing of sapropel enhance mechanical 
strength of brown coal briquettes; discovered 
increasing of adhesion strength of compounds of coal 
grains and goudron by using sapropel as modifying 

additive [8]. Sapropel from which free water is 
separated is possible to use as natural sorbent [1]. In 
sapropel approximately 75% is organic matter; it 
determines biological activity, biochemical resistance, 
and adhesiveness of sapropel [1], [9]. According to [5] 
composition of organic matters in sapropel is 15-85%; 
composition and properties of various sapropel 
deposits are very different. Drugs derived out of 
sapropel can be used in veterinary medicine [10] as 
biostimulants [11] and as biologically active 
substances [12]. Sapropel is a good adsorbent; 
capacity for short residues is 70–75% [1]. Biological 
and chemical composition of sapropel layers in 
different depths can be used as biomarker, which 
gives information about changes of earth climate and 
geological conditions [13], [14]. Outlook would be 
using of this resource also in other national economy 
sectors so that brings maximally high added value. 
When the sapropel dries, it converts to a solid 
substance that is similar to stone. The solid sapropel – 
at present it is a new, in national economy almost 
unused material. It is necessary to know the 
mechanical, physical (thermal, electrical etc.), 
chemical and biological properties to find the maximal 
effective use of the solid sapropel. Researches of 
chemical properties of the sapropel were made by 
many authors, for example [4], [15], [16], [17]. 
Proved that the sapropel extracts have antibacterial 
properties and defined a positive correlation between 
the chemical composition and the biological activity 
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of the sapropel [18]. A wide review of works of many 
authors about the classification, formation, chemical 
and biological properties see in [5]. The magnetic 
properties of the sapropel were researched in [19]. The 
thermal properties of the Black sea sapropel were 
researched in [20]; determined that depending on 
humidity (25- 72%) thermal conductivity is in the 
range 0.65- 1.25W/(m·K), specific heat capacity is 
1580- 3260 J/(kg·K), density is 1150- 1900kg/m3. At 
the same time mechanical and electrical properties of 
the solid sapropel are less researched. 

The aim of the work is to explore mechanical 
(ultimate compression strength, ultimate strain, 
Young’s modulus, hardness) and electrical (relative 
permittivity, specific electrical resistance, quality 
factor) properties of the solid sapropel so that it would 
be possible to find the most effective further use of 
this material. 

II MATERIALS AND METHODS 

For this research is used a sapropel that was gotten 
in Latvia, Rēzekne region, in the lake Ubogova (from 
depth) and in the Diunokļa bay of the lake Rušons 
(from the upper layer, 0.3-0.5m deep). The sapropel 
that was gathered before 1-3 months is filled into 
moulds and dried in the laboratory conditions 
(temperature 19-21°C, relative humidity 50-60%). To 
test the mechanical properties, are used cubic, 
monolith samples of the solid sapropel with polished 
surfaces and a dimension 11x11x11mm. For the 
testing electrical properties are used parallelepiped-
form, monolith samples of the solid sapropel with 
polished surfaces and a dimension 11x11x4mm. The 
solid rest in the sapropel makes up about 8%. During 
the process of drying, there are several serious 
problems to form the samples of the solid sapropel – 
when this material become dry, it shrinks hard, cracks, 
crinkles, loses its form, consequently there are a lot of 
defective samples. So there is also used one another 
method to prepare the samples: particles of the solid 
sapropel are grinded into powder; this powder is to fill 
into cylindrical forming die (diameter 20mm) and to 
press with a constant force (3, 5, 8, 10, 15 tons); as a 
result we become cylindrical samples with a diameter 
19.3mm, height about 21mm (to test the mechanical 
properties) and 5mm (to test the electrical properties). 
The size of the sapropel-powder-particles is not 
measured in the experiments. 

To test the electrical properties is to apply silver-
lacquer (Kemo N36BA L100 Electronic Conducting 
Silver) electrodes on two opposite sample-faces (with 
the largest surface area), with a thickness about 
0.05mm. 

There is performed a compression test for the 
samples with the universal tensile machine Zwick/ 
Roell Z-150; compression rate – 10mm/min; 
temperature 20°C. Using the compression curves, we 
can determine the ultimate compressive strength, 

strain and Young’s modulus of the investigated 
material. 

The electrical capacity of the samples for the DC 
case is determined with the Fluke 189 True RMS 
Multimeter. A sample of the solid sapropel (with a 
silver layer on the opposite faces) is inserted into a 
holder between steel electrodes that are connected 
with the multimeter. Then is measured the capacity C 
of the steel electrodes, among whom is placed the 
sapropel. After it, the sample of the sapropel is ejected 
from the holder; distance between the steel electrodes 
is equal with a thickness of the sample. Subsequently 
is measured the capacity C0 of the steel electrodes, 
among whom is air. If are given geometrical sizes of 
the samples- area of the silver electrode A, thickness 
of the sapropel-layer d, then the relative permittivity 
is: 

ߝ  ൌ
ሺ஼ି஼బሻ∙ௗ

ఌబ∙஺
 ,  (1) 

where ε0=8.85·10-12F/m- electric constant.  
The electrical resistance R of the samples for the 

DC case is determined with the Megohmmetre Sefelec 
M1500P. The specific electrical resistance: 

ߩ  ൌ
ோ∙஺

ௗ
 .   (2) 

For the test of the electrical properties in the range 
from 20Hz to 1MHz is used the HP 4284A Precision 
LCR Meter; there is measured the conductance G and 
the susceptance B of the inspected samples. To 
calculate the relative permittivity and the specific 
electrical resistance are used equations (1), (2), 

 ܴ ൌ
ଵ

ீ
   (3) 

and 

ܥ  ൌ
஻

ଶ∙గ∙௙
 ,   (4) 

where f- frequency of the electric field. 
The quality factor Q (that is inverse proportional to 

the dissipation factor) for a parallel tuned circuit is 
[21]:  

 ܳ ൌ
஻

ீ
 .  (5) 

For the researches of the electrical properties 
depending on temperature is used the oven Memmert 
UNE 400. The electrical parameters are determined in 
the range from 20 to 130°C; as a result are used 
average values obtained from the heating and the 
cooling processes. 

III RESULTS AND DISCUSSION 

The compression curves of the solid, monolith 
sapropel from the lake Ubogova are given in Fig.1. 
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Hereof we see that the solid, monolith sapropel is a 
breakable material, during the elastic deformation 
compression (straight phases, where the Hooke’s law 
is valid) remains almost intact until the rupture. The 
compression curves of the pressed (with strength 
312MPa) sapropel-powder samples from the lake 
Ubogova see in Fig.2. The main mechanical properties 
of the solid sapropel during the compression are given 
in Table 1. A large scattering of the mechanical 
properties of the solid, monolith sapropel is related 
with problems during the sample preparation- in the 
drying process they shrinks hard, appear cracks, 
whose formation during the simple drying is not 
possible to exclude. The scattering of the mechanical 
properties of the solid, pressed sapropel can be 
explained by the fact that the granulometric 

composition of the sample-forming powder was not 
constant. 

The given experiments enable to compare the 
mechanical properties of the sapropel products, when 
they are obtained during the drying process and the 
powder pressing process. The strength of the sapropel-
powder samples is more than two times lower than the 
strength of the samples that are obtained during the 
drying process. On the other hand, the pressed-powder 
samples have lower scattering of the mechanical 
properties than the samples that were dried. It means 
that during the powder-pressing process we can get 
products with the significantly more precise 
mechanical properties than using the method of 
drying.

 

 

 

 

 

Fig.1. The compression curves of the sapropel samples (monolith 
cube 11x11x11mm) from the lake Ubogova. 

Fig.2. The compression curves of the pressed (with a strength 
312MPa) sapropel-powder samples (cylinders: diameter 19.3mm, 

average height 21mm) from the lake Ubogova. 
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TABLE 1 

MECHANICAL PROPERTIES OF THE SOLID SAPROPEL FROM THE LAKE 

UBOGOVA AT 20°C. 

 Solid, monolith 
sapropel 

Pressed (312MPa) 
sapropel-powder 

Ultimate 
compressive 
strength, MPa  

28±15 11.3±2.8 

Ultimate strain, % 4.0±2.6 3.51±0.39 

Young's modulus, 
MPa  

760±320 430±120 

Hardness <25 HRB 20 Shore C 

Density, kg/m3 1260±80 - 

 
One of the methods used by making products from 

metal powder is following: at first products are formed 
under compressive load, after it heated 30 – 90min at 
0.6- 0.9 from  the powder melting temperature, as a 
result there are forming stronger bonds between the 
powder particles, consequently increases the strength 
[22]. A similar approach is used also in the sapropel 
powder (although it is not a metal) case: the powder 
from the solid sapropel is to pour into cylindrical 
mould and to press applying the mechanical stress ; 
is gotten a cylindrical sapropel sample; this sample is 
to take out from  the mould, to put into the oven and to 
heat 1 hour at 150°C (temperature is chosen following 
in order to avoid an ignition of the sapropel); after the 
cooling in air, the sample is to subject to the 
compression test. The ultimate compressive strength 
of the pressed sapropel-powder samples from the lake 
Ubogova with and without the heat treatment 
depending on the pressing strength , applied during 
the formation, is given in Fig.3, the ultimate strain max 
depending on  see in Fig.4. From these figures, we 
see that the heat treatment after the formation worsens 
the mechanical properties of the sapropel products (if 
the sapropel powder is without admixtures).  

The next researches in this area could be related to 
obtaining the relationships between the granulometric 
composition, pressure force, concentration of various 
admixtures (e.g. surfactants, low melting substances 
etc.), temperature and time during the formation and 
the heating processes and also for the mechanical 
properties of the sample- ultimate strength, ultimate 
strain, hardness. It would enable to improve the 
mechanical properties of the samples that are gotten 
using the powder pressing method. These researches 
would give a chance to create products from the solid 
sapropel, using the powder pressing method that is 
significantly simpler than the formation by the drying.  

To research the electrical properties of the solid 
sapropel are used six different samples: 1, 2, 3 – 
monolith (obtained drying the sapropel) sapropel from 
the lake Ubogova, 4 – pressed (with a strength 
250MPa) sapropel-powder from the lake Ubogova, 5 – 
pressed (with a strength 250MPa) sapropel-powder 

from the Diunokļa bay, 6 – monolith sapropel from 
the Diunokļa bay. 

 

Fig.3. The ultimate compressive strength max of the sapropel 
samples (cold-pressed sapropel powder) from the lake Ubogova 

depending on the pressing strength   during the preparation of the 
samples; rhombus corresponds to the samples, which are not 

subjected to the heat treatment, squares- to samples that after the 
pressing were heated 1 hour at 150°C; measurement error of max 

is 8.8%. 

 

Fig.4. The ultimate strain max of the sapropel samples (cold-
pressed sapropel powder) from the lake Ubogova depending on the 
pressing strength   during the preparation of the samples; rhombus 

corresponds to the samples, which are not subjected to the heat 
treatment, squares- to the samples that after the pressing were 
heated 1 hour at 150°C; measurement error of max is 11%. 

The electrical properties of the solid sapropel in the 
DC case at 20°C are given in Tab.2. As in the 
semiconductors ρ = 10−4…107 Ω·m [23], it means that 
the solid sapropel is an isolator (dielectric). 

TABLE 2 

ELECTRICAL PROPERTIES OF THE SOLID SAPROPEL IN THE DC CASE 

AT THE TEMPERATURE T=20°C 

 Lake Ubogova Diunokļa bay 

Solid, monolith sapropel 

Specific electrical 
resistance, ·m 

(4.3±2.1)·108   (4.0±3.2)·109 

Relative permittivity 7.4±3.0 16.6±3.0 

Pressed (with a strength 250MPa) sapropel-powder 

Specific electrical 
resistance, ·m 

(6.9±4.8)·108   (4.9±3.3)·108 

Relative permittivity 9.3±3.0 7.7±3.0 
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The frequency curves of the solid sapropel for the 
specific electrical resistance are given in Fig.5, for the 
relative permittivity – in Fig.6, for the quality factor -
in Fig.7. From the Fig.5 we see the general tendency - 
if the frequency f increases, the specific electrical 
resistance  decreases. In a dielectric exists not only 
an electron conduction mechanism (the current is 
transferred by the free electrons, the number of which 
is small in the dielectric) but also a polarization 
conduction mechanism: the electrons that are closely 
related to the crystal lattice cannot move from one 
atom to another but within the limits of the atom can 
shift in the direction of the electric field and polarize 
the atom [24]; when the frequency increases, the flow 
of these polarization-electrons becomes more intense 
in the direction of the electric field, the polarization-
current becomes higher but the resistance - lower. An 
another explanation of this phenomenon could be the 
fact that in the case of the low frequencies the 
oxidation-reduction reactions have a high intensity, 
consequently decreases the concentration of the 
charged particles (dipoles, ions, electrons) near the 
electrodes that increases the resistance [25].  

At the frequency 50Hz, the samples 1-5 have a 
local minimum of the specific electrical resistance, 
after which, in the frequency interval 50-100Hz, 
follows the 1.5-2.4-time increase of the specific 
electrical resistance. This could be explained that in 
the frequencies near 50Hz is observed a maximum of 
the resonance at some large, electrically charged 
molecular formations. From the Fig.5 is obvious that 
in the frequency range 20-100Hz the specific 
electrical resistance of the samples 1-5 is especially 
sensitive on the frequency.  

From the relative permittivity ε- frequency curve 
(see Fig.6) can be seen, if the frequency of the electric 
field increases, the relative permittivity decreases. An 
explanation is the decrease in a degree of the 
polarization of the ions and the dipoles, while the 
electric field frequency increases; at higher 
frequencies, the change of the position of the ions and 
the dipoles according to the electric field direction 
delays [Pavlov]. In addition, the relative permittivity 
has a local minimum in the frequency range 20-
100Hz, where ε is especially sensitive on the 
frequency.

 

   

Fig.5. The specific electrical resistance of the solid sapropel 
depending on the frequency at 20°C 

Fig.6. The relative permittivity of the solid sapropel depending on 
the frequency at 20°C 
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Fig.7. The quality factor of the solid sapropel depending on the 

frequency at 20°C 

If the relationships =(f) and ε=ε(f) are known, 
then the solid sapropel can be used in sensors to 
determine the frequency of the electric field. By 
measuring the electrical resistance or capacity of the 
sensor can be determined the frequency of the 
electrical field. Best of all is to use it in the frequency 
range, in which  and ε are especially dependent on f; 
in this case – in the range 20-100Hz. 

From the Fig.7 can be seen, if the frequency grows, 
the quality factor Q increases from 0.57-1.09 at the 
frequency 20Hz to 18-28 at the frequency 1MHz; the 
quality factor of the pressed-sapropel samples (4, 5) is 
higher; the local minimum of the quality factor is 
observed at frequencies 50-100Hz that can be 
explained by the significant decrease of the electrical 
resistance in this frequency range. From the 
relationships (1)- (5) we get: 

 ܳ ൌ  (6) . ߝߩ଴݂ߝߨ2

If the growth of f is faster than the reduction of , 
where =(f) and =(f), then, at the increasing 
frequency f, the quality factor Q must grow. It means 
that in the future materials from the solid sapropel 
could be used in electrical circuits (e.g. in condensers) 
with high (>1MHz) frequencies. 

Is found that the relative permittivity of the solid 
sapropel during the increase of the temperature from 
20 to 130°C grows (see Fig.8). The samples of the 
solid, monolith sapropel (1, 2, 3 and 6) have an 
increase of 11-16 times; the samples from the pressed 

powder (4 and 5) – 1.7-3.8 times. An explanation is 
the existence of air pores in the samples from the 
pressed powder. In this research is found out that a 
change of the total capacity C0 (see relationship (1)) of 
sample-holder electrodes (air condenser) and supply-
wires depending on the temperature is several times 
lower than a change of the capacity C of the sapropel 
condenser with the same dimension. 

 

Fig.8. The relative permittivity of the solid sapropel (in the DC 
case) depending on the temperature; before that samples were not 

subjected to the heat treatment at the elevated temperature; 
measurement error =3 

Fig.9. The relative permittivity of the solid sapropel (in the DC 
case) depending on the temperature; before that samples were 

subjected to the heat treatment- heated to 140°C and cooled in the 
oven to 20°C; measurement error =3 

Measurements of the relative permittivity 
depending on the temperature were repeated for the 
same samples (see Fig.9). Is determined that the 
growth of the relative permittivity of the samples, 
which has been heated before, depending on the 
temperature is decreased. An explanation could be 
related with two factors: 1) with the accelerated 
diffusion processes and the formation of stronger 
chemical bonds during the initial heating that 
complicates the polarization of the sapropel; 2) with 
the evaporation of the moisture and the volatile 
substances. This effect could be used in electronic and 
mechanical devices producing indicators (sapropel 
condensers) with a memory: if the device has been 
heated during the exploitation time, then the capacity 
of the condenser will be decreased; the value of the 
capacity could store the information about the heating-
temperature and the heating-time. For this purpose we 
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must know the relationships between the capacity, 
heating-temperature and heating-time of each type of 
the indicators; the indicator must be located in a 
hermetic casing so that the effect of the air humidity 
would be excluded. 

IV CONCLUSION 

The solid, monolith sapropel has the ultimate 
compressive strength 28±15MPa, ultimate strain 
4.0±2.6%, Young's modulus 760±320MPa, hardness 
HRB<25, density 1260±30kg/m3, specific electrical 
resistance 2.2·108 ·m - 7.2·109·m, static relative 
permittivity 4.4- 19.6. 

If the electric field frequency f in the range from 
20Hz to 1MHz increases, then the specific electrical 
resistance  and the relative permittivity ε decrease 
but the quality factor Q grows. If the relationships 
=(f) and ε=ε(f) are known, then the solid sapropel 
can be used in the sensors to determine the electric 
field frequency, basing on the measurements of the 
electrical resistance or the capacity of the sensor. 

If the temperature increases from 20 to 130°C, then 
the relative permittivity of the solid, monolith sapropel 
grows 11-16 times, of the pressed sapropel powder- 
1.7-3.8 times. If the solid sapropel is subjected to the 
heat treatment before the measurements (heated till 
130°C and cooled till 20°C in the oven), then, after the 
repeated heating, its relative permittivity decreases: 0-
1.7 times at 20°C and 1.8-4.2 times at 130°C. This 
effect could be used in indicators (sapropel 
condensers) with a memory; their capacity would 
store the information about emergency cases of the 
device during the exploitation time – heating-
temperature and heating-time. 

Forming of solid monolithic sapropel workpieces is 
problematic; technologically simpler is forming of 
workpieces under pressure out of sapropel powder. If 
cold pressing load for sapropel powder is 312MPa, 
then ultimate compressive strength is 11.3±2.8MPa 
that is more than 2 times lower than for monolithic 
sapropel. Heating of cold formed by pressing sapropel 
powder workpieces is not permitted (if powder is not 
modified, there are no surface active substances or 
admixtures in that), because of considerable decrease 
of strength. Further research can be concerned with 
modifying of sapropel powder particles, finding of 
surface active substances and admixtures, that 
increase strength of formed by pressure workpieces.  
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Abstract. The goal of this work is the design of LED lamp with adjustable spectral characteristics. The spectral 
power distribution (SPD) of the lamp can be adjusted to imitate the SPD of the daylight at noon and at evening. Noon 
light is “bluish” and stimulates cognitive abilities, work productivity and attention; sunlight at evening doesn’t inhibit 
melatonin production leading to improved sleep during the night and better health. Special combinations of LEDs 
with different spectral and power characteristics and proper control of the LEDs’ operation are used to achieve the 
required spectral characteristics of the lamp. Thermal management investigations are made at various ambient 
temperatures ranging from 20ºC to 45ºC and different current values through LEDs – up to their maximum values. 
They allow determining safety operating conditions for LEDs depending on the ambient conditions  

 
Keywords: Power LEDs; LEDs’ thermal management. 

 
I INTRODUCTION 

In 2012 the Scientific Committee on Emerging and 
Newly Identified Health Risks (an independent 
scientific committee under the European Commission) 
published the report “Health Effects of Artificial 
Light”. The report presented the possibilities for 
regulation of spectral characteristics of light sources to 
achieve better health, improved mood and work 
productivity. The interest in this topic has increased in 
the last couple of years. This is based on the 
possibilities to develop integrated energy efficient 
light sources which have variable spectral 
characteristics; can stimulate the cognitive abilities, 
work productivity and attention in factories and office 
buildings; change their light spectrum in the afternoon 
so it doesn’t inhibit melatonin production leading to 
improved sleep during the night.  

When the sun is high in the sky, the spectral 
composition of the light is more intensive in the blue-
violet part of the spectrum (correlated colour 
temperature CCT = 5500 ÷ 6500 K). It is known [1-
15] that the radiation in that part of the spectrum (with 
maximum close to 440 nm – 480 nm) stimulates the 
production of cortisol and improves the cognitive 
abilities, work productivity, concentration, focus, and 
has positive effect on the mood. On the other hand 
light in this part of the spectrum inhibits production of 

melatonin. Decrease in the production of this hormone 
leads to sleep problems and increases the risk of some 
cancers (breast cancer and others) [1-15].  

During sunset sunlight passes through a thicker 
layer of air which leads to decrease of the intensity in 
the blue part of the spectrum and increase in the red-
orange part. Light of this kind of spectral composition 
doesn’t inhibit melatonin production and the human 
body naturally prepares for rest and sleep.  

The analysis of these facts leads to the conclusion 
that in order for artificial lightning to be beneficial for 
the health it needs to change its spectral composition 
in accordance with natural daylight.  

The goals of this work are connected with design of 
LED lamp, proper for illumination a small room. The 
spectral characteristics of the lamp must be adjustable 
to imitate noon light (CCT = 5500 ÷ 6500 K) and 
sunlight at evening (CCT ~ 3000 K). The lamp’s 
operation control has to be easy and cheap. 

II  MATERIALS AND METHODS 

Choice of LEDs with proper spectral and 
power characteristics 

Meet specific design requirements of the lamp 
involves the use of LEDs with different spectral 
characteristics and different power. Our previous 
experience leads us to the use of LED module 
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Samsung (COB), SPHWWTHDD 805WHV0ED 
[16] – Fig.1: 

 

Fig. 1.  Samsung LED, SPHWWTHDD 805WHV0ED [16]. 

Its light output is 800 ÷ 900 lm at 460 mA and 1012 
lm at 620 mA (junction temperature Tj = 25°C) at 
CCT 3000K [16]. Its use allows the fulfillment of the 
requirements for night lighting with a luminous flux of 
about 800 ÷ 850 lm.  

To realize daylight with bluish light, which 
supports cognition, attention and working capacity is 
necessary to add LEDs with spectral characteristics 
with a maximum in the spectral region 440 ÷ 480 nm. 
After analyzing the properties of LEDs with 
appropriate features our choice is - LEDs XLamp 
XPCBLU – CREE Inc. Spectral characteristics of this 
type of LEDs are shown in Fig.2. 
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Fig. 2.  Spectral characteristics of XPCBLU - CREE Inc. 

Using LEDs’ chromaticity (x, y in the 1931 CIE 
color space) and flux (Φ =Y) it is possible to calculate 
tristimulus values in color mixing, as follows [17]: 
 X=x*(Y/y) 

 Y=Y  

 Z=(Y/y)*(1-x-y). (1) 

 Zmix=Z1+Z2+Z3 (2) 

 Xmix=X1+X2+X3 

 Ymix=Y1+Y2+Y3 

 xmix = Xmix/(Xmix+ Ymix+Zmix) 

 ymix =   Ymix/(Xmix+Ymix+Zmix) 

 Φmix = Y1+Y2+Y3 (3) 

For various combinations of LEDs using the 
relationships (1) to (3) allow spectral characteristics’ 
evaluation of the resultant radiation and to select the 
most appropriate combination. Calculations showed 
that using only blue LEDs satisfy the requirement for 
a sufficient intensity in the blue area (needed to 
stimulate the production of cortisol), but the luminous 
flux of the lamp is not of good quality, as it is far from 
the Planck’s locus. 

Theoretical calculations have shown that the 
optimal use of two blue and three green LEDs plus 
LED module Samsung allows achieving design goals. 
In this combination and selection of the magnitude of 
the current through the LEDs may produce 
appropriate spectral characteristics of the lamp - the 
luminous flux about 800 ÷ 850 lm and the color 
temperature of 5500 ÷ 6000 K. Green LEDs XLamp 
XPC –CREE Inc. are chosen.  

All studies were further made in designed lamp are 
used: one LED module Samsung (Fig.1); two blue 
LEDs XPCBLU – CREE Inc. and three green LEDs 
XPCGRN –CREE Inc 

Thermal managements’ calculations 

Usually for thermal managements calculations and 
junction temperature Tj estimations the thermal 
resistance model, described in [17], is used – Fig. 3. 

 

Fig. 3.  Thermal resistance model for n XLamps LEDs. Rth j-sp- 
thermal resistance from junction to solder point; Rth sp-h- thermal 

resistance from solder point to heat sink; Rth h-a- thermal resistance 
from heat sink to ambient; Tj1, Tjn and Tsp1, Tspn are junction and 

solder point temperatures corresponding. 

TjMAX=Ta-max+(Rthj-sp+Rthsp-h)*PLED+Rthh-a*Ptot (4) 

where: 
Rth h-a- thermal resistance from heat sink to ambient. 
PLED is the power of one LED chip:  

 PLED = IF* UF; (5) 

PLEDS = IF* UF = 0.46*17 = 7.82 W; for Samsung 
LED module; 

PLEDBLU = IF* UF = 0.35*3.3 = 1.16 W for blue 
LED; 

PLEDGRN = IF* UF = 0.35*3.4 = 1.19 W for green 
LED; 

Ptot  is the power of all LEDs:  

Ptot = PLEDS +  2* PLEDBLU + 3* PLEDGRN = 13.7 W;  
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For Samsung LED module Rth j-sp = 2.24°C/W; Rth 

sp-h = 0.4°C/W [16];  

For blue LED Rth j-sp = 12°C/W; Rth sp-h = 1°C/W; 

For green LED Rth j-sp = 20°C/W; Rth sp-h = 1°C/W 
[17]. 

The calculations made on the basis of equation (4) 
show that heat sink with thermal resistance Rth h-a = 
1°C/W is sufficient - even under the most heavy 
operating conditions (ambient temperature 45°C and 
maximum operating current) junction temperature Tj 

MAX of the LEDs does not exceed 85°C which is quite 
acceptable. 

III RESULTS AND DISCUSSION 

 Spectral characteristics of the lamp  

Spectral characteristics are experimentally 
determined using measurements equipment of Stellar 
Net. 

1. First operating regime - spectral power 
distribution (SPD) of the lamp stimulates cognitive 
abilities, work productivity, concentration, focus, and 
has positive effect on the mood. 

In this case the spectral distribution of the radiation 
is characterized by a peak in the area 440 ÷ 480 nm. 
All LEDs are on, the size of the current through the 
blue and green LEDs is 350mA; by controlling the 
magnitude of the current through Samsung LED 
module correlated color temperature can be set 
between 5000 K and 6000 K – Fig. 5 – Fig.8. 

Depending on the selected mode of operation and 
ambient temperature the luminous flux is in the 
interval 800 ÷ 850 lm. As can be seen from Fig. 5, 
Fig. 7 and Fig. 8 the coordinates of the radiant flux is 
positioned close to the Plank’s locus. 

 

 
Fig. 4.  Lamp’s spectral characteristic. The current through the 

blue and green LEDs is 350mA; through Samsung LED module 
360mA. 

 
Fig. 5.  Color temperature 5045K. 

 
Fig. 6.  Lamp’s spectral characteristic. The current through the 

blue and green LEDs is 350mA; through Samsung LED module 
300mA. 

 

Fig. 7.  Color temperature 5554K. 
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Fig. 8.  Color temperature 5818K. 

2. Lamp’s spectral power distribution (SPD) which 
doesn’t inhibit melatonin production and the human 
body naturally prepares for rest and sleep.  

In this case only lights the Samsung LED module. 
To maintain the same luminous flux (800 ÷ 850 lm) 
the current through the LED module is increased up to 
500mA. In the spectral distribution of the light flux is 
absent intense blue component, which suppresses the 
production of melatonin – Fig. 9. The CCT of the 
luminous flux is about 3000K – Fig. 10. These 
features in the spectral distribution of the lamp’s 
luminous flux makes it suitable for lighting in the 
second half of the day - late afternoon and evening, 
when the human body naturally prepares for rest and 
sleep. 

 

Fig. 9.  Lamp’s spectral characteristic. The current through the 
Samsung LED module is 500mA. 

 

Fig. 10.  Color temperature 3069K. 

 LEDs’ thermal management. Experimental 
investigations.  

Experiments are made in a thermal chamber where 
the temperature is kept at desirable values with the 
accuracy better than 0.5°C.  

Solder point temperatures’ distributions are 
measured using IR camera Therma Cam E300 – FLIR 
Systems; results are verified using standard 
measurement technique – by thermocouples.  

At each value of solder points’ temperatures Tsp the 
corresponding temperatures of the LEDs’ junction are 
calculated in accordance with [17]: 

 Tj = Tsp + Rth j-sp* PLED.  (6) 

Results are presented below: 
1. First regime of operation – all LEDs are 

switched on; the currents’ values through LEDs are: 
for Samsung module ISamsung= 460 mA; for green and 
blue LEDs IGRN=IBLU= 350 mA.  

 
Fig. 11a.  First regime of operation. IR photo of LED lamp. Sp – 

measured solder point temperatures. Ambient temperature Ta=25ºC. 
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Fig. 11b.  First regime of operation. IR photo of LED lamp. 

Sp – measured solder point temperatures. Ambient temperature 
Ta=45ºC. 

 
In Fig. 12 ÷ Fig. 14 measured temperatures of 

solder points of LEDs and corresponding calculated 
junctions’ temperatures at different temperatures of 
ambient air are presented. 

 

Fig. 12.  Solder point’s temperature Tsp and junction temperature 
Tj dependences on temperature of the ambient air Ta for the 

Samsung module;  
IF = 460 mA – forward current through Samsung module. 

 

Fig. 13.  Solder point’s temperature Tsp and junction temperature 
Tj dependences on temperature of the ambient air Ta for the blue 

LEDs; IF = 350 mA – forward current through blue LEDs. 

 
Fig. 14.  Solder point’s temperature Tsp and junction temperature 

Tj dependences on temperature of the ambient air Ta for the green 
LEDs; IF = 350 mA – forward current through green LEDs. 

2. Second regime of operation – only Samsung 
LED module is switched on; the current through 
Samsung LED module is ISamsung= 500 mA. 

 
Fig. 15.  Second regime of operation. IR photo of LED lamp.  

Sp – measured solder point temperatures. Ambient temperature 
Ta=42ºC 

 
Fig. 16.  Second regime of operation. Solder point’s temperature 

Tsp and  junction temperature Tj dependences on temperature of the 
ambient air Ta for the Samsung module;  IF = 500 mA – forward 

current through Samsung module. 

As it can be seen from the Fig. 12, Fig. 13, Fig. 14 
and Fig. 16 junction temperatures Tj for all types of 
LEDs don’t exceed 85ºC, which ensure safety 
working condition and long life of the designed 
lighting equipment. 
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IV CONCLUSION 

LED lamp with special spectral characteristics is 
designed and produced. The spectral characteristics of 
the lamp contribute to the preservation of human 
health. The lamp can be used in two modes of 
operation: in the first mode (lighting during the day) 
spectral characteristics of the light stimulate the 
production of cortisol (and inhibits production of 
melatonin) in the human body and improves the 
cognitive abilities, work productivity, concentration, 
focus, and has positive effect on the mood; in the 
second regime (lighting in the evening) light’s spectral 
characteristics doesn’t inhibit melatonin production 
and the human body naturally prepares for rest and 
sleep. The transition between the two modes of 
operation can be performed quite simply - with a key 
or remote control. 
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Abstract. In paper, is given overview of sorbents with ferromagnetic particles. The series of newly designed 
composite sorbents SOMSOR, are described. Described experiment of oil spill collection from water surface, which 
comprises of sorbent spreading and collection. Oil sorption by capillary forces, is discussed. Concluded that use of 
ferromagnetic sorbents a promising direction in the field of water purification from light oil products since it allows 
expanding the scope of the used powder sorbents, to use the high-mechanized methods of collecting by means of 
magnetic and electromagnetic devices. 
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I INTRODUCTION 

Possibilities for use of the disperse sorbents for 
collecting oils and other oil products (OPs) poured on 
a water surface and at the bottom of a reservoir, have 
been considered in many papers, including [1-3]. The 
sorbent which is used for collecting OPs poured in 
water, has to possess the following properties:  

- to possess good sorption to OPs; 
- to have low cost; 
- to be non-toxic; 
- good to be sprayed; 
- to be reused; 
- good to be grasped by mechanized means; 
- easy to surrender OPs at the place of collecting. 
High interest in the powder sprayed sorbents with 

magnetic properties (PSMS) is observed during the 
recent years. Works are conducted for creation and 
application of such sorbents at the Riga Technical 
University and the Rezekne Higher Education 
Institution in the course of several years [4-8]. Iron 
powders were generally used as initial materials for 
their preparation. For increase of efficiency of the 
processes of sorption and decrease in expenses, topical 
issues are related to use of the crushed rolling scale, 
and also to development and application of composite 
sorbents, et al. In this case also research of processes 
of sorption, removal of a collected sorbent with oil 
product (SOP), subsequent technologies of utilization 
and regeneration is very important. 

 
 
 

II SOME VARIETIES OF POWDER SORBENTS 

2.1 Sorbents on the basis of rolling scale 

Rolling scale (RS) of Liepaja metallurgical plant [4] 
was offered to be used as material for removal of OPs 
from water. Its advantages in this case: low cost since 
scale is a little-used technological residue of 
production; fast grindability to the state suitable for 
dispersion on a water surface; good magnetic 
properties and safety for environment. 

For researches the rolling scale has been used, 
which is formed during production of the low-alloyed 
flint-manganese steel of the brands 35 GS, 25G2S, 
applied for production of construction fittings. Scale 
in steel-rolling production of the enterprise is 
collected by means of the crane supplied with an 
electromagnet and is stored. 

Our researches have showed that scale with the 
minimum period of storage is appropriate to be used 
for production of a sorbent. It is established that the 
optimum size PO (the size of particles) has to be 
within 1-2 mm.  

During studies it was also established that 
efficiency of sorption is increased by preliminary 
mixing of scale powder with OPs and the subsequent 
drying of mixture [6]. 

2.2 Sorbents based on iron powders 

Powder materials on the basis of powders of iron 
ASC 100.29 (sprayed, used in production of 
constructional details to methods of powder 
metallurgy), MH 80.23 (restored spongy, used in the 
production of self-greased sliding bearings),    
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M20/80-19 (with low content of carbon) and R-12 
(with low content of hydrogen, used in production of 
frictional products) were used as a research material. 
All the powders are produced by Höganäs AB 
company (Sweden). Also the powder CMS was used, 
which represents residue from filters. These materials 
were tested in a condition of delivery, as well as after 
processing in oil and subsequent ignition [7]. 

2.3 Composite sorbents  

One of the composite sorbents (CS) on the basis of 
iron was offered earlier in [3]. Its feature is 
represented by especially small dispersion (5-10 µm). 
Such sorbent doesn't destroy the film of oil product, 
and modifies its properties. Its buoyancy increases, 
however fluidity sharply decreases. Due to this its 
spraying is made difficult. Efficiency of the method 
has appeared to be rather low since the modification 
process is slow, the size of lifting effort is small, and 
the sorbent cost is high. 

We have developed the COMSOR type composite 
sorbents [8]. These represent mixes of iron fine 
dispersed powders with cenospheres (the waste 
formed when burning coal (Fig. 1). Use of 
modification of sorbents has succeeded to increase 
sorption ability of a sorbent by 2-5 times with its bulk 
mass of just 0.6-0.8 (in relation to earlier used dry 
sorbents on the basis of iron powders having the bulk 
mass of 1.4-1.8 g/cm3). 

 

Fig.1. Scheme of creation of COMSOR composite sorbent 

Important role for the process of sorption is played 
by a particle surface and its form (Fig. 2). The best 
results with regard to efficiency have appeared for the 
particles of a powder sorbent M20/80-19 (a) having 
highly branched surface, and at a composite sorbent 
Comsor M (c), differing for its small bulk weight and 
increased buoyancy. 

a) 

b) 

c) 

Fig. 2. Morphology of a particle surface of a powder sorbent 
M20/80-19 (a), composite sorbent Comsor A(b) and sorbent 

Comsor M (c). 

III EQUIPMENT. EXPERIMENT METHODOLOGY 

Experimental tests of the operation of sorbents are 
performed on the experimental installation made at the 
Rezekne Higher Education Institution (Latvia) 
(Fig. 3). Installation is equipped with highly effective 
permanent magnets FeNiB. It allows installation of 
magnets of various loading capacity and alteration of 
distance between the polluted water surface, and a 
magnet.  

The experiment methodology has included the 
following stages: filling in non-magnetic capacity of 
water at the fixed height (not less than 30 mm); 
application on its surface of oil product (transmission 
oil TAD-17 with the specific weight of 0,8 g/cm3); 
holding during 2-3 minutes for development of stable 
film, spraying of the set mass of powder on the film 
by means of a rotating disk [7]; removal of the 
collected oil product and carrying out further 
researches for assessment of sorption ability and 
thermogravimetric research. 
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a) 

 
b) 

Fig. 3. General view of the experimental equipment(a) and working 
process of sorption(b). 

 
Previously bulk weight, the form and the size of 

particles of a sorbent, its fluidity, connecting ability 
concerning oil product, water absorption, buoyancy 
and possible energy consumption has been identified. 

IV FEATURES OF THE SORPTION PROCESS  

The powder sorbent on the basis of iron powder or 
PO has a branched surface of particles with rather 
high specific surface. Monitoring has showed that the 
process of sorption is taking place in manifestation of 
the coagulation, gravitation and infiltration 
phenomena. Fine dispersed material is evenly 
dispersed or sprayed on a quiet surface of a water-oil 
layer. In addition to that, the smaller the powder, the 
more even turns out a covering. Further due to 
magnetic interaction and adhesion, suspension 
coagulates in large globules, clearing considerable 
part of a surface from the oil product film (up to 50%). 
Accurately expressed clots (fig. 4) are formed from 
uniform layer of powder on the oil spot. They should 
be removed quickly enough as further under influence 
of the gravitational phenomena and infiltration of oil 
product in the pores of particles, the last fall to the 
bottom of a vessel (Fig. 5c). It occurs during 10-20 
min. 

 

 

 

Fig. 4. Stages for performance of experiment a) coagulation of OPs: 
b) raising of SOPs, c) falling of OPs to the bottom of a vessel 

The water oil film approaches the surface of firm 
particle of a powder sorbent under some acute angle θ 
(edge angle of wetting) characteristic for this couple 
liquid – solid body (Fig. 6). For improvement of 
process of sorption it is necessary to seek its 
reduction. It can be reached, for example, by means of 
preliminary processing of a powder sorbent in oil and 
its subsequent drying.  

High importance on the process of sorption is 
rendered also by capillary phenomena in particles. 
Water oil liquid rises on capillaries of a porous 
particle until Ft gravity force operating on a liquid 
column in a capillary doesn't become equal to the 
module of surface tension forces (1)  

Fn = σ2πr cos θ, (1) 

where σ – coefficient of a superficial tension of a 
film. 
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Fig. 5. The scheme of manifestation of capillary forces during 
sorption 

Containment of collected oil product (SOPs) on a 
water oil surface is taking place not only due to forces 
of a superficial tension of the environment (in this 
case it is a water oil film), but also at the expense of 
air which is contained in the pores of particles of a 
sorbent.                                

The course of process to a large degree depends on 
dispersion of a powder sorbent, form of its particles, 
size of a specific surface, bulk weight, and also degree 
of dispersion and some other factors.  

For removal of SOPs, force of a permanent magnet 
(or an electromagnet) is used, which necessary size 
depends from the gravity Fg and water oil film tension 
Fa (Fig. 6). 

 

Fig. 6. The scheme of operation of forces in the course of magnetic 

sorption. 

Fg - Gravity force of slime (sorbent + oil product + 
water) depends on the weight and the specific weight 
of a sorbent, oil product and water.  

For calculations of necessary lifting force it is 
possible to presume that the amount of water, 
contained in the sorbent pores, as up to 5-8%, and oil 

absorption ability – up to 30% from the sorbent mass. 
The bulk weight of a sorbent on the basis of iron 
powders may be assumed as 0.8 - 2 g/cm3, and sorbent 
layer thickness for removal of light oil products - not 
more than 1-3 mm. All this will allow determining the 
mass of a necessary sorbent. 

At the moments of undulation of the water surface 
as a result of dispergating the water-oil emulsion, the 
content of water increases, which leads to increase in 
its apparent viscosity, and this, in its turn, increases 
power costs of sorption of such emulsion. 

V CONCLUSIONS 

1. Use of ferromagnetic sorbents represents a 
perspective direction in the field of water purification 
from light oil products since it allows expanding the 
scope of the used powder sorbents, to use the high-
mechanized methods of collecting by means of 
magnetic and electromagnetic devices. 

2. Process of magnetic sorption has some 
pronounced stages: coagulation, infiltration, 
separation of a collected product from the water-oil 
surface, transportation and warehousing. 
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Abstract. On the basis of physico-chemical theory of burning metal particles, the explanation known method of 
determining the grade of steel for the spark when it is grinding is performed. The features of formation of globules 
are reviewed and given them a brief description. The conditions for the formation of a spark in the processing of steels 
and alloys of various grades are researched. 
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I INTRODUCTION 

In the recent past, is widely used express method 
of determining the grade of steel by spark when 
grinding the sample [1]. This method is currently 
losing relevance, since many machine building plants 
has modern equipment for the chemical and spectral 
analysis. However, it is sometimes used, since it does 
not require expensive equipment, and if used properly, 
gives satisfactory results. Specified express method 
most in demand in the repair industry, at small plants. 

Some of the steel, irons, hard alloys and non-
ferrous metals shows in Table I, moreover therein the 
characteristic of the beam sparks when grinding is 
submitted [2]. As seen from the table, the hallmarks of 
sparks during grinding of various materials are color 
sparks (at the beginning - i.e. near the grinding wheel, 
and at the end of the flight); volume of the beam 
sparks; maximum length of the flight; amount of 
flashes in sparks beam and the nature of their 
demonstrations (in the form of a bifurcation, or in the 
form of the "stars" - when scatter of a small sparks in 
different directions is take place). 

Analysis occurring physical and chemical 
processes that underlie the said express method can 
promotes to a more correct understanding of 
phenomena and processes existent in the grinding 
surfaces of workpieces. Since diffusion-oxidation 
processes occurring on the surface of the workpiece 
and during combustion of the chips are very similar 
and taking place at significant temperatures (up to 
1500 ° C and above [3]). As a result, thermal defects 

appear on the surface of workpieces: burns (visible 
and invisible), microcracks and phase transformation. 

Clearly, the method of determination of steel grade 
and other metals by spark based on the specifics of 
burning metal chips after her removal from the area of 
grinding. The combustion process is primarily 
affected by: the initial temperature of the chips, the 
nature of its heat exchange with the environment, the 
diffusion-oxidation processes, the strength 
characteristics of the outer oxide layer and the value 
of the activation energy [4]. 

The exothermic oxidation reaction (with discharge 
of heat) is occur after the remove of the hot chips from 
the grinding zone. Metal is oxidized and if the 
temperature of surface of chips exceeds the melting 
temperature of the oxide film, then there is burning. In 
this case, the molten metal chips takes a spherical 
shape, formed the so-called globule. Simultaneously, 
the carbon, which presence in the steel, interacting 
with the oxygen forms carbon dioxide (CO2) and with 
an additional discharge of heat. 

Moreover, presence of alloying elements in the 
steel, such as magnesium, aluminum, silicon, 
manganese, cobalt, nickel, etc., is affects the chips 
burning, due to the fact that they have a melting point 
lower than that of iron. It should be also pointed that 
the enthalpy of formation of oxides all of the alloying 
additives is negative, which leads to an additional 
increase of the chips temperature. 

Purpose of this work - to explain express method 
of the determination of steel grade by spark. 
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Achieving performed based on the micrographic 
analysis of the globules as a part of slurry. This 
method of analysis has allowed to interpret the impact 
of visual effects that occur during grinding of 
construction materials. 

The studies will contribute to obtain new 
knowledge about the course of oxidative processes, 

including occurring in areas of contact of single 
abrasive grains with the treated surface. Analogy 
between combustion chips and oxidation local area on 
the treated surface in this case is justified, since in 
both cases the processes takes place at high 
temperatures. 

TABLE I 

IDENTIFICATION OF METALS IN GRINDING SPARK 

Matherial 
Color of stream Beam sparks Flash 

Near wheel Near end Volume Length, mm Quantity of Nature of 

Wrought Iron Straw White Large 1651 Very Few Forked 

1020 steel White Large 1778 Few Forked 

Carbon tool steel White (M)Large 1397 Ver y Many Fine repeating 

Gray Cast Iron Red Straw Small 635 Many Fine repeating 

White Cast Iron Red Straw Very small 508 Few Fine repeating 

Annealed Malleable 
cast 

Red Straw Moderate (M) 762 Many Fine repeating 

High Speed steel Red Straw Small 1524 Very Few Forked 

Manganese steel White (M)Large 1143 Many Fine repeating 

Stainless Straw White Moderate (M) 1270 Many Fine repeating 

Tungsten Cr Die 
steel 

Red Straw Small 889 Many Fine repeating 

Nitrided nitralloy White Large curved 1397 Moderate Forked 

Stellite Orange Very small 254 none — 

Cemented tungsten 
carbide 

Light Orange Extra small 50.8 none — 

Nickel Orange Very small 254 none — 

Copper, brass, 
aluminum 

— none — none — 

Examples of sparks 

Low Carbon High Carbon Gray Cast Iron Nickel Stainless Steel Wrought Iron 

   
 

II MATERIALS AND METHODS 

On the surface grinding machine 3G71 handled 
specially made a samles of various structural materials 
wide range of applications and physical-chemical 
properties. 

Cutting speed in all cases was equal to 35 m / s. 
As an abrasive tool for grinding steel, alloys and non-
ferrous metals was used grinding wheel of synthetic 
aluminum oxide white marks 24A, for grinding 

cemented-carbide composition - silicon carbide black 
marks 53C. 

The slurry is collected through a sticky white 
tape, which installed in the removal zone of sparks, 
and studied by means of the microscope model 
Axiovert 40 MAT, designed for metallographic 
studies. Increase varied from 500X to 1000X 
(depending on the nature of the problem being solved 
and the best perception of the object of research). To 
solve the problem of small depth of field and produce 



 
 

Igor Nikiforov, et al./ Environment. Technology. Resources, (2015), Volume I, 157-161 
 

 
 

159 
 

three-dimensional image used computer software 
Helicon Focus. 

A large number of globules in the slurry 
composition were analyzed, including at different 
stages of combustion of the metal particles. Followed 
by a statistical analysis of the results of research. 

Micrographic images globules obtained as a result 
of conducted research. The most typical of which are 
presented in Table II. There are shown the 
corresponding beams sparks resulting from the 
treatment of some materials [1]. 

TABLE II 

CONFORMITY OF BEAM SPARKS AND FORMED GLOBULES 

Alloy Beam sparks Typical globule * 

St20 

U12A 

 

40HFA 

 

SH15 

08H17T 

R6M5 
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VT-1 

*Note: there are many other variants 
 

III RESULTS AND DISCUSSION 

Microscopic analysis of spherical particles 
composed of grinding slurry and comparison the 
results obtained with the basic thesis of the theory of 

combustion and diffusion oxidation allowed to 
formulate the basic features of the formation of groups 
of globules, which are presented in Table III. 

TABLE III 

MICROGRAPHIC ANALYSIS OF THE GLOBULES IN THE COMPOSITION OF THE SLURRY 

Fig. Material grade 
The features of the forming of globules and their 

characteristics 
Micrographs images of the final product 

1 Steel 20GS2 

Alloying elements is reinforced outer oxide shell 
and reduce its thermal conductivity. Superheated 
metal breaks out, forming a plurality of ragged 
holes and small globules. Result: globule with 

small holes (oxide) and a plurality of small 
globules (metal + oxide) 

 

2 Steel 20 

Superheated metal breaks out through the hole. 
Result: globule with small dendritic structure 

(metal + oxide) and large globule with a dendritic 
structure (oxide). 

 

3 
Steel 

A11R3M3F2 

Tungsten oxide forms a solid surface. Metal boils 
and deforms the outer shell (metal + oxide). At 
rupture of the shall forms a globule with a thick 

wall (oxide). 

 

4 
Cemented-carbide 

composition 
T5K10 и TN20 

Slight burning. Globules solid and small size. 
Present globule heterogeneous due to the presence 

of the carbide phase. 

 
 

Volume of sparks beam is directly dependent on the 
quantity of burning metal and carbon dioxide. The 
more carbon in the alloy is, the higher the temperature 
of the chips, the more carbon dioxide, the more 
sparks. Alloying elements (manganese, silicon, 
chromium, etc.) produce on globules surface oxide 
film with a low thermal conductivity. This leads to a 
decrease the oxidation reaction (combustion) and 
reduce the volume of sparks beam. However, the 
oxygen continues to diffuse through the liquid oxide 
layer, which can lead to overheating of the metal 

inside. As a result, it is break out through the outer 
layer. 

Alloying elements lead to hardening of the oxide 
layer in addition to reducing thermal conductivity of 
the outer shell [5]. The quantity of holes through 
which superheated metal break out depends on the 
strength of the outer layer (Table. III, Fig. 1). The 
appearance of the beam plurality of sparks scattering 
flares "stars" - is nothing more than the visualization 
of superheated metal, removed through the outer shell. 
Oxide shell does not have time to merge into a 
spherical shape, since the exothermic oxidation 
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reaction terminated, cooling area is very large (due to 
the high level of dispersion), and the melting point of 
the oxide layer is great, and that it leads to rapid 
cooling and crystallization. 

If there are no alloying elements and overheat the 
metal continues, then the metal break out, usually 
through a single hole. Metal and oxide shell scatter in 
different directions, according to the law of 
conservation of momentum - visually demonstrated in 
the bifurcation of the flares. Wherein metal instantly 
oxidized, that is occurs its autonomous combustion. 
The result of this process - the formation of two 
globules: oxide shell adopts a spherical shape with an 
explicit large-dendritic structure [6] and oxidized 
metal turns to a globule with small or medium-
dendritic structure (Table. III, Fig. 2). Oxide shell 
have time to take spherical shape before 
crystallization, since it has a thick wall and contains a 
sufficient amount of heat, but sometimes there are 
shell with outer hole. 

When grinding high-speed steel beam sparks is 
small and quantity of flares is insignificant. This is 
due to the very strong oxide shell, which is determined 
by the presence of tungsten. Metal inside the shell 
overheats and boils without break out to outside. The 
result is a globule with significant deviations from the 
spherical shape with a lumpy surface. In some cases, 
metal manages to break through the outer shell and 
then formed a thick-walled shell with a large hole 
(Table. III, Fig. 3) [7]. With an increase in the 
percentage of tungsten shells with holes is not 
observed. Molybdenum and nickel are also belong to 
alloying elements to significantly reinforcing oxide 
layer as well as tungsten. 

When grinding tungstenfree cemented-carbide 
composition (such as TN20), we can see mainly 
combustion of nickel and molybdenum, wherein the 
sparks are few and globules are homogeneous or 
heterogeneous, due to titanium carbides. When 
grinding tungsten cemented-carbide composition 
(such as T5K10) mainly occurs combustion of cobalt 
wherein sparks are almost absent, and globules are 
homogeneous or heterogeneous, due to tungsten 
carbides (Table. III, Fig. 4). 

Oxidation processes in grinding copper, lead, 
aluminum and some non-ferrous alloys are difficult 
[4] because of the low specific cutting force, directly 
affect the thermogenesis in the area microcutting (600 
N/mm2 - for duralumin, 550 N/mm2 - for brass, 350 
N/mm2 - for lead, while for non-alloy steel, this 

indicator is 1500 ... 1700 N/mm2, for high-temperature 
steel - 2400 N/mm2) and because of high thermal 
conductivity of material of workpiece (237 W/K•mol - 
for aluminum and 401W/mol•K - for copper). When 
grinding such metals sparks are not observed 
(Table. I). 

Color change from red sparks - to a straw, from a 
straw - to white as they move (Table. I) can be 
explained by an increase of temperature of burning 
metal particles in the exothermic oxidation reaction. 

IV CONCLUSION 
1. Method of the determination of steel grade and 

other metals by spark is based on the features of 
oxidation (burning) of metal chips after it remove 
from the grinding area. 

2. The emergence of single flashes in the beam 
sparks is a drop of superheated metal breaks out 
through the oxide shell. 

3. The amount and nature of the demonstration of 
flashes depending on the characteristics of the 
outer shell and properties of metals, which are 
components of the alloy. 

4. The main reasons affecting the presence of sparks 
in processing are specific cutting force and thermal 
conductivity of the material of the workpiece. 
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Physico-technical approach to design of 
composites from mineral and polymer 

technogenic resources 
Gotfrīds Noviks 

Rezeknes Augstskola, Faculty of Engineering  

Abstract. Artificial composite materials are currently being produced in large quantities, they are diverse and they 
are widely used in the economy. There have been extensive theoretical and experimental studies of different types of 
components, developed the calculation methods of composites production with predefined properties. 

At the same time industry produces a lot of mineral and polymer waste, which are practically technogenic 
resources, but their use is currently at quite low levels. The paper examines the possibilities to use technogenic 
resources- mineral (such as ash and clay) and organic (polymers -PET containers) for producing qualitative 
composite materials. For this purpose theoretical analysis and calculations of the physical properties of components 
and process parameters that determine the operating characteristics of the composite material were carried out. 

Composite-forming process efficiency determinative parameters were analysed: adhesion, the specific surface 
energy, specific free surface, adsorption capacity and the degree of dispersion of the particles. 

The role of external factors in processing of composite were examined – temperature, concentration of components. 
The characteristics of prepared samples of composites showed the possibility to use these waste for the development 

of qualitative products for different purposes. 
 
Keywords: adhesion, composites, mineral waste, PET waste. 
 

I INTRODUCTION 

A very significant part of the solid waste produced 
in the world is inorganic - mineral residues and waste. 
In literature a term „inorganic waste” often is used to 
determine not only really inorganic matter, but  
synthetic organic substances which do not originate in 
natural processes and are non-biodegradable also (e.g., 
plastic products) [1]. To avoid such misunderstanding 
in our study we  used the term "mineral waste", i.e., all 
those materials, which are inorganic according to 
classical chemistry - the remnants of the construction 
and repair, debris and work off a building material, 
mineral extraction by-products, glass and glass-use 
industrial waste, ceramic waste, burning remnants, 
including ash, air and gas purification precipitated 
dust [2,3].  

Eiropean Union statistics [4,5] shows that only 
during 5 recent years in 28 countries of the EU waste 
volumes increased by 10 million tons. (from 2505 
million tons in year 2010 to 2515 million tons in year 
2014), of which mineral solid waste constitutes 1780 
million  tons. 

 In general, in the EU as a whole is recycled only 
about 10÷12% of the waste. Latvia in 2014 produced 

more than 2.3million tons of waste including mineral 
waste 0.68million tons. 

Despite the fact that this waste is essentially 
valuable technogenic mineral resource, most of it is 
not currently fully utilized. One reason for this - there 
is no developed mineral waste recycling process 
optimization methodology. Most of the research is 
dedicated to the natural organic waste managment.  

At the same time mineral waste processing 
facilities, equipment and technology very differs from 
the organic waste treatment processes. 

As was shown in our previous studies [2] the 
analysis of mineral waste recycling possibility must be 
carried out on the basis of their original features and 
compatibility with planned production quality. It 
prioritizes most perspective waste materials research 
directions. If the mineral waste basic properties meet 
the standarts for planned production, they can be 
directly or after minimal processing included in the 
production or manufacture of the reuse cycle. 

However, such technogenic waste are quite a few 
(glass, metal scrap). Most of the waste have lost their 
original characteristics and the immediate return to the 
production process is technically cumbersome and 
uneconomical. So necessity to deeper processing of 
waste to produce a new product with a higher value to 
compensate the costs associated with recycling is 



 
 

Gotfrīds Noviks / Environment. Technology. Resources, (2015), Volume I, 162-169 
 

 
 

163 
 

actual task. Since most mineral waste  are not 
biodegradable and can not be used as a fuel for 
thermal energy, the processing must be based on  
physical fields – mechanical treatment, thermal 
treatment, electromagnetic fields, thermo chemical 
processes. According to mineral waste composition 
and desired products may be selected one of   two 
courses of their processing: disintegration or 
integration[2]. Disintegration means division raw 
materials in the respective components for the purpose 
to release of components for further use or distribute 
unfit (dangerous) components with a view to 
enhancing the quality of the residual components. 

Disintegration technologies are quite widely used to 
waste water processing, rare elements extraction of 
coal ash, etc.  

Integration is a composite formation process - in 
this case, a key factor  is the optimal composition and 
structure of component finding (creation of compound  
-blend) and determination  of necessary physical fields 
and modes of production , which can result in a final 
product designed in a previous forecast physical 
parameters. Solid waste recycling in this direction 
may prove to be effective. Components with different 
initial properties and their concentrations combination 
makes it possible to obtain materials with new 
properties. 

Composite behaviour and its properties are not only 
determined by the properties and volume fractions of 
the components, but also appeares certain new 
features due to the joint action of different 
components and external agent- so called synergetic 
effects. 

For example, the Korea Advanced Institute of 
Science and Technology (KAIST) [6] developed a 
composite of only 4.10-5 % graphene inserted in 
metal . As a result the composite strength increased of 
more than 100 times. To get the desired properties of 
composite materials need to select the appropriate 
composite composition and treatment regime. 

In fact, almost all naturally occurring objects are 
composites. Artificial most widely known composite 
is a concrete. 

At present was created many modifications of 
concrete using as additional components liquid 
polymers, organic binders: polymer concrete, light-
weight concrete, etc. Artificial composite materials 
(fiber-reinforced polymers, metal matrix composites, 
composite ceramic etc.) are currently produced in 
large quantities, they are diverse and they are widely 
used in the economy [7,23,25]. There have been 
extensive theoretical and experimental studies of 
different types of components, developed the methods 
of calculation predefined properties of composites [8].  

Normally composite consists of two components - 
matrices and reinforcement material. Depending on 
the nature and structure of components may be various 
composites formed. Accordingly raw materials are 
specially selected and treated. For example, the 

reinforcement (filling) material may be discrete (fiber) 
or continuous (threads, fabrics, netting), but matrix - 
polymers, oligomers, various binders.  

The determining factors of composite properties 
can be combined into three groups: 

The first group includes internal physical and 
chemical properties of composite-forming material: 

• The physical properties of raw materials: 
mechanical, thermal, electromagnetic. 

Minerals can be completely described by the 
physical parameters of a complex consisting of 12 
basic indicators: density δ, porosity P, compressive σc 
and tensile  σt strength, Young's modulus E, Poisson's 
ratio η, specific thermal conductivity λ, specific heat 
c, thermal expansion coefficient β, specific electrical 
resistivity ρ, dielectric permeability ε, specific 
permeability μ [9] 

• Physical-chemical and chemical properties - phase 
transition temperature Tph and thermal effects, 
physico-chemical transformation enthalpy ΔH, 
physico-chemical activity G, solubility S. 

• Surface properties- specific surface energy γ, 
adhesion work wa adsorption parameters F, 
diffusion coefficients D. 

The second group include external parameters of 
the components changeable in the technological 
process: 

• Physical geometrical parameters included in the 
composite structure components - the size of 
particles d, the shape, specific free surface S, 
mutual positions and orientations. 

• Concentration of  components C. 
The third group includes the exposure factors on the 

basis of which is designed the composite production 
technology: 

•  Physical fields and physical-chemical processes. 
• Operation modes: pressure, temperature, time, 

gradients, parameters of electromagnetic field, 
etc. 

Since the creation of the composite material is 
carried out in order to obtain new materials with 
predetermined properties need to be predictable 
properties calculations.   Composite theory develops a 
variety calculation methods  of composite properties. 

Percolation theory developed by Broadbent and 
Hammersley  in 1957 currently is quite widely used 
approach to substance and energy transfer processes in 
the description of disordered systems (consisting 
mainly of  two components) [10,11]. Theory 
determines the probability of the formation of clusters 
and predicts the composite flow properties (thermal 
conductivity, electrical conductivity, diffusion, 
dielectric and magnetic permeability, flexibility 
parameters). The decisive factor in the theory of 
percolation is critical threshold - critical probability 
pc – in the case  of two components pc is  equal to 
minimum filling component’s (substrate)  
concentration xc  at which the composite properties 
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changes drastically – e.g., dielectrics turns into a 
conductor[12,13,14,15]. 

According to this theory, when one component 
(X1) property A value is a1 and volume  concentration 
is x1 and the second component (X2) has  the value a2 
of the  same property (and the  concentration x2= 1- 
x1), the  value of  composite property ac can be 
calculated depending on the other components’ 
threshold concentration xcr (or critical probability pcr) 
from the formulas: 

ac = a1 (xcr-x2)
-q       (1) 

if x2 <xcr  

ac = a2 (a1 / a2) 
s       (2) 

if x2= xcr. 

ac=a2(x2-xcr)t       (3) 

if x2>xcr. 

Here q, s, t - critical indices. 
The relationship between the critical indices can be 

described by formula [13]. 

q=t(1/s-1) 

In the two-phase system critical probability is 
between about 1/3 and 2/3, s = 0.5, q = t = 1.3.  

In this theory a key parameter - the critical 
probability pc is quite variable. For most cases pc can 
not be calculated exactly, and is dependent on the 
components of the structure and their distribution 
(particle size, shape, orientation). In addition, there is 
no well-defined what it means to move from one 
position to the second, changes in characteristics occur 
even though at different speeds, but gradually. 

For calculation outside the critical area can be used 
effective medium theory [16,17], which is based on 
the assumption that the two components are immersed 
in an effective homogeneous environment, the 
characteristic of which aef coincides with the 
composite real  physical property a. 

 Effective medium theory pertains to analytical or 
theoretical modeling that describes the macroscopic 
properties of composite materials and is developed 
from averaging the multiple values of the constituents 
that directly make up the composite material. 

[(a2-aef)(x2)/(a2+2aef)]+[(a1-aef)(x1)/(a1+2aef)]=0  (4) 

Calculating statistical mixture properties ac 
containing only the two components with 
concentrations V1 and V2 and values of properties a1, 
a2 accordingly, quite widely is  used V.I. Odelevsky 
equation [18] 

ac = B + √B2+ a1•a2       (5) 

where: B = [(3V2-1) +a2(3V1-1)a1] 

Our analysis has shown [11] that the composite 
scalar (additives) physical parameters can be 
calculated by the formula arithmetic average 
weighted. Flow intensity parameters when the 
composite material is laminated and each layer 
consists of one component parallel to the layers may 
be most accurately calculated after the arithmetic 
average weighted also. 

x//=ΣxiVi        (6) 

but perpendicular to the layers - after the harmonic 
average weighted. 

1 / xⱵ = Σ (Vi / xi)      (7) 

The parameters which characterize the resistance of 
the flow, are calculated the contrary: the parallel 
layers - at the harmonic average weighed and 
perpendicular - by the arithmetic average weighted. 

In other cases, the entire range of physical values 
change within the area limited by these two curves 
depending on the placement of components. 

Statistically homogeneous environment where the 
content ratio of components in the mixture is close to 
50/50 best fits the actual values of the parameters 
calculated using the weighted average logarithmic 
formula 

lgx = ΣVi lgxi        (8) 

When one of the components by volume becomes 
predominant changes the structure type - its 
component, which occupies a larger volume begins to 
play a decisive role and as a result properties of 
composite  are nearer to equations 6 or 7. On the basis  
of investigation of natural composite materials–rocks 
[19] we  obtained the regularities and nomograms, 
which can be also used in artificial composite 
properties forecasting (Fig.1). 

 

Fig.1. Nomogram for calculation physical property  xc of 
compounds consisting of two components : Vxmin – volume of 
component what physical parameter  is xmin ;  xmax-  physical 

parameter of second component (larger). 

Established that in the case of two statistically 
distributed components the relationship between the 
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concentrations of the components and properties may 
be approximated by a curve consisting of 6 different 
segments. But, as already mentioned, the developed 
calculation scheme for composite physical parameters 
is feasible only for flow characteristics- matter and 
energy transfer properties. 

Calculation structurally sensitive tensor physical 
parameters of the composites is much more uncertain. 

In all cases, the composite material is a monolithic 
whole, bringing together the components within them. 
So, the key here is the new links which are formed 
between the components, their physical nature and 
properties. This means that the mechanical links 
between the components calculations must take into 
account not only aditives, but synergetic effects 
produced in the contact areas. In forecasting these ties 
major role have the interfacial layers properties 
between the matrix and the confinement (Fig.2). 

 

Fig.2. Interfacial layer d between inclusion 1 and matrix 2. 
d=0.01÷5 µm. 

 
Studies [20] showed that the interfacial layer 

thickness is from 0.01 to 5 µm. This layer properties 
determine the specific components of the surface 
energy, adhesion and adsorption characteristics. 
Adhesion determines composite strength and crack 
formation and propagation in the processes [21]. 
Currently, there are several theories of adhesion 
[22,23]: mechanical theory of adhesion, adsorption 
theory, diffusion theory, electrostatic diffusion theory. 
They are based on the various interaction effects, such 
as: 

 Lifshitz-van der Waals interactions, 
 molecular interactions, 
 adsorption, 
 mechanical interlock, 
 chemical bonding. 

Molecular theory in addition to adhesion effect 
takes into account the physical chemical interaction 
between polymer and substrate, associated with 
catalysis, specific polymer transformations and 
polymer structure characteristics.  

If there is no adhesion, any inclusion in matrix 
reduces the strength of the matrix due to stress 
concentration formed in the area around the inclusion, 
which leads to the destruction of the material. 

Adhesion work wa depends on components and the 
contact area specific surface energy, respectively, γ1, 
γ2, γ1-2 according to the equation: 

wa = γ1 + γ2-γ1-2.      (9) 

According to F.M.Fawkes [24,28] contact surface 
energy can be calculated by the following formula: 

γ1-2 = γ1 + γ2 -2 (γ1 ·γ2) 
0.5    (10) 

A.W.Neumann [24,29] offers more precise 
equation: 

γ1-2 = (γ1
o,5-γ2

0,5)/[1-0.015 (γ1·γ2)
0.5]   (11) 

Adhesion strength may be equaled to adhesion only 
if the connection have not defects  and rupture occurs 
at low speed. 

II MATERIALS AND METHODS 

This study examines the possibilities to recycle in 
useful product mineral waste- ash and clay combining 
them in composite with polymer waste-PET bottles. It 
is known that production of PET bottles in the world 
is increasing. [5,26,27]. Given into account  that this  
waste is not biodegradable, its stock rises steadily.  

In USA 32 million tons of plastic waste were 
generated in 2012, representing 12.7% of total 
municipal solid waste, among them almost 14 million 
tons of plastics as containers and packaging. And only 
9 % of the total plastic waste generated in 2012 was 
recovered for recycling [30]. 

Our previous studies showed that there is an ash 
disposal problem also and it even does not solve using 
the renewable organic energy resources. For example, 
Finland produce annually 6.105 tons of ash, Sweden 
8.105 tons, USA- 3.106 tons, China 2.106 tons. [31] 

The aim was to find out in principle the possibility 
of creating a monolithic composite containing the 
matrix-forming fraction – thermoplastic polymer as a 
binder adhesive and substrate - a mineral filler 
components - ash or clay. Ash and especially wood 
ash characteristics were investigated during last 3 
years [31,32]. 

Clay samples for experiments were taken from the 
largest Latvian Kupravas clay deposit. 

The second component – used polyethylene 
terephthalate (PET) bottles. 

PET bottles were shredded in slivers with size of 3-
5mm, clay  were dried and ground, ash were sieved to 
separate from unburned coarse coal particles.  

Two types of clay were used - white and brown.  
Ash samples were taken from household furnaces. 

Physical parameters of initial components shown in 
table 1. 

Granulometric curves of mineral compounds are 
presented in fig.3. 

Samples were set up as a two-component system, 
respectively:  

 Clay + PET,  
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 Ash + PET.  
PET concentration varied from 20 to 80 mass 

percent. 
The components were mixed and with mixture were 

filled aluminum foil cups of 38 mm in diameter and 
10 mm in height. Cups were placed in a muffle 
furnace and heated to temperatures in the range 230 
0C - 310 0C, exposed at these temperatures for 10 
minutes. During this time the melted material was 
mixed. Then it was cooled and investigated. 

Measured properties of the resulting composite: 
density, hardness, conductivity wettability (table2).  

Visual sample analysis results are displayed in Fig. 
(4−7). 

TABLE 1. 

PROPERTIES OF COMPONENTS [31,33,34,35,36] 

N Property PET Clay  Ash  

1. Density ,g/cm3 1.38 2.6-2.8 1.74-1.87 

2. Specific area 
surface, m2/g 

- 41-83;  

61-346; 

222; 

18-30  

2.2-2.9  

3. Specific surface 
energy,mJ/m2 

44 

(av) 

60.2 

74.4;75; 
222 

20 (av.) 

4. Adsorption, 
mg/g 

0.05-
0.8 

15 (27-48% 
oil) 

1.2 
(metylen 
blue) 

5. Particle size 
(av.) 

- 5.10-3 3.10-1 

6.  Melting 
temperature,0C 

200-
260 

1200 1230  

7.  Young Module, 
GPa 

2,7-
3.45 

7.2 - 

8. Tensile 
strength, MPa 

47-90 
(79.3) 

1.2 - 

 

 
Fig.3. Granulometric curves of clay and ash 

III RESULTS AND DISCUSSION 

Experiments show that, despite the fact that PET 
melting temperature according to the technical data is 
2600C, at this temperature polymer is incapable to 

coat evenly all substrate particles, due to the high 
viscosity of PET. Only at temperatures of 300 0C − 
320 0C all particles overlap with the polymer film, and 
thanks to the adhesion forms the monolithic structure. 

Polyethylene terephthalate (Polymer Thermoplastic 
resin) specific surface energy is in the range (32-80) 
mJ/m2 according to literature data [35], the average 44 
mJ/m2.  

Clay specific surface energy depends on the mineral 
composition and can vary between75 and 169.5 mJ/m2 

[36] and even 175mJ/m2 for kaolinite [37]. 
 For  the previous calculations may take 150 mJ/m2. 
 Using this data specific surface energy according 

to Fawkes formula (10) for composite „Clay+PET” 
will be: 

γc-p=150+44-2(150 ·44)0.5  = 31.5 mJ/m2 

and adhesion work wa = 150+44-31,5 =162.5mJ/m2.   
Wood ash specific surface energy to our previous 
studies may be accepted on average 20 mJ/m2 and 
calculation using formula  (10) for  composite „Ash + 
PET” contact specific surface energy γa-p gives 4.7 
mJ/m2 and adhesion work wa = 20 + 4.67 = 59.33 
mJ/m2. 

In accordance to Neumann equation (11) the 
contact surface energy can be calculated for composite 
„Clay + PET” as 
γc-p=(1500.5-440.5)/[1-0.015(150·44)0.5]=25.4mJ/m2 and 
wa = 168.8 mJ/m2. 

Composite „Ash + PET” accordingly γa-p=3.9mJ/m2 

and wa=60.1mJ/m2.  
As we see, the results of the calculations using 

formulas (10) and (11) are pretty close, and in both 
cases it shows that PET contact surface energy with 
clay is more than 6 times and adhesion work is around 
2.7 times  larger than the contact with ashes. 

The experimental results also show that in order to 
achieve optimal mechanical parameters the 
proportions „Ash:PET” and „Clay:PET” in 
composites must be different. 

In either case if PET content is less than 30% 
(mass) the components are poorly connected together 
and as a result we have mechanically weak , porous 
structure of composite (Fig 4.).  

 

Fig . 4. Composite from mixture „Clay + PET”.  PET content  30% 
(mass) 
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In composite” Clay + PET” starting from 50% PET 
content formed homogenous monolythic structure 
with high mechanical properties: hardness on the 
Mohs scale - 6-7, the average bulk density 1.79 g/ cm3 
(white clay) and 1.77 g /cm3(brown clay). (Fig.5). In 
composite "Ash + PET" if there are 50% of ash, the 
most part of them (32% ash) remains free and are not 
bonded with the polymer. Sintered part is fragile and 
its density is only 1.44 g/cm3, which indicates the high 
porosity of the composite (Fig.6).  
a) 

 
b) 

 
Fig. 5. Composite from mixture „Clay +PET”. 50% (mass), 

a-white clay , b- brown clay 

 

Fig . 6. Composite from mixture „ Ash+  PET”(volume of ash 50%) 

And only by reducing the ash in the sample to 30-
20% (mass) was achieved a complete mixing of the 
components and monolythical structure developed 
(Fig.7).  

The properties of best composites examples are 
shown in table 2. 

Since the determinant  in formation this type of 
composite is a specific free surface of mineral 

component, the amount of components  in our 
experiments were converted into units of volume 
according to  their density. PET density is  of  

1.38 g/cm3, ash - 1.82 g/cm3. Test sample was 
prepared by mixing 2.06 g PET and 2.02 g ash (about 
50:50 mass). That is 42% (1.1cm3) ash and 58% 
(2.6 cm3) PET in a volume. 

 

Fig 7. Composite from mixture „ Ash+  PET”(volume of ash 22% ) 

TABLE2 

PROPERTIES OF COMPOSITES 

N Properties Clay +PET Ash+PET 

1 Density , g/cm3 1.70 (white), 
1.77(brown) 

1.59-1.44 

2. Adhesion work, mJ/m2 162.5-168.8 59.3-60.1 

3. Specific surface energy, 
mJ/m2 

25.4-31.5 3.9-4.7 

4. Wettability(Water 
adsorption ), %  

0.5-1.3 1.05-2 

Since the investigated wood ash specific free 
surface [32] is 2.6 m2/g (average) total free surface of 
sample ash constitutes 5.25m2. According to [20], the 
interfacial layer thickness is of 0.01−5 µm. 
Calculations show that if the interfacial layer have 
minimum thickness of 0.01 µm, 1.5 cm3 of the 
polymer may cover only 1.5 m2 surface of the ash. 
This means that the creating effective homogeneous 
and strong composite require plastic volume of 5.25 
cm3, or 83% of the total composite volume. 
Accordingly, the amount of ash 22%.  

Our experiments approved that the best composite 
samples were obtained in this proportion (see Fig.7). 

Analyzed composite "Clay+PET" samples showed 
that in  the composite formation large role is  playing 
adsorption capacity of the mineral part. Rough clay 
adsorption capacity of at least 15 mg/g (after 
methylene blue test), more than 30 times the ash 
adsorption ability 0.4 mg/g. As a result, for example, 
fusing a sample of PET and clay ratio by volume of 
43.7:56.3 was obtained a homogeneous solid monolith 
(see Fig 5). Calculations show that in spite of the large 
clay specific free surface of 

18 m2/g [37,38] it was enough  the 2.17 cm3 PET to 
coat 1.68 cm3 clay. This means that the adsorptive 
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layer thickness of the contact between the phases 
constitute 0.026 µm. According adsorption 
thermodynamics best adhesion system forming 
conditions is when adhesive surface energy is less 
than the surface energy of the substrate [22].  

In our case, the clay γ of at least 150 mJ/m2, but 
PET only 44mJ/m2, what also provides better 
performance composite "Clay+PET." Tested 
composite combines the brittle components - clay or 
ash - and elastic plastic PET matrix. Since in our case 
the clay confinement tensile strength is much less than 
PET, in the first place tensile strength stresses tear 
inclusion, but further crack propagation is blocked in 
the plastic matrix. The critical fracture stresses 
according to Griffiths - Orovan-Irvine equation, in the 
case when the crack formation occurs at the plastic 
deformation zone increase of the surface energy of 
plastic deformation γp: 

σ=√2E(γs+γpl)/π      (12) 

Where E - plastic matrix Young's modulus, c - critical 
crack length. It is known that plastic deformation 
surface specific energy of approximately 103γs. Since 
for the homogeneous matter: 

σ=√2Eγs/πc,        (13) 

composite tensile strength theoretically can be 
increased to 30 times compared to the confinement 
strength. 

σcomp / σ2 = √ (γs + γpl) / γs.   (14) 

This means that the composite „Clay+PET” tensile 
strength may reach 36 MPa. 

Approximately such results (50 - 75 MPa) were 
achieved in industrial experiments of production 
composite of plastic and mineral waste [39]. 

But this is a case where the confinement ties with 
matrix components are ideal and elastic properties are 
not very different. But as inclusions in the matrix is a 
structural heterogeneity applying a load to composite 
in contact with the inclusions forms stress 
concentration, which depends on the confinement size, 
shape, its distribution in the matrix, the flexibility 
characteristics and type of links between them. So 
here is high importance of strong bonds between the 
inclusions and matrix, their quality and completeness.  
In the absence of adhesion any inclusion reduces the 
strength - especially tensile strength - inclusion do not 
perceive stresses and therefore it can be approximated 
as a crack or pores in composite. Our experiments 
found that the quality of those links in composite 
„Ash+PET” is lower than when the inclusions consists 
of clay particles. It means, that in order to obtain high 
quality composite material from mixture „Ash+PET” 
is necessity for additional procedures, such as ash 
adhesion capacity maximizing by adding modifiers, 
plasticizers, treatment with surfactants or temperature 
[40]. Thus, for example, is a patented  technology of 

composite creation  where in the composition  of 
thermoplastic and ash is added bridging agent - salune 
grafted polyethylene or grafted alpha olefic 
copolymer - substances that interact at the same time 
with thermoplastics as well as with the ashes [41]. 

IV CONCLUSIONS 

1. Theoretically and experimentally founded in 
principle feasibility to produce composite material 
of thermoplastic waste (PET bottles) combined 
with mineral waste (ash, clay, debris), which can 
be used in different areas - civil engineering, 
hardware and various parts production. 

2. Composite creation technology is thermophysical - 
based on plastic melting with mineral waste.  

3. Determinants of creation homogeneous and 
mechanically durable composite are the specific 
surface energy, adsorption and adhesion 
characteristics of the components, the degree of 
dispersion, the content ratio of components and 
thermal exposure modes. 

4. The experimentally determined the optimum 
conditions for the creation of composite. Clay and 
PET thermoplastic polymer composite component 
ratio is 50:50, ash and PET accordingly 20:80, the 
operating temperature of 300 to 320 0C, the 
heating time of 20min. 

5. Better quality composite formed of PET alloy with 
clay. Ash and PET composite quality may be 
improved by reduction PET viscosity and raising 
components mutual adhesion ability and the 
increasing contact surface specific energy. 
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Accelerated method for the determination 
of freeze-thaw resistance of concrete 

Sergey Nikolskiy, Olga Pertseva 
St. Petersburg State Polytechnical University,  

Address: Polytehnicheskaya st.29, St. Petersbirg, 195251, Russia 

Abstract. Main purpose of this research is to create the new reference method of determining the freeze-thaw 
resistance of concrete that is characterized by small labor input, high efficiency and a wide application scope. The 
offered method is based on measurement of long strength by nondestructive method. During this research, the 
theoretical analysis of concrete's specimen dependence on freeze-thaw resistance and energy, which is emitted by a 
specimen during destruction, has been carried out.  Freeze-thaw resistance of a specimen is calculated as the 
mathematical relation of these energies, and the freeze-thaw resistance of concrete is calculated as an arithmetic mean 
value across specimens.  

To prove the method correctness it was realized on 10 concrete specimens. Age of specimens cosolidation is 88 days. 
Speciments of concrete mortar were prepared using a mix of portland cement 400 (12,3%), sand of dimentions 0.6-5 
mm (24,7%), granite macadam of dimentions 5-20 mm (55,4%) and water (7,4%). Freeze-thaw resistance such 
mortar was determed earlier by method, approved national standard specification, it was equal 105 cycles. According 
dimentions by new offered method freeze-thaw resistance such mortar is equal 107 cycles and its confidence interval 
is equal 5,4 (probability P = 0,95). Therefore, spread of results could be casual and the offered method is correct. 

 
Keywords: concrete, freeze-thaw resistance, permanent set, durability, monitoring of strength, freese-thaw cycling. 
 

I INTRODUCTION 

This Despite a variety of modern construction 
materials and technological research in this area, 
concrete remains more convenient material. It is a 
multipurpose and widespread material which is used 
during construction of buildings and facilities. The 
most important properties of concrete, which 
demonstrate themselves during the design phase of 
objects, are concrete’s durability in terms of 
compression/stretching, waterproofing and freeze-
thaw resistance. In climatic conditions of northern 
latitudes in which the North Western region is located 
as well, the last property is considered to be the most 
important one. 

Freeze-thaw resistance of concrete is an ability of 
water-saturated concrete specimen to maintain 
repeated standard thermo cycles without noticeable 
damage. Different types of water pressure cause 
concrete’s freeze-thaw deterioration, such as hydraulic 
and osmotic pressure [1], capillary pressure [2] and 
other types of water influence according to existing 
freeze-thaw resistance theory [3]. In order to 
determine the concrete mix composition, it is 
necessary to take into account freeze-thaw resistance.  

 

II PROJECT SCOPE AND OBJECTIVES  

In order to keep comfortable microclimate inside of 
structure [4] measurement of durability of concrete is 
of grave importance [5]. The Worldwide experience 
offers a vast number of ways for determination of 
durability of the concrete structures [6], but 
accordingly to the European standard [7,8] there four 
main methods to determine the concrete frost 
resistance: Slab test, CDF, CIF-Test and Cube-Test. 
These test methods contain the following steps: curing 
and preparing the specimens, pre-saturation of the 
specimens and their thermo cycling. The test liquid 
simulates a deicing agent nd contains 3% of  NaCl 
weight and 97% weight of (demineralized) water in 
case of the freeze-thaw test and deicing salt resistance 
and demineralized water to test the freeze-thaw 
resistance of concrete respectively. Scaling of the 
specimens is measured after a well defined number of 
freeze-thaw cycles and leads to an estimate of the 
resistance of the tested concrete against freeze-thaw 
damage [9]. The test methods however differ in terms 
of their procedures and conditions [10]. Also CIF test 
shows determination of internal damage by measuring 
the relative dynamic modulus of elasticity (taking into 
account ultrasonic transit time) [11]. 
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There are two different standard types of methods 
of determining the freeze-thaw resistance of concrete- 
basic [12] and reference [13] in the Russian 
Federation.  

During the estimation of freeze-thaw resistance of 
concrete by the basic method, considerable random 
dispersion of values of concrete strength (variation 
coefficient ρ = 15 … 20%) [14] under invariable 
conditions of production and tests of specimens gives 
rise to a wide scatter of average values of strength and 
demands large volume test (quantity of test pieces 25 
… 50) as a proof that relative decreasing in strength of 
∆R/R = 0,05 … 0,15 as a result of freezing and 
defrosting. 

Therefore, the basic methods have two main 
weaknesses: high labour input and small operability. 
Determination of freeze-thaw resistance by basic 
methods takes long time intervals (from 1 to 6 
months), so the reference methods are necessary.  

One of the existing reference methods is a 
Dilatometric rapid method of determining the freeze-
thaw resistance of concrete [13]. This method is a 
prototype for the method which has been offered by 
me. In this method concrete’s freeze-thaw resistance is 
determined by the maximum relative difference of 
volume deformations of the tested concrete and 
standard specimens in accordance with tables 
provided in standard specification [12] taking into 
account  concrete’s type, its form and the size of 
specimens. 

However, the results from the tables provided in 
state standard specification are acceptable only for 
Portland cement concrete and slag Portland cement 
concrete without surface-active additives 
(PEAHENS), such concretes are used extremely 
seldom now. In order to obtain new tables long 
labour-consuming experiences which imply using 
basic methods are needed [15]. 

The objectives of the project is expansion of 
methods of rapid determining the freeze-thaw 
resistance of concrete, decreasing labour input and 
increasing operability. 

III OFFERED METHOD OF DETERMINING THE 

FREEZE-THAW RESISTANCE OF CONCRETE 

Suppositive solution belongs to test methods of 
porous water-saturated bodies and is intended for 
definition of a concrete brand in terms of freeze-thaw 
resistance. The main purpose has been reached both in 
the prototype by production of specimens’ series from 
concrete mix, specimens sated with water , measure 
specimens, and freezing up to the standard 
temperature. However, the offered method includes 
the following important steps: 

 Measurement of the relative tension set of a 
specimen Θten after the one cycle of freezing 
defrosting by dilatometer (here the DOD-100-
K dilatometer has been used). 

 Measurement of the greatest nondestructive 
loading L0 of a specimen in the conditions of 
stretching by acoustic methods for the 
nondestructive testing of concrete [16] (here 
AF-15 AE-complex by Kishenevskiy has been 
used) to determinate specimen’s long-time 
strength Rlt in the conditions of stretching. 

 Measurement of the short-term strength R.  
At present the concept of greatest non-destructive 

loading L0 is usefully employed for express-
monitoring of different kinds of long resistance, such 
as durability (mechanical [17] and exegetical [18], 
remaining life of the product [19], longevity [20, 21], 
freeze-thaw resistance [22,23] and cracking resistance 
[24]. Moreover, there are a vide scope of modern 
concrete mixtures, such as light-weighted concrete 
[25], vibropressed structures [26], hight- performance 
concrete [27], concretes with additives [28, 29]. These 
are also porous materials and, therefore, should be 
tested for frost-resistance. 

In time of freezing, development of concrete’s 
damages is explained by subcritical cracks growth. In 
brittle solids cracks begin taking off by a shearing 
action [30], also the speed of their development is no 
more than 10-4m/s [31]. Therefore in conditions of 
freezing water, the filled crack in concrete captures 
the nearby closed pores. It stabilizes pressure in the 
water of the filled crack by about the value causing 
stretching tension in a material equal to long-time 
strength of a specimen in the conditions of stretching 
[32]. If the body’s temperature changes from 78 K to 
1493 K and the loading is as described earlier, the L0 
value shifts inside of deviation determination of it, i.e. 
1÷3%. This fact permits using the L0 value received at 
low temperature when the energy per unit of the 
specimen’s volume which is disseminated in the 
course of freezing-defrosting is established.  

If L0 is determined, it is possible to calculate a 
specimen’s long-time strength Rlt in conditions of 
stretching: 

 S/2L=R 0lt   (1) 

 where: S – area of a specimen’s section 
perpendicular to compression planes;L0 – the greatest 
non-destructive loading of a specimen in the 
conditions of stretching; 

Definition of a relative tension set and long-time 
strength of a specimen allows estimating the energy 
disseminated on processes destructions in the course 
of freezing-defrosting Wtc as per formula: 

 lttentc R =W   (2) 

where: θten - relative tension set of a specimen; Rlt - 
specimen’s long-time strength in the conditions of 
stretching. 
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Specimen’s loading in the conditions of monoaxial 
compression to extreme loads, registration of these 
values of axial loads and axial strain is corresponding 
to loads, which allows calculating energy per unit of 
the specimen’s volume which is disseminated in the 
course of its compression to extreme loads by 
numerical integration of dependence of axial loading 
from axial strain. Value of the energy disseminated in 
the unit of volume of a specimen in the course of its 
compression to extreme loads is in proportion to a 
square value of short-term strength [28]: 

 2
com R=W   (3) 

where: R – short-term strength; α – proportionality 
coefficient. 

The logarithmation and differentiation of 
expression (3) allow calculating specimen’s freeze-
thaw resistance Fsam as per formula: 

 tccomsam /WWR/R]2[=F   (4) 

where:  [∆R/R] - standard relative decreasing in 
terms of strength ([∆R/R] = 0,05 … 0,15 [4]); 

Concrete’s freeze-thaw resistance is found as an 
average of freeze-thaw resistance values for 
specimens. 

IV REALIZATION OF THE OFFERED METHOD  

Suppositive This method is realized as follows. 
First of all specimens in the form of cylinders or cubes 
with an edge of 10 cm from concrete mix of 
demanded structure are made. After that curing 
specimens are sated with water, and measured. Further 
greatest non-destructive loading of L0 is defined for 
each specimen by a non-destructive testing, for 
example, an acoustic emission method [29]. Without 
outreaching L0, a specimen’s crack doesn't develop 
yet in the conditions of stretching. Rlt is calculated as 
per formula (1). After specimen’s freezing-defrosting 
up to the standard temperatures and definition Θten it 
is possible to calculate Wtc as per formula (2). 

Further, a specimen is squeezed in the conditions 
of monoaxial compression to extreme loads, and 
current values of axial loading and relative tension 
corresponding to a specimen are registered. Freeze-
thaw resistance for the Fsam concrete specimen is 
calculated by the received results as per formula 
(4).Concrete’s freeze-thaw resistance is found as an 
average of values of freeze-thaw resistance for 
specimens. Confidential interval of concrete’s freeze-
thaw resistance is counted according to dispersion of 
values of freeze-thaw resistance for a series of 
specimens. 

In particular, this way has been realized across 10 
specimens cubes, an edge of 10 cm at the age of 88 
days made of a concrete mix of such structure: Brand 
400-1 Portland cement weight part, sand – 2 weight 

parts, granite rubble 5 … 20 mm – 4,5 weight parts, 
waters – 0,6 weight parts. It is experimentally 
established in two different ways for this concrete at 
the age of 88 days that after 105 freezing-defrosting 
corresponding to this concrete brand in terms of 
freeze-thaw resistance, average relative decreasing in 
strength makes 0,142 on an offered way and 0,16 on 
the basic way [12], that is both values lie within an 
error of the used ways. On the average relative 
decreasing in strength amounts to 15%. 

Specimens have been sated with water according 
to the item’s state standard specification, measured 
and registered volume. For each cube sated with 
water, splitting according to the item value of the 
greatest nondestructive load (without which excess of 
a crack in a specimen  which doesn’t develop yet is 
irreversible) have been defined. After each test the 
plane of compression of a specimen has been changed 
for the perpendicular plane to previous compression. 
Definition of the greatest nondestructive loading 
carried out by means of an acoustic emission way 
[30,31], using the AF-15 AE-complex by 
Kishenevskiy. Acoustic sensors with a frequency of 
20-200 kHz have been established on the verge of a 
specimen, parallel to plane of compression. For 
creation of axial loading a hydraulic press has been 
used. Value of a specimen’s long-time strength in the 
conditions of stretching has been counted by the 
received value of the greatest nondestructive loading, 
corresponding to it. Then average value of a long-time 
strength has been counted too. Results of calculating 
are given in the table. 

The water-saturated specimens have been placed 
in the measuring camera of the DOD-100-K 
differential volume dilatometer and have been tested 
according to the standard [14]. According to the 
dependency diagrams of differences, relative volume 
tension set of a concrete and aluminum specimen have 
been calculated. Energy per unit of specimen’s 
volume disseminated in the course of its freezing-
defrosting as per formula (2) for each specimen. 

Further average value of the specimen’s long-time 
strength in the conditions of stretching has been 
defined as arithmetic average Rlt long-time strength 
values in the conditions of stretching. 

Axial compression of specimens with a speed of 
400 kg/sec. has been carried out on the hydraulic press 
equipped with the graph plotter of dependence of axial 
loading from axial strain. By the dependence received 
on the graph plotter the area under it has been 
determined, i.e. the energy disseminated per volume 
of a specimen in the course of its compression to 
extreme loads has been received.  

Then for each brand of a concrete specimen  
freeze-thaw resistance values have been counted, 
(table 1) as number of freezing defrosting necessary 
for decrease in its strength by 15%  is achieved by 
formula (4). 
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Further, an average 15F  for values of the F15i, and 

an average square deviation of results of experience 
have been calculated: 

 
3

 )F-(F
  =S

2
1515i  (5) 

where: S – an average square deviation of 
experience results; F15i- i-specimen concrete value in 
terms of freeze-thaw resistance at decreasing 
specimen’s short-term strength in the conditions of 
compression by 15% have been received by the 

offered way; where i is changed since 1 to 10; 15F  – 

concrete’s freeze-thaw resistance equal to an 
arithmetic mean value of freeze-thaw resistance for 
series of concrete specimens at decreasing their short-
term strength in the conditions of compression by 
15%. 

The average square deviation of F15i values was 
equal 16. Taking this into account, a divergence of the 
average value of freeze-thaw resistance of concrete is 
considered to be 99,7 and the earlier experimentally 
found number of cycles is 105 (F15 brand) which is 
necessary for decreasing R for 15%. It is possible to 
consider these data casual, and the offered way is 
correct. 

TABLE I 

DEFINITION OF THE CONCRETE’S TYPE IN TERMS OF THE FREEZE-THAW RESISTANCE AS PER OFFERED METHOD 

№ ltR [MPA] ΘTEN ·104
 WTC·104 [MPA] WCOM ·104 [MPA] [∆W]·102 [MPA] F15I 

1 1,5 2,7 4,05 0,9990 2,997 74 

2 1,7 3,1 5,27 1,7215 5,165 98 

3 1,8 1,8 3,24 1,2312 3,694 114 

4 1,9 2,6 4,90 1,6796 5,039 102 

5 2,0 2,5 5,00 1,4333 4,300 86 

6 2,1 1,9 4,00 1,4364 4,309 108 

7 2,2 2,6 5,72 2,2308 6,692 117 

8 2,3 2,1 4,83 1,3846 4,154 86 

9 2,9 1,8 5,22 1,6008 4,802 92 

10 3,1 1,5 4,65 1,8600 0,558 120 

AVERAGE 2,15 2,1 4,69 1,5577  99,7 

       

V CONCLUSIONS  

The offered way expands a list of technical means 
for the rapid method of determining the freeze-thaw 
resistace of concrete. Duration of determining the 
freeze-thaw resistance of concrete is caused by a long 
time of the specimen’s water saturation (4 days 
according to standard specification [11]). At present 
this method was pattented [33]. Detailed researches 
and pilot experimental studies are necessary to get 
more data and create new method of determining the 
freeze-thaw resistance of concrete in the future. 
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Abstract. Fossil energy resources in Latvia are imported from other countries, but at the same time, our country is 
rich in renewable energy resources and other raw materials, which are used very little. In the study it is proposed to 
create a thermal insulation material from hemp shives grown in Latvia as a filler material and lake sediment - 
sapropel as a binding agent. Both of the following materials are organic, renewable and locally available. Laboratory 
experiments show that ecological and complying with modern requirements thermal insulation material can be 
obtained from local, renewable raw materials: sapropel and hemp shives. 
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I INTRODUCTION 

Latvian National Saeima accepted Latvian National 
Development Plan until 2020, which emphasizes the 
improvement of energy efficiency in all economic 
spheres. Great energy savings can be achieved in the 
construction sector by improving the energy efficiency 
of buildings by reducing energy consumption in 
construction output and simultaneously switching to 
renewable energy sources. [1] 

In Latvia fossil energy resources are imported from 
other countries, but at the same time, our country is 
rich in renewable energy resources and other raw 
materials, which are used very little. 

Renewable materials which contains natural fibers 
(e.g. jute, flax, hemp, cotton, cellulose) have many 
positive features: low thermal conductivity, low 
density, good specific tensile strength.[2,3,4] The 
natural fiber materials also have a low impact on the 
environment.[2,5] 

In the study it is proposed to create a thermal 
insulation material from the hemp shives grown in 
Latvia as a filler material and lake sediment - sapropel 
as a binding agent. Both of the following materials are 
organic, renewable and domestic. 
 The industrial hemp (Cannabis sativa) has been 
positively regarded by its good thermal insulation and 
mechanical properties.  Hemp stalk grows in 3.5 
months and absorbs 4-5 times more CO2 than a 
growing forest.[6,7]  

Light-weight hemp concrete (hemp shives, lime and 
water) are used for filling the walls, floors and roof as 

thermal insulation material.[8]  Scientific literature 
has examined hemp concrete’s thermal, physical, 
mechanical properties and moisture transfer as well as 
its use in construction. [9, 10, 11] 
 Hydraulic lime is commonly used as binging agent 
in hemp concrete. This research offers to use hemp 
shives in combination with organic binder agent 
derived from lake silt - sapropel. 
 Sapropel supplies are commonly found worldwide. 
It is a renewable resource. The most intense sapropel 
formation and accumulation is typical in Asian and 
European temperate climate zones (Russia, 
Scandinavian Peninsula, France, Germany, Poland, 
the Baltic States, Belarus and Ukraine) and in the 
North American continent in the Great Lakes region 
(Canada and United States).[12-17 ] Sapropel supplies 
and their chemical composition have been studied in 
several lakes in Russia. [18, 19] Significant sapropel 
supplies are also found in the Mediterranean. [20] 
 The first industrial use of hemp and hemp-lime 
composites as building insulation material in France 
took place in 1980s. [21] According to the Latvian 
National Development Plan creating a new composite 
material from local, renewable resources is actual task 
nowadays.   
 The objective of this study is to create a new 
constructive and insulation material from sapropel and 
hemp shives. The new construction material can be 
used as thermal insulation material in new building 
construction and to improve energy efficiency of old 
buildings. 
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II MATERIALS 

Sapropel 
The first studies of sapropel in Latvia started in the 

1950's. This was carried out in the Latvian SSR 
Academy of Sciences, Institute of Chemistry and later 
in the Institute of Forestry Problems led by N.Brakse, 
B.Vimba and A.Kalnina. In the studies chemical 
composition and use of sapropel was found out. [22] 

Sapropel are organogenetic lake sediments, which 
are derived from debris of aquatic plants and aquatic 
animals, which mixed with mineral particles (sand, 
clay, calcium carbonate and other compounds). It is 
mucilaginous jelly-like mass of colloidal structure 
with following undertones - brownish, black, gray, 
greenish or yellowish, which occurs in the majority of 
Latvian lakes and in more than third of the Latvian 
swamps. 

Sapropel deposits thickness range from a few 
centimeters to about 20 m. [23] 

Sapropel characterizing parameters are ash content, 
moisture, organic matter, as well as contents of iron 
and calcium. Ash content is characterized by mineral 
admixture quantity, which can vary in very large 
ranges from 5 to 85%. Natural moisture of sapropel 
ranges from 70 to 98%. Biological structure 
characterize organisms from which sapropel is 
formed. [23] 

Total 1327 such lakes can be found in Latvia. As a 
result of work, an information was obtained on the 
lake sapropel deposits, which is summarized in the 
passports of findings. Forecasts stocks are laid down 
for each sapropel finding. Search works allow to 
select sapropel finding place by volume of stocks and 
by certain raw materials which have useful qualitative 
indicators for the further research which are needed 
before the industrial extraction of mineral resources. 
[23]  

Predominantly studies of sapropel so far are related 
to the use in agriculture (as fertilizer), medicine (such 
as therapeutic mud) and chemical-technological 
processes (as fuel). The goal of this study is to look at 
the sapropel as construction material and especially, as 
a binder agent of sapropel-hemp shives insulation 
board and its production. 
Hemp shives 

In production of sapropel and hemp shives 
insulation board it is intended to use residues (hemp 
shives) resulting from the processing of hemp. In 
hemp stalks about sixty-five percent are woody hemp 
part or the hemp shives which are not fully used. [24] 

Hemp is an ancient crop, it has many and different 
use. Cultivation of hemp in Latvia has a very long 
history - the oldest hemp seeds were found in Talsu 
castle hill layers of 11-13th century, but it is likely 
that they might be cultivated already earlier. [25] 

In Latvia from 2008 it is allowed to grow Cannabis 
sativa seed and to obtain the fiber. Consequently now 
hemp is cultivated in several Latvian regions 

approximately in 600 ha, main products are fiber and 
seed. 

According to the data of the Association of 
industrial hemp in 2013 in the European Union were 
grown approximately 14 000 ha of hemp. [26] 

European Union Regulation of the common 
agricultural policy (CAP), for time period 2014- 2020 
hemp is included in section on environment-enhancing 
factors. In addition, 1 ha of hemp each year absorbs 
four times more CO2 than the same area of forest. 

Hemp shives in practice are used as a raw material 
for building materials, animal bedding, gardening,  
firewood briquettes, in production of hemp panels and 
granule or in production of thermal insulation 
materials. [27] 

In 2010 the total quantity of hemp shives was 
44 000 t. In percentage distribution of the 44 000 
tonnes of hemp shives 62% was used for animal 
bedding, 45% of them used in the horse stables. 15% 
of hemp shives were used in the construction area, 
namely in hemp shives and lime mixtures. Hemp 
shives lime lightweight concrete is cast in wooden 
frame during the construction of buildings, such an 
approach has been used for a couple of years for 
construction of private houses in France, UK and 
Ireland.[28] The European Eco-builders looks at this 
new product with great ambition for use it in 
ecological constructions.  

The remaining 22% of hemp shives are used in 
many different places elsewhere, such as in 
cogeneration stations to generate heat / electricity, a 
small amount in particle board production and in other 
small productions. 

Laboratory experiments show that from local, 
renewable raw materials; sapropel and hemp shives 
can be obtained high-quality, ecological and 
complying to modern requirements thermal insulation 
construction material. 

For scientific studies natural raw materials were 
derived from a various local companies. Sapropel was 
extracted from the Ubogovas lake in Makonkalna 
parish, Rezeknes district. In turn hemp shives from 
"Latgale Agricultural Science Centre" Dr.agr. V. 
Stramkale, by processing them in Preiļu pretreatment 
workshop. In G. Liberta Innovative microscopy center 
of Daugavpils University collected sapropel samples 
with an electronic microscope VEGA were tested. 
Obtained results are summarized in Table I, where 
min and max measurements are % from weight. 

Sapropel mass obtained from lake was 5.66% 
sapropel and 94.34% water. Shives with two different 
sizes were taken – one with large fraction of long and 
mechanically unbroken shives (L) and one with 
smaller fraction which has gone more processing 
cycles (S). Composition, density and thermal 
conductivity is visible in Table II. 
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Table I 

SAPROPEL CHEMICAL ELEMENT MIN AND MAX VALUES% BY WEIGHT 

 

TABLE II 

SIZE AND MECHANICAL PROPERTIES OF HEMP SHIVES 

Name Fibre >20mm 10-20mm 0,63-10mm Dust 
Density, 
kg/m3 

Thermal cond. 
W/m*K 

Moisture, % 

L 2,1% 16,9% 29,6% 48,3% 3,1% 62,53 0,051 9,72% 

S 1,5% 4,9% 25,7% 65,3% 2,6% 78,43 0,053 8,96% 

 

TABLE III 

COMPOSITIONS OF MIXTURES 

 

 

 

 

III METHODS 

A. Mould preparation 

For the tests a moisture resistant plywood moulds 
were used, they are made of 28 mm thick plywood to 
withstand the applied pressure which is applied using 
four 10 mm diameter threaded rods at each corner of 
the mould. To ensure that the material doesn’t stick to 
the mould, it is greased with formwork oil. 

B. Preparation of ingredients 

Before the mixing process all ingredients were 
prepared for the test. The hemp shives were 
weighted – the used amounts are shown in Table III. 
The ratio between shives and binder is 1:3 by mass, 
binder mass is sapropel with additional water. In the 
first part of the test - to ensure that sapropel fully 
mixes with the shives it is diluted with water to make 
it more workable, sapropel/water ratio 1:1 for L1 and 
S1 samples. The water is added to sapropel and then it 
is mixed together using electrical hand mixer.  

In the second part of the test different 
sapropel/water ratio were taken to test the effect of 
additional binder addition on mechanical properties of 
the material. Binder/shives ratio wasn’t changed, 

water/sapropel ratio was 1:2 for S2 sample and 1:10 
for S3 sample.  

A. Mixing 

Mixing was done using drum type concrete mixer, 
speed 22 rpm. First, the shives were placed in a 
working mixer, shortly after the binder mixture was 
poured in. The mixing process was continued for 3 
minutes. No lumps formed in the mixing process, 
which is a difference from hemp-lime mixtures when 
prepared in drum mixer, that could be attributed to 
slightly wetter mix that of hemp-lime samples. 

B. Moulding 

For the first part of the test the moulding is done in 
three stages. First the mould with threaded rods is 
filled with the raw material to the top – 10 cm, then 
the pressure plate is put on and by tightening the nuts 
the sample is pressed from 10 cm thickness to 6 cm 
(Fig.1.). Filing of the moulds is done in 4 to 5 cm 
layers by slightly tamping every layer. Samples are 
marked with letter P. 

Second and another mould is filled with material 
until the 8 cm mark, a plywood plate is put on a top 
and concrete blocks with total weight of 50 kg, which 
makes the sample to shrink to around 6 cm in height. 
Samples are marked with letter K.  

Chemical 
elements 

C O Mg Al Si S K Ca Fe Mo 

Max 89,53 31,18 0,66 1,88 3,29 0,39 1,35 2,67 1,27 0,49 
Min 53,06 35,40 0,66 1,55 2,86 0,40 0,52 1,07 0,94 0,49 

  
Shives 
type 

Shives 
, g 

Sapropel, 
g 

Water, 
g 

Sapropel: 
water 
ratio 

L1 L 3673,6 5510,4 5510,4 1:1 

S1 S 3149,2 4723,8 4723,8 1:1 

S2 S 2830 5660 2830 2:1 

S3 S 2237 6100 610 10:1 
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Third mould is filled with remaining material by 
filling in layers and tamping, a plywood plate is put on 
top, but no extra pressure is added. For the second part 
of the test only first two stages are used, as samples 
without any pressure showed poor results. 

Fig. 1. Mould for compression 

C. Demoulding 

Demoulding of the samples were done after two 
days of curing, they were demoulded and left to cure 
in horizontal positions for one more day. After that 
they were put in a vertical position and left to cure in 
laboratory conditions (20±2 0C and 40±10 %RH). The 
weight of the samples were regularly checked to see if 
any changes occurs in mass, to assess the 
completeness of drying. The longest time necessary 
for complete drying was for sample S2P as it is the 
sample with the highest density. 

D. Testing 

The testing was done in two stages, First, after the 
complete drying, sample dimensions and weight were 
measured, then – thermal conductivity. It was 
measured with a use of LaserComp FOX600 heat flow 
meter, following guidelines of LVS EN 12667, test 
settings 0 0C upper and 20 0C lower plate. After this 
test the samples were sawn into pieces for mechanical 
testing – two for compressive strength parallel to 
compaction direction, two for compressive strength 
crosswise the compaction direction and one for 
flexural strength. Dimensions – 100x100xheight mm 
for compressive tests and 350x100xheight for 
compressive strength. A layer of gypsum is spread 
over the interfaces to ensure even pressure application.  

Tests were done according to LVS EN 826 on 
Zwick Z100 universal testing machine, with the 
pressure applied at 5mm/min, in the process a force-
deformation diagram is recorded. The compressive 
strength test result is a value of pressure applied at 
10% relative vertical deformations. Flexural test is 
continued until rupture, span between points – 200 
mm, a 3 N prepressure is applied to the samples.  

IV RESULTS AND DISCUSSION 

The summary of the test results can be seen in the 
Table IV. The type of mixture according to Table III 
is appended with corresponding type of compression 
during the moulding phase – P, K or N. 

From the table it can be seen that compression 
during the preparation have direct impact on density, 
as P samples were pressed by 40% of height, K for 
25% and N for 0%. But the differences in densities 
from the table doesn’t match the differences of 
compaction, this is due to the fact, that all samples 
were slightly tamped during moulding and mixing of 
the material also made it to become more dense, so the 
effect of additional compression of the samples were 
not so great. 

Densities also differed because of the 
sapropel/water ratio, as the hemp/binder ratio wasn’t 
changed. Although the ratio differs 10 times for some 
samples, the density fluctuation is not so great. This is 
due to the fact that sapropel initially contained more 
than 95% water which, and by changing the ratio from 
1:1 to 10:1 changes the amount of sapropel only less 
than two times, because the shives: binder ratio didn’t 
change. 

From the table it can also be seen that density have 
impact on thermal conductivity. This is because shives 
and sapropel have higher thermal conductivity then 
that of still air inclusions in thermal insulation 
materials, which means that by decreasing the amount 
of this air with addition of more sapropel or with 
compression which adds more of sapropel and shives 
to volume, the thermal conductivity also gets higher. 
The correlation between density and thermal 
conductivity can be seen in Fig. 2.  

 

 

Fig.2. Thermal conductivity/density graph 

This previous effect of increased density on thermal 
conductivity doesn’t work on samples made without 
any pressure. This could indicate that when making 
samples with no pressure applied during curing the 
hemp shives are too far away from each other and 
doesn’t create concealed volumes, which allows air to 
move more freely around and that makes the thermal 
conductivity of the samples to be higher. Because of 
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this effect, samples with no pressure applied weren’t 
made in second part of the test. 

From the results an effect of different shives on end 
properties of the material also can be seen. Large 
shives (L) shows slightly better thermal conductivity, 
which can be explained by more long and undamaged 
fiber tubes which has shown lower thermal 
conductivity than smaller, more processed fiber [29].  

But mechanical properties of these long shives are 
worse, samples for compressive strength crosswise 
failed while they were sawn, compressive strength is 
even three timer lower, the same for flexural strength. 
This could be explained by contact zone between the 
shives which is less for the long shives, this could 
attribute for the lower mechanical strength. 

 
 

TABLE IV 

TEST RESULTS 

Type 
Sapropel:

water 
ratio 

Density, kg/m3 
Thermal cond., 

W/m*K 
Compr. strength, 

MPa 

Compr. 
Strength 

crosswise, MPa 
Flex. strength, MPa 

L1P 1:1 165,00 0,0535 0,046 x 0,012 

L1K 1:1 144,00 0,0510 0,019 x 0,007 

L1N 1:1 112,00 0,0520 0,016 x x 

S1P 1:1 171,00 0,0550 0,089 0,027 0,022 

S1K 1:1 157,00 0,0530 0,072 0,029 0,022 

S1N 1:1 143,00 0,0520 0,033 0,011 x 

S2P 2:1 196,00 0,0605 0,113 0,034 0,021 

S2K 2:1 175,00 0,0520 0,094 0,015 0,015 

S3P 10:1 195,00 0,0590 0,148 0,042 0,031 

S3K 10:1 167,00 0,0570 0,087 0,025 0,016 

 
The results also shows a correlation between 

density and mechanical strength – if the amterial is 
more dense then it also have greater mechanical 
strength . From the table it can seen that the method 
how the density is raised isnt important, as both – with 
addition of more sapropel or with additional 
compression – achieves similar results, which also 
idicate that the mecahnical strength is dependant on 
contact zone. Graphical correlation between 
compressive strength and density can be seem in 
Fig.3. 

 

Fig.3. Compressive strength/density graph 

If the results are compared to similar studies, then it 
can be seen that achieved thermal conductivity is 
adequate for sapropel thermal insulation materials as it 
is around 0,053 W/m*K [30],[31]. But if compared to 

other hemp materials, for example, a hemp lime 
concrete, then it has superior thermal conductivity as 
hemp-lime materials have it around 0,075 W/m*K 
[32], although their mass is also larger. 

Regarding the mechanical strength – the achieved 
result is equal to results from similarly made sapropel 
insulation material – around 0,15 MPa for 
compressive strength and 0,03 for flexural strength 
[31], but inferior to hemp-lime whose compressive 
strength is around 0,25 MPa, or sapropel insulation 
materials made with higher pressure and under 
temperature treatment, which activates natural binders 
in sapropel and hemp shives, with his method  
compressive strength from 0,35 to 1,85 MPa is 
achievable, without significant thermal conductivity 
loses. 

V CONCLUSIONS 

1. Use of longer shives improves thermal 
conductivity because of more undamaged fiber, 
but worsens mechanical properties because of less 
contact zone between shives. 

2. Samples should be compressed during the curing 
to ensure more closed air spaces between the 
shives, without compression thermal conductivity 
rises. 

3. Density influences thermal conductivity of the 
material as well as mechanical strength, but is not 
important how the density is increased – with more 
binder or with additional compression. 
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4. Material showed results that are similar of other 
sapropel thermal insulation materials for 
conductivity, but worse for mechanical strength 
because the manufacture technologies differed. 

5. Material shows better thermal conductivity than 
hemp-lime materials but has weaker mechanical 
strength. 

6. Further tests should focus on improvement of 
mechanical strength which can be achieved using 
thermal treatment during the curing. 

7. In the case of using the material as a thermal 
insulation - problems regarding fire protection and 
biological resistance should also be solved, as 
there are no mineral additives for the material at 
this moment. 
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 Abstract. The development of theoretical approaches to determining mechanical characteristics of sliding contacts 
by the creation of a simulation model of a sliding contact with three degrees of freedom and distributed parameters of 
the transition layer is considered. This model enables to obtain dynamic and integral characteristics of the sliding 
contact on design parameters given and characteristics of materials of contact pairs. 
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I INTRODUCTION 

Many electromechanical systems have a current 
device with sliding collecting (CDSC) containing a 
single or a group of sliding contacts (SC). In the 
simplest case SC consists of two contact details 
pressed together which are moving relatively. The 
most common CDSC is a brush-contact device of an 
electrical machine, which consists of solid brushes 
installed in fixed brush holders and pressed against 
the surface of the rotating current collector (CC). 

The work of CDSC is accompanied by 
mechanical vibrations of brushes arising from their 
interaction with a contact surface of CC. Surface 
irregularities the mathematical model of which is 
given in [19, 27] cause dynamic forces which 
modulate the contact pressure within a wide range. 
These forces can reach values which cause a breach 
of the contact resulting in short dead times [16, 19]. 
For high-speed CDSC (such as turbogenerators) 
mechanical factors are a major cause of sparking and 
an increased wear of contact pairs and can also cause 
"round light" which results in a long-term failure of 
a current device with sliding collecting. 

So far it has not been a consensus regarding 
adequate modeling main features and characteristics 
of a sliding electrical contact. It is connected with a 
great variety and with the complexity of physical 
processes of electrofrictional interaction [2-25, 28-
32]. Despite much research in this area a 
mathematical model of SC which must meet 
practical requirements has not been developed yet. 

The rational choice of design parameters and 
materials of contact pairs [26] is made mainly 
experimentally which results in considerable time 
and cost consumption. 

The subject of this research is the development of 
theoretical approaches to the determination of 
mechanical characteristics of SC by creating a 
distributed nonlinear dynamic model for receiving 
dynamic and integral characteristics of SC on the 
design parameters given and characteristics of 
materials of contacting pairs [19]. The modeling of 
dynamics of contacting with account of nonlinear 
distributed parameters in the transition layer will let 
predict the behaviour of the SC under various modes 
and search optimal design solutions at the design 
stage. This modeling will reduce the share of long-
term expensive tests at the stage of designing SC and 
improve the quality of the development of CDSC. 

II SIMULATION MODEL 

The simplest design of CDSC is shown in Fig. 1. 
The brush 1 placed in the guides brush holder 2 is 
pressed by the force F to the surface of the rotating 
current collector 3. 

The dynamic model of SC shown in Fig. 2 has 
three degrees of freedom, unilateral mechanical 
connections and distributed nonlinear parameters of 
the contact layer [19]. The brush having mass mb 
can perform radial oscillations Y (t) along the axis 
Y, tangential oscillations X (t) along the axis X and 
rotary oscillations (t) in the direction of the angle 
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. The brush body is considered to be absolutely 
rigid and the mass to be distributed evenly. The 
center of the mass of the brush is the point A which 
moves dynamicly relatively the fixed coordinate 
system XOY. The structure of the dynamic model 
for axial oscillations is similar. 

 F 

1 

3 

2 

 
Fig. 1. Сurrent device with sliding collecting. 

  
         Y 
 
 
 
               KP 
          CP           -α 
      
   K4    KT4           KT3 
             LP         M = mЩ   K3 
                     Δ/2 
              
      Δ/2            
              

    h 4           C4          
                   C3             h 3  

                
         A         X 
             0 
         
    h 2   K2       KT2               KT1     K1          h 1 
 
 
       
            leading edge          running down edge 
  
      Δ/2      n       i           1         Δ/2 
           C3               C1 
    
 
         CKn             CKi     CK1  
        KKn         KKi        KK1 
 
        KTKn        KTKi       KTK1 

 
        YKn(t)         YKi(t)       YK1(t) 

 
          VK 

        
              L i 
       l n          l 1 

 

  
Fig. 2. Dynamic model of mechanical behaviour of a sliding 

contact. 

 
The pressure spring with stiffness Cp and damping 

coefficient Kp affects on the brush with the force FN, 
that can be applied at the angle α and at the distance 
Lp relatively to the radial axis of the brush. The 
contact area "brush - current collector" (contact 
layer) is described mathematically with the 
distributed system of boundary element (BE), each 
of which is defined by the rheological model of 
Kelvin-Voigt [1] in the radial direction and the 
model of Coulomb- Amontons in the tangential 
direction. The parameters of these models are the 
following: CKi is a contact stiffness of i-BE; KKi is a 
damping coefficient contact GE; KTKi is a boundary 
friction coefficient ET. Similarly the contact with 
the rails defined by four BE of the same type is 
simulated. The parameters of the model are the 
following: C1, .. C4, K1, .. K4 are coefficients of 

stiffness and contact damping active elements. 
Mechanical connections BE are unilateral and the 
brush has a tangential play Δ in guides. 

In accordance with the quasi-static principle of 
d'Alembert one can write the differential equations 
of the motion under the influence of kinematic 
disturbances YKi (t). 
For coordinate Y: 
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for coordinate X: 

 

;sin)t(F)t(F

dt

)t(d
h

dt

)t(dX
)C(Kh)t()t(X)X(C

dt

)t(Xd
m

4

1i
HXi

4

1i
iiiiii2

2

щ
























 



(2) 

for coordinate : 

 

 

,)sin
2

h
cosL)(t(F)t(F

2

h

l)t(Fh
dt

)t(d

dt

)t(dX
h)C(Kh)t()t(Xh)X(C

dt

)t(dY

dt

)t(dY

dt

)t(d
l)C(K)t(Y)t(Y)t(ll)Y(C

dt

)t(d
J

pH

4

1i
Xi

4

1i
iYiiiiiiiii

n

1i

Ki
iKiKiKiiiiKi2

2

щ
















 
















 


















(3) 

where h is the height of the brush; Y (t), X (t),  (t) 
are radial, tangential and angular values of the 
motion of the brush in the coordinate system given; 
li, hi are shoulders of BE of the contact layer and 
guides; FYi, FXi are the friction forces in the BE of 
contact layer and in the guides: 
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(4) 

where Yi, Xi is a radial and tangential value of 
the convergence of interacting zones of microreliefs 
in i-BE: 
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After making the transition to the operator form 
we obtain after transformations the coordinates Y, 
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According to the equations of motion, we will 

construct a generalized block diagram of the 
dynamic model (Fig. 3). According to the scheme 
the program was developed that allowed to study the 
influence of various factors on three coordinate 
oscillations of the brush. The study of tangential 
distributions of the contact instability, the contact 
pressure and the specific contact stiffness have been 
carried out. 

To determine spatial distributions in the tangential 
direction of the contact pressure of the specific 
contact stiffness and a coefficient of a relative 
instability (CRI) we perform the following: 1) at 
each step of the calculation in each BE we determine 
the presence of the contact as a Boolean constant as 
well as a specific stiffness and pressure using the 
value of the contact convergence member; 2) the 
data are being collected during the period of the 
calculation then they are averaged over the time and 
given as graphs. Moreover on the data obtained we 
calculate the parameters that characterize the quality 
of contacting on the average over the entire contact 
area. 
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Fig. 3. Generalized block diagram of dynamic model. 

 

Fig. 4 shows as an example the interconnected 
dynamic response to the standard kinematic 
perturbations obtained with the dynamic model. 

 

 
Fig. 4. Pulse response (top row) and unit-step response 

(bottom row) by  = 0. 
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Fig. 5. Contact distributions for different values of  and Lp. 

the top row of the graphs is the coefficient of relative 
instability, %; 

the bottom row of the graphs is the specific pressing N/m (curve 
1), specific contact stiffness, MN/m/m/ (curve 2). 

III CONCLUSION 

The analysis of the arrays of these characteristics 
obtained under different constant conditions and for 
different kinematic disturbances shows that: 
1) generally the distributions of a contact are 
nonlinear; 2) by axial pressing force application the 
leading edge of the brush contact is more stable than 
the running down edge of the brush; 3) the contact 
pressure on the edges of the brush is more than in 
the middle; 4) the distribution of the contact stiffness 
is shaped qualitatively inversly in the relation to the 
distribution of CRI; 5) the increase of the linearity 
distribution of the stiffness and CRI can be achieved 
at positive values of the angle  and arm Lp. 

The analysis of the dynamic reactions shows that 
the loss time of the contact at the interaction of the 
brush with a single protrusion decreases when the 
pressure force is displaced or tilted in the direction 
of the leading edge. Practically all contact pressure 
is concentrated on the leading edge of the brush that 
works stablely while CRI of running down edge of 
the brush increases significantly. 
Now the dynamic model of the mechanics of the 
electrofrictional interaction is realized by means of 
the system of simulation Simulink MATLAB. 
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Abstract. Autoclaved aerated concrete (AAC) masonry blocks are construction material with high heat insulation 
parameters. In time of sustainable construction, this material can be used as a load bearing construction material for 
a range of buildings where it is necessary to obtain high heat insulation parameters of external delimiting 
constructions. The main problem of autoclaved aerated masonry constructions is the significant influence of relative 
humidity rate and its gradient on heat resistivity properties of the masonry constructions. Therefore it is important to 
monitor the drying process of AAC masonry constructions in order to avoid the sealing of moisture inside the 
masonry by early application of finishing layers on the construction. As there is a variety of manufacturers who offer 
AAC masonry blocks and the manufacturing process of the blocks slightly differ as well as the ingredients used for 
the manufacturing of the blocks this research has been done to determine the impact of manufacturing features and 
density of the blocks on their drying properties. The testing has been performed by non-destructive testing method – 
electrical impedance spectrometry (EIS) In the paper, there are included results of research of correlation between 
EIS and moisture content rate in masonry blocks provided by different manufacturers. All used blocks are with 
similar material density. As a result of the research correlation formulas between saturation rate of the material and 
EIS measurement result have been established and a graph of humidity migration throughout the cross section of the 
masonry construction has been determined.  
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testing. 
 

I INTRODUCTION 

Autoclaved aerated concrete (AAC) masonry 
blocks are construction materials with high heat 
insulation parameters. In time of sustainable 
construction, this material can be used as a load 
bearing construction material for a range of buildings 
where it is necessary to obtain high heat insulation 
parameters of external delimiting constructions. The 
main problem of autoclaved aerated masonry 
constructions is the significant influence of moisture 
content rate and its gradient on heat resistivity 
properties of the masonry constructions. Therefore, it 
is important to monitor the drying process of 
autoclaved aerated concrete masonry constructions in 
order to avoid sealing of the moisture inside the 
masonry by early application of finishing layers on the 
construction. As there is a variety of manufacturers 
who offer autoclaved aerated concrete masonry blocks 
and the manufacturing process of the blocks slightly 
differ as well as the ingredients used for the 
manufacturing of the blocks this research has been 
done to determine the impact of manufacturing 
features and density of the blocks on their humidity 
transfer properties and drying properties. The 

measurements have been performed by non-
destructive testing method – electrical impedance 
spectrometry (EIS). In the paper, there are included 
results of research of correlation between EIS and 
moisture content rate of masonry blocks provided by 
different manufacturers. All used blocks are with 
similar material density. As a result of the research 
correlation formulas between moisture content rate of 
the material and EIS measurement result have been 
established and a graph of humidity migration 
throughout the cross section of the masonry 
construction has been determined. 

II HUMIDITY DISTRIBUTION IN AUTOCLAVED 

AERATED CONCRETE CONSTRUCTIONS 

Humidity distribution in AAC masonry 
construction depend on a range of different factors 
which include the technology of the manufacturing, 
ratio of the ingredients used for the material as well as 
the type and quality of the ingredients themselves. The 
porosity as well as the pores` structure and density of 
the AAC has significant impact on the drying 
properties of the material and its mass transfer 
properties. 
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Humidity rate of the AAC masonry constructions 
has significant impact on its heat resistivity properties 
as well because heat transfer by conduction is affected 
by transfer of energy through molecular collision, 
therefore it follows that the thermal conductivity in 
liquids and solids is much greater than in gases (i.e. 
for water vapour at 10C the conductivity  is  0.024 
W/mK, while for liquid water, the conductivity  is  
0.6 W/mK which is a factor 25 times greater) [1]. The 
Research of Barsotelli et.al [1] provides information 
that the porosity of the construction material has 
impact on its hygrometric properties and the research 
shows a low absorption velocity as a consequence of 
the large amount of macropores that slow down the 
capillary forces. Water vapour permeability is 
enhanced by the degree of connection among the 
pores and by the absence of condensation phenomena 
which are favoured by the presence of micropores. 
Therefore, a higher quantity of micropores should be 
envisaged favouring the condensation phenomena and 
hindering the water vapour diffusion. 

The water transport phenomena are usually 
modelled by the diffusion type equation. The equation 
can have two basic forms. In the first case the driving 
potential at moisture transport is represented by the 
capillary pressure and the transport parameters in the 
equation are moisture capacity and moisture 
permeability, parameters as the moisture permeability 
and capacity can be modelled from the pore size 
distribution. In the second case the water flow driving 
potential is represented by the moisture content and 
the material transport parameter is the moisture 
diffusivity and the equation has so called diffusion 
form Bruce and Klute [2]. As the water transport 
parameters depend on the boundary conditions there is 
a difference between the moisture diffusivity during 
the water absorption, redistribution and drying. 

In a case of drying the diffusivity is smaller 
(Kuenzel [3]). A detailed study on drying diffusivity 
and its determination is given by (Pel et al. [4-5]; Pel 
and Landman [6]) which present the approaches to 
diffusivity determination at the absorption and at the 
drying during different drying phases. Vu [29] realised 
the simulation experiments of drying process 
considering the variability of pore structure 
parameters expressed by theoretical pore size 
distributions and modelling the water transport 
coefficients of building materials represented as a 
bundle of capillaries, size distribution of which is 
based on their pore structure [7] . 

These statements will be used and developed in the 
particular research in order to determine the 
differences of hygrometric properties for several types 
of AAC masonry blocks by a non-destructive testing 
method, which can be applied on site conditions. 

III NON-DESTRUCTIVE METHODS FOR 

DETERMINATION OF HUMIDITY 

DISTRIBUTION IN MASONRY CONSTRUCTIONS 

AAC masonry constructions are widely used for 
construction of buildings therefore the main field of 
application for the humidity distribution 
measurements would be buildings in construction 
stage or habitable buildings. Therefore, non-
destructive measurement methods for detection of 
humidity distribution throughout the cross section of 
the AAC masonry construction are preferable. 

Researches have been performed in order to detect 
the credibility of non-destructive test methods for the 
detection of relative humidity rate in constructions 
(mostly in concrete). So far, several methods for non-
destructive detection of humidity rate in concrete 
constructions have been discussed. 

Gamma densitometry is a nondestructive testing 
method commonly used to control the density of civil 
engineering materials [8], [9]. 

The principle of this method is based on a beam of 
gamma rays emitted by radioactive source and passing 
through the concrete (Fig. 1). The relative intensity of 
the transmitted particles is related to the mass of the 
traversed material mc, the mass variation of the 
traversed points can thus be measured. Since chemical 
evolutions do not lead to significant losses of mass, 
the mass variation in these beams stem solely from 
water evaporation; and can be interpreted as the 
profile of water content variations [8], [10].  

Fig. 1 Principle of the gamma densitometry technique [13], [15] 

 
The gamma densitometry is based on absorption of 

the gamma ray emitted by a radioactive source of 
Cesium Cs137 [9]. The relation between intensity I of 
the flow of transmitted particles and traversed mass mc 
is as follows is based on the Lambert´s Law [10]. 

The mass variation of the volume intercepted by the 
gamma ray can be measured at different depths, so 
water content variation along the height of the 
concrete beam´s cross section can be monitored. The 
calculation method assumes that at each measurement 
the flow intercepts the same volume of material [8], 
[10]. 

This method allows determining humidity 
distribution throughout the height of the cross section 
by non-destructible method, but it can hardly be used 
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in on-site conditions and is mostly laboratorial test 
method. Other restriction on this method is described 
in [8]. 

High quality relative humidity sensors are usually 
made of hair from horses or humans. The movement 
of the hair is converted into an electrical signal by a 
strain gauge. Similar sensors are made of a strip 
cellulose butyrate, a water absorbent polymer that 
likewise stretches and shrinks according to relative 
humidity. 

There are two main types of relative humidity 
sensors, capacitive and resistive sensors. The 
capacitive sensor consists of a thin layer of water 
absorbent polymeric or inorganic material that is 
coated onto a conductive base. This layer is then 
covered with porous conductive layer material. With 
the increase of the relative humidity, the water content 
of the polymer increases too. Water has a high 
dielectric constant, which means that the combination 
of two electrodes with the water between can store a 
relatively high electric charge. This electrical capacity 
is measured by applying rapidly reversing (AC) 
voltage across the electrodes and measuring the 
current that passes. The polymer or inorganic material 
is usually aluminum oxide and just plays an indirect 
part of the measurement. The change of capacitance of 
these capacitive sensors is, however, small when even 
compared with the capacitance of few meters of cable. 
This means that the electronic process of data 
acquisition has to be completed close to the sensor. If 
one data logger is connected to several relative 
humidity sensors, each sensor will need its own power 
supply and relatively bulky electronics [8], [11]. 

 
Fig. 2 (a) Capacitive sensor [8] 

 
Fig. 2 (b) Resistivity Sensor [8] 

 
Although capacitive sensors can have reduced 

accuracy at relative humidity values exceeding 90%, 

they typically provide better linearity than resistive 
sensors. However, capacitive sensors can take several 
hours to reach equilibrium and provide valid readings 
[12]. They cannot also be directly exposed to fresh 
concrete. To solve this problem in the experiment, the 
sensors are mounted in plastic tubes with Gore-tex® 
caps and then embedded in fresh concrete. This 
material, protect the sensor from liquid water but 
allows vapor transmission. The vapor pressure within 
the airspace around the sensor and in the concrete 
pores will always be equal. This allowed the sensor to 
be permanently embedded in the concrete reaching its 
equilibrium and obtaining valid readings [8], [13]. 

Method of electrical impedance spectrometry (EIS) 
enables detection of the distribution of impedance or 
other electrical variables (such as resistivity, 
conductivity etc.) inside a monitored object, and thus 
the observation of its inner structure and its changes 
[14], [15]. This method ranks among indirect methods 
for detection of materials’ properties through electrical 
measurements and it is used in measuring properties 
of organic and inorganic substances. So far, EIS is 
widely used in medicine as one of the most common 
testing methods in diagnostics where any kind of 
tissues are involved. It constitutes a very sensitive tool 
for monitoring phenomena that take place in objects 
(e.g. changes occurring in earth filled dams when 
loaded by water, in wet masonry sediments etc.), 
electrokinetic phenomena at boundaries (e.g. 
electrode/soil grain, between soil grains) or for 
describing basic ideas about the structure of an inter 
phase boundary (e.g. electrode/water) [16]. 

Rajabipour and Weiss have performed series of 
humidity detection and moisture gradient researches 
by application of EIS method [17]. The EIS method is 
based on the principle that a change in the water 
content of concrete alters the electrical response of the 
concrete (McCarter and Garvin [14], Weiss et al. 
[18]). On the other hand, Schießl and co-workers [19] 
have researched the moisture gradients that develop in 
drying concrete. Using a series of embedded stainless 
steel electrodes, they measured the electrical 
resistance of drying mortar samples as a function of 
distance from the drying surface [17]. As it is known 
from the approach of Matiasovsky, Mihalka, Pel, 
Landman [4-7] the water absorption, absorption after 
rewetting and the drying process have slightly 
different kinetics and should be considered separately. 

EIS method with Z-meter [20] device allows using 
only one probe pair for multiple in-field 
measurements because the probes can be withdrawn 
from the construction after the measurement. 
Experiments with EIS method for the detection of 
humidity distribution throughout cross section of 
aerated concrete constructions have been performed in 
Riga Technical university by Z-meter III device and 
methodology for measurement process is being 
developed [21-23]. EIS method can be applied for 
non-destructive detection humidity level throughout 
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aerated concrete constructions. It is easily applicable 
for testing of relative changes of humidity level in 
construction. In such cases no prior calibration of the 
Z-meter III device is necessary [24]. 

The research performed by the authors display the 
influence of different aspects of the manufacturing 
process of AAC masonry blocks on their drying 
properties in aspect of hygrometrics. 

IV DESCRIPTION OF THE EXPERIMENT 

For the particular experiment, a set of five different 
types of AAC masonry blocks were used (Table 1). 

TABLE 1 

TECHNICAL DATA OF AAC MASONRY BLOCKS USED 
FOR EXPERIMENT [25-28] 

AAC block 
figure 

Thermal 
conductivity in 
dry state stated 

by manufacturer  
 W/mK 

Bulk density 
stated by 

manufacturer 
kg/m3 

A 0,090 375 
B 0,105 375 
C 0,11 500 
D 0,12 500 
E 0,096 400 

 
There were chosen specimen with density in range 

from 375 to 500 kg/m3 in order to determine the 
impact of density on speed of drying as well as on the 
accuracy of the EIS measurement results. 

For the experiment a set of AAC masonry block 
samples were prepared, where four blocks of each 
type were taken. In each sample two bores were made 
for embedment of measurement probes (Fig.3). 

 

Fig.3 Autoclaved aerated masonry block sample with 
measurement probes 

As the first step of the experiment the frequency 
analysis was performed on all samples in order to 
determine suitable EIS measurement frequency for all 
ACC masonry block types. The results of frequency 
analysis showed that there are different ranges of 

frequencies which should be used for the EIS 
measurements on each type of the samples. But in 
order to acquire comparable data same frequency had 
to be chosen for all samples. So it was determined, 
that the frequency of 8000Hz is the most suitable for 
measurements on all samples. 

One of the blocks from each type were split into 
several pieces according to the approach of Akita et al. 
[30] in order to determine the humidity rate of each 
segment in the masonry block by gravimetric method 
(Fig.4). The monitoring of the changes in humidity 
content of each sample was made by monitoring of 
mass changes in time for each specimen. Such 
approach allowed to determine the changes of 
moisture content in the samples. 

 

Fig.4 AAC masonry block samples for determination of 
humidity distribution by gravimetric method 

 
The other three samples from each type were placed 

in laboratory premises (20C, 85% Rh) for drying. 
Along the drying process regular EIS measurements 
were performed on all the experimental samples. 
Additional EIS measurements were performed on the 
cut samples in order to secure the obtained data of 
AAC masonry block relative humidity. Monitoring of 
samples` natural drying process was performed for 
four months. After the samples had reached the air dry 
state they were oven dried in order to determine the 
weight of samples in absolute dry state. 

V RESULTS 

From the obtained results it can be concluded that 
the density of the AAC does not have significant 
impact on samples` drying speed. The C and D 
samples (Table 1) had lost approximately the same 
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amount of moisture content (after 3 months of drying 
time in laboratory storage) in % as the other samples. 

In the beginning of the experiment all samples had 
similar humidity distribution throughout the cross 
section although the humidity rate in the samples was 
significantly different (Fig.5). The initial humidity 
content of the AAC blocks depend on the specialties 
of the manufacturing process and storage conditions 
prior delivering the blocks to the construction site. 

The data for Fig.5 was obtained by gravimetric 
measurement method for detection of moisture content 
in construction materials by the approach described by 
Akita et.al [30] and humidity content measurements 
by differences in mass. Further data concerning the 
moisture distribution throughout the cross section of 
the samples were obtained by EIS measurements. The 
gravimetric method was used for overall control of the 
experiment results and for preparation of correlation 
equation between the EIS measurement results and 
corresponding relative moisture content of the AAC. 

 

 
Fig.5 Moisture content throughout the cross section of the 

samples at the beginning of the experiment 

 
In order to correlate values of EIS measurements 

with the absolute values of moisture content in cross 
section of the sample correlation graphs were prepared 
for each type of AAC samples (Fig.6a, 6b, 6c, 6d, 6e). 

 

 
Fig.6a Correlation between EIS measurement values and 

moisture content of the samples of A series in % 
 

 
 
 

 
Fig.6b Correlation between EIS measurement values and 

moisture content of the samples of B series in % 
 

 
Fig.6c Correlation between EIS measurement values and 

moisture content of the samples of C series in % 

 

 
Fig.6d Correlation between EIS measurement values and 

moisture content of the samples of D series in % 
 

 
Fig.6e Correlation between EIS measurement values and 

moisture content of the samples of E series in % 



 
 

Sanita Rubene, et al./ Environment. Technology. Resources, (2015), Volume I, 186-192 
 

 
 

191 
 

The correlation equations have the same basic 
form: 

y = a ln (x) +C                            (1) 

where a varies from -0,099 to  -0,236 and constant C 
varies from 1,4136 to 3,1507. A and C values from 
each particular equation can be used as a describing 
parameters of the respective type of AAC in aspect of 
drying speed and interaction with EIS measurement 
method. 

The equation data (Fig.6a to 6e) was used to 
determine the changes of moisture content throughout 
the cross section of the AAC samples after 3 months 
drying time (Fig.7). 

 

 
Fig.7 Moisture content throughout the cross section of the 

samples after 3 months of drying time 

 
The measurement results show that the blocks with 

lower density have more regular humidity distribution 
throughout the cross section of the block than the 
samples with higher density.  

 

 
Fig.8 Changes of moisture content throughout the cross section 

of the samples during drying process 

 
EIS measurement results can be transformed into 

moisture content rate of the AAC material and in such 
way the distribution of moisture content in the 
material sample can be determined by non-destructive 
method (Fig.8). 

 
 
 
 

VI CONCLUSIONS 

From the obtained results, it can be concluded that 
the density of the AAC does not have significant 
impact on overall speed of samples` drying. It has 
impact on the speed of drying only in case the sample 
has high moisture content which is above 40%. In 
such case samples with higher density has lower 
drying speed for the central part of sample’s cross 
section material. 

However, the AAC density and structure of pores 
has significant impact on accuracy of EIS 
measurement interpretation. Therefore, prior using the 
EIS method by Z-meter device for humidity content 
measurements on-site, correlation equations between 
EIS measurement results and humidity content of the 
AAC sample should be determined in laboratory. 
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Ultra High Performance Concrete 
Reinforced with Short Steel and Carbon 

Fibers 
Genadijs Šahmenko, Andrejs Krasnikovs, Artūrs Lukašenoks, Māris Eiduks 

Riga Technical University 

Abstract. Fibers are usually used in High Performance Concrete with a purpose to increase bending strength and 
ductility. Important properties are the peak value of bearing stress (strength) and post-cracking behavior of bended 
element. In the framework of an experimental part, Ultra High Performance mix compositions were prepared using 
intensive mixer. Short steel fibers and carbon micro fibers in amount of 1% by volume, as well as its combination 
were used for cement matrix reinforcing. Results of compressive and bending tests proved an increase of strength 
value in the case of use both steel and carbon fibers. Carbon fibers were decreased the effect of explosive collapse of 
the UHPC cement matrix, at the same time still brittle bending behavior was take place. Steel fibers considerably 
improved bending ductility thanks to a pull-out mechanism of steel fibers. The best results were achieved in the case 
of combined application of both carbon and steel fibers. 

 
Keywords: Steel fiber, carbon fiber, Ultra High Performance Concrete, bending behavior. 
 

I INTRODUCTION 

Plain concrete is brittle material. Adding short 
fibers improves concrete ductility, bending strength 
and is minimizing crack formation risk [1]. The first 
fiber reinforced concrete (FRC) was patented in 1874 
[2]. Researchers efforts during the last decades are 
focused on creating high strength fiber concrete 
having high bending strength and high ductility. The 
amount of steel fibers in modern FRC may reach up to 
200 kg/m3 and more. Steel fibers can be mentioned 
among the most effective, taking into account their 
mechanical properties and economical side of the 
problem. Simultaneously is observed high increase of 
non-metallic fibers use as a concrete disperse 
reinforcement during the last time. Advantages of the 
non-metallic fibers are high resistance against 
corrosion, chemical attack, light weight, high strength 
and easy mixing ability in fresh concrete statement. 
Tensile strength and tensile modulus (E-modulus) are 
the basic properties, which are determining fiber co-
work with a cement matrix. The use of fibers having 
E-modulus lower then concrete E-modulus does not 
have any significant impact on bending strength (for 
example the polypropylene fibers). These types of 
fibers eliminate cracks formation on the early period 
of hydration and improve fire resistance of the 
hardened concrete [3][4]. Fibers, which have 
E-modulus higher than concrete one, are able to 
increase bending strength and to improve post-
cracking behavior of the fiber concrete. Commonly 

used fibers and their basic mechanical properties are 
summarized in the Table 1. 

TABLE I 

PROPERTIES OF DIFFERENT FIBERS AND COMPARING WITH 

CONCRETE PROPERTIES 
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Steel 7.80 200 400-1200 5-20 

Polypropilen 0.90 3.5-8.0 300- 10-25 

Polyamid 0.90 1.9-2.0 720-750 24-25 

Polyethilen 0.95 1.4-4.2 600-720 10-12 

Acril 1.10 2.1 210-420 25-45 

Neilone 1.10 4.2-2.5 770-840 16-20 

Polyester 1.40 8.4-8.6 730-780 11-1 

Carbon 
1,63-
2.00 

200-
650 

1200-
4500 

1-2.1 

Glass 2.60 70-80 
1800-
3850 

1.5-3.5 

Basalt 
2.60-
2.70 

70-110 
1600-
3200 

1.4-3.6 

Typical 
concrete 
(C25/30) 

2.40 34 3-5 < 1 
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Carbon fiber is high performance non-metallic 
reinforcing material, basic mechanical properties of a 
carbon fiber exceeds properties of a steel (Tab 1). 
Originally carbon fibers began to be used in the 
second part of 20th century producing high 
performance composite materials for aerospace and 
military applications.  

At present, carbon fibers increasingly are used in 
concrete constructions. The most popular application 
is strengthening reinforced concrete constructions by 
composite carbon strips as well as replacing 
traditional steel reinforcement by carbon composite 
bars [5]. The use of carbon mesh and carbon knitted 
fabric are becoming more and more popular for 
creating highly aesthetic thin constructions  [6]. Short 
carbon fibers are very rarely used in practice as 
concrete disperse reinforcement and only few 
publications may be find in this concern . Large part 
of information deals with carbon fibers use in 
traditional concrete mixes in order to improve their 
mechanical properties [7]. Author Akihama et al  [8] 
used short carbon fibers in amount of 0.2 % by 
volume in Portland Cement concrete having water 
cement ratio equal to 0.5 and compressive strength up 
to 35 MPa. Increase of flexural strength up to 85 % 
was achieved.  Study [9] was focused on bond 
improvement between carbon fibers and cement 
matrix with an aid of special covering. 

High strength concrete as well as High (HPC) and 
Ultra high performance concrete (UHPC) are  rapidly 
improving materials during last few decades [10]. 
UHPC is characterized by very high compressive 
strength as well as high bending strength. Short steel 
fibers usually are used in such material as disperse 
reinforcement. Non-metallic fibers may have some 
benefits comparing to steel one, but their use in UHPC 
haven’t investigated properly. To use a combination of 
different types of fibers (so called fiber cocktail) is an 
interesting idea in order to achieve the best result. The 
aim of this study is to investigate the effect of 
combined use of carbon and steel fibers in UHPC 
concrete mixtures.  

II MATERIALS AND MIX DESIGN 

In the experimental part typical UHPC basic mix 
composition was prepared. Main mix ingredients are 
the following: white Portland Cement CEM I 52.5 R 
(Aalborg), locally available quartz sand (combination 
of 2 fractions and quartz powder), pozzolanic 
admixture silica fume (Elkem, grade 920D), 
polycarboxilate based super plasticizer and water. 
Four mix compositions were produced: reference mix 
(REF), mix with carbon fibers (C), mix with steel 
fibers (S) and composite mix of carbon fibers together 
with steel fibers (C+S). Used TENAX® chopped 
carbon fibers are characterized by density 1.82 g/cm3, 
tensile strength 4275 MPa, tensile modulus 225 GPa 
and ultimate elongation 1.9%. Fiber length is 12 mm 

and diameter 7 m, therefore, aspect ratio of selected 
fiber is very high: 12000/7 = 1714. 

Used steel fibers are fibers with hooked ends, 
having length  30 mm and diameter 0.5 mm, therefore  
aspect ratio of selected fibers are: 30/0.5 = 60. Long 
steel fibers was used to provide quasi-plastic behavior 
and crack bridging effect during bending test. At the 
same time, “wall effect” is possible, where the moulds 
walls direct the fibers, which are too long compared to 
the mould size (40 mm). Volumetric concentration of 
carbon and steel fibers in experimental mixes was 
provided 1 % from the total volume of concrete. 
Proportions between mix components were calculated 
in order to provide optimum grading curve which 
determines dense micro-structural packing. Mix 
compositions of experimental mixes are presented in 
the Tab II. 

TABLE II 

UHPC MIX COMPOSITIONS, kg/m3 

Dens., 

kg/cm
3 REF C S S+C

Cements I 52.5 R 3.1 800 800 800 800

Sand Quartz 0.5/1 mm 2.65 800 800 800 800

Sand fine 0/0.3 2.65 300 300 300 300

Quartz powder 2.65 60 60 60 60

Silica Fume 920 D 2.2 140 140 140 140

Carbon micro fiber 1.82 18 18

Steel fiber 30 mm 7.8 78 78

Water 1 200 200 200 200

Superplasticizer 1.1 13 13 13 13

W/C 0.25 0.25 0.25 0.25

W/(C+SF) 0.21 0.21 0.21 0.21

Workability

flowable, 
plastic, 
good

flowable, 
plastic, 
good

plastic, 
too long 
fibers

plastic, 
too long 
fibers  

III SAMPLES PREPARATION AND TESTING 

Mix ingredients were dozen with accuracy +0.1% 
and mixed using the highly intensive laboratory mixer 
Eirich. Carbon fibers were added during mixing and 
additionally mixed one minute in order to distribute 
fibers uniformly. Steel fibers were added at the end of 
mixing without intensive mixing effect in order to 
prevent fiber deformation during intensive mixing 
process.  

Prismatic samples 40x40x160 mm were produced 
in steel moulds, then were demoulded after 1 day and 
cured in water environment (+20oC). Flexure and 
compressive test were performed after 1, 28 and 108 
days of hydration.  Force – deflection curves were ob-
tained during three-point bending test using universal 
testing machine Zwick 150. The distance between 
supporting points 130 mm and rate of loading 5 
mm/min was provided. Sample halves remaining after 
flexure test, were used to check compressive strength. 
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Compressive testing machine Controls Automax 5 
was used, the rate of loading was 1.0 MPa/s. 

SEM electronic microscope imaging was performed 
to investigate internal structure of produced material 
in details.  

A. Compressive strength  

Testing results of compressive strength (Fig. 1) 
shows continuous increase of strength values during 
hardening time, this effect may be described by long-
term pozzolanic reactions between silica fume and 
calcium oxide (product of cement hydration) [11].  In 
the age of 7 days compressive strength values are 
approximately 80% from 28 day strength, but 108 
days results demonstrates strength gain up to 20%, 
comparing to 28 day results. Reference mix has the 
least strength values, but adding carbon and steel 
fibers has beneficial effect on compressive strength. 
Compressive strength gain is observed up to 9% in the 
age of 28 days, comparing to reference mix (see Fig. 
1). The biggest gain of compressive strength is 
observed in the case of steel fiber and steel fiber 
combination with carbon fiber in the age of 108 days.  

Reference mix composition REF (without fibers) is 
characterized by explosive collapse when maximum 
force is achieved. Composition with carbon fibers also 
is characterized by brittle behavior, at the same time 
collapse process is not so brittle and associated with 
crack formation. Destroying process of mixes with 
steel fibers is much more ductile and development of 
multiply crack system took place before maximum 
force is achieved. 

 
Fig. 1. Concrete compressive strength development. 

B. Bending strength and ductility 

Main task of adding fibers in concrete mix is 
increasing a bending strength and ductility. Analyzing 
peak values of bending strength (Fig. 2) in must be 
emphasized more positive influence of fibers on 
bending strength, comparing the effect on 
compressive strength. In the age of 28 days carbon 
fibers increases bending strength is up to 28% and for 
steel fibers up to 139%. The biggest improvement 186 

% is achieved in the case of use carbon and steel fiber 
in combination (C+S).  

Analyzing scattering of results, it must be stressed, 
that average squared deviation of compressive 
strength data in one series does not exceed 5% from 
the average result. The same deviation is found for 
bending strength of reference mix (REF) and 
composition with carbon fibers (C). Mix compositions 
with steel fibers (S and S+C) have the largest 
scattering of bending strength results (up to 15% from 
average result). High dispersion of bending strength 
results may be explained by non-homogeneous steel 
fiber distribution in the cross section of bended beam 
[12]. It must be stressed, that the length of used steel 
fibers (30 mm) is too big comparing to cross section 
dimension of sample (40 mm). In the future studies, 
shorter steel fibers (L<15 mm) should be used in order 
to prevent fiber unpredictable orientation and possible 
concentrations in local places. 

 
Fig. 2. Bending strength development. 

 
Carrying out three-point bending test of mini 

beams, force – deflection curves were obtained. 
Curves give important information about bending 
behavior of material in the stage after crack formation 
as well as about ductility and bending energy. In order 
to compare bending curves, average curves for each 
mix composition were calculated, using experimental 
numerical data and Excel program. Curves related to 
108 age samples are presented in the Fig. 3. 

Obtained results shows huge difference between 
sample without steel fibers (REF and C) and sample 
containing steel fibers (S and C+S), which are 
characterized by higher maximum force peak and 
wide range of post-cracking curve. This effect may be 
explained by crack bridging with steel fibers and its 
pull-out mechanism [13][14]. 

Sample fracture energy may be determined as an 
area below bending curve. Taking into account 
numerical data of bending experiments, bending 
energies U (N*mm, or mJ) were calculated for 4 
intervals corresponding maximum force and 
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deflections of 3, 4 and 5 mm correspondingly. The 
results are presented in the Fig. 4. 

The first bars (corresponding maximum force) 
show that bending energy of mix containing carbon 
fibers is 70% higher than one of reference mix. At the 
same time, sample containing steel fiber has more 
than 10 times higher result. In the post-cracking stage 
bending energy determines pull-our work of mere 
long steel fibers. 

The most interesting effect is considerable increase 
of energy (+15-20%) in the case of complex use both 
steel and carbon fibers. This difference (up to 5000 
N*mm) is much more than the total bending energy of 
C mix, containing only carbon fibers. This 
phenomenon makes possible to draw hypothesis about 
steel and carbon fiber synergy effect. Obtained results 
goes in accordance with results of pull-out behavior of 
single steel fiber from cement matrix with and without 
carbon fibers [15] [13] (Krasnikovs, Khabaz). 

SEM pictures of UHPC cement matrix containing 
carbon fibers (after bending test) are presented in Fig. 
5 and 6. Cement matrix is characterized by high 
density and big pores and cavities (Fig. 5). Taking into 
account very high aspect ratio of carbon fibers (1714), 
pull-out effect of all fiber is not possible. At the same 
time, free ends of carbon fiber and empty channels 
(Fig. 6) indicates that fiber is breaking inside channel 
and possible pull-out effect. This is evidenced by 
increased ductility and fracture toughness of carbon 
fiber reinforced sample, comparing to reference mix. 
In the Fig 6 can be seen carbon fiber channel crossing 
micro crack in cement matrix.  This picture helps to 
explain bridging effect of carbon fiber, as well as 
synergy effect of steel and carbon fiber (carbon fiber 
prevents formation and expansion of micro-cracks in 
cement matrix). 

 
Fig. 3. Three-point bending force – deflection curves. 
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Fig. 4. Fracture energy – 1 Peak load; 2 crack opening 3mm; 3 crack opening 4mm; 4 crack opening 5mm. 

 
 

 
Fig. 5. SEM image of concrete microstructure, micro cracks and carbon fibers. 
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Fig. 6. SEM image of carbon fiber in concrete structure. 

IV CONCLUSIONS 

Use of intensive concrete mixer makes possible 
more uniformly distribute carbon fibers in the volume 
of the UHPC cement matrix. Introduction of carbon 
fibers in amount of 1% (by volume) improves bending 
strength of plain UHPC matrix up to 39% and 
compressive strength up to 9% and slightly 
compensates brittle behavior of collapse of ultra-high 
strength material.  

Steel fibers are providing post-cracking bending 
behavior thanks to their pull-out hook mechanism. 
The best bending results was achieved in the case of 
combined use of both carbon and steel fibers. 
Considerable increase of the fracture energy in this 
case is explained by synergy work of two types of 
fibers. Carbon micro-sized fibers are reducing micro 
crack formation in the cement matrix and are 
improving steel fibers pull-out behavior.  The task of 
future optimization UHPC mixes provides for finding 
optimum dosage of steel and carbon fibers, as well as 
its geometrical parameters in order to obtain the most 
economic mix composition, depending on used 
cement matrix.  
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Abstract. According to research conducted in last 25 years, alkali activated binders have been considered as one of 
the most progressive alternative binders, which can effectively replace Portland cement. Production of alkali activated 
binders differs from the Portland cement production and is associated with lower CO2 emissions. The use of recycled 
industrial by-products and wastes is also possible, what corresponds to the future guidelines and principles of 
sustainable binder production in the world. 

The aim of this study was to create innovative alkali activated binders by using secondary raw materials, which will 
be different from the ones described in the scientific literature – alkali activated binders with porous structure. Raw 
materials used for the binders were metakaolin containing waste, waste from aluminium scrap recycling factory and 
recycled lead-silicate glass; solid contents were activated with modified sodium silicate solution with an addition of 
sodium hydroxide. 

The physical properties of alkali activated binders, such as density, water absorption, open and total porosity, were 
determined and flexural and compressive strength of hardened alkali-activated binders were tested at the age of 28 
days. Durability was examined by sulphate resistance test, which was performed according to SIA 262/1, appendix D: 
applicability and relevance for use in practice. 40x40x160 mm prismatic specimens were used for expansion 
measurement and determination of compressive strength.  

The open porosity of obtained materials was up to 45%, density from 380 to 1720 kg/m3, compressive strength up 
to 29,8 MPa, water absorption 6 – 114 wt.%. After analysing the results from the sulphate test it was concluded that 
glass additive reduced the alkali activated binder resistance to sulphate attack. 

 
Keywords: Alkali Activated Binder, Aluminium Recycling Waste, Waste Metakaolin. 
 

I INTRODUCTION 

The production of different types of alkali activated 
binders results in a near zero-carbon dioxide emission, 
which is significantly less compared to the production 
of ordinary Portland cements (OPC) or lime binders 
[1]. For example, in case study of geopolymer 
concrete mixes based on typical Australian feed 
stocks, the results indicated a potential for a 44-64% 
reduction in greenhouse gas emissions while the 
financial costs varied from 7% lower to 39% higher 
compared with OPC [2]. It is clear that alkali activated 
binders can exhibit performance properties such as 
high compressive strength [3]; high level of resistance 
to a range of different acids and salt solutions [4]; high 
resistance to freeze–thaw [4]; not being subject to 
deleterious alkali–aggregate reactions [4]; low 
shrinkage [5]; effective solution for the stabilization of 
industrial by-products and the immobilization of 
heavy metals [6] as well as other important 
technologic and functional properties which depend 
from the chemical composition of raw materials used 
and the composition of mixes. Therefore alkali-
activated binders (AAB) are receiving increased 

attention as an alternative to OPC and lime because of 
their high functionality and low environmental impact.  

Alkali activated binders traditionally are made by 
mixing powdered alumosilicates based raw materials 
such as fly ash, metakaolin, slag or other materials 
rich with amorphous SiO2 and Al2O3 with an alkali 
activation solution [7] [8].  

A key attribute of alkali activation technology is the 
robustness and versatility of their  process of 
production; it enables products to be tailor-made from 
a range of alumosilicate raw materials so that they 
have specific properties for a given application at a 
competitive cost [9]. Although several researchers 
demonstrated an excellent durability of alkali 
activated materials in their experiments, the major 
unsolved problem in the development and application 
of alkali activation technology is still related to the 
durability, because it seems to depend strongly on the 
application of adequate curing regimes and 
composition of mixes. Also carbonation can be quite 
problematic in these systems, as there is no reservoir 
of available calcium to provide a pH buffer; therefore 
durability performance is critically dependent on the 
development of a compact and refined pore structure 
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[10]. The sulphate attack is a topical issue similarity as 
it is in systems made of OPC because of chemical 
reaction in wet media between sulphate ions and 
aluminate component of hardened cement paste [11]. 
A mineral formation increases internal stresses due to 
expansion of tricalciumaluminates (C3A) up to 227% 
from its initial volume [12]. This leads to irregular 
micro-crack pattern and degrades material durability. 
Similarities can be found with high calcium amount 
contained alkali activated systems, where sulphate 
salts can react with free lime and form ettringite 
and/or gypsum. Bakharev has reported that 
magnesium sulphate, compared to sodium sulphate, 
has more deleterious effect on sulphate resistance of 
concrete made of OPC or alkali activated slag. No 
visual signs of degradation were detected for alkali 
activated slag concrete while OPC specimens 
expanded significantly after long-term immersion in 
sodium sulphate solution [13]. El-Sayed has reported 
that compressive strength decreased up to 52% of 
alkali activated slag concrete when samples were 
exposed to magnesium sulphate attack for 6 months 
[14]. Also diffusion of alkali ions from structure of 
alkali activated materials to solution can cause 
stresses;  deep vertical stresses can be observed [15]. 
However, using slag cements could lead to failure of 
material structure due to weakening and disintegration 
of structure before expansion could be observed [16].  

Incorporation of pozzolans like fly ash, rice husk 
ash in OPC reduces the total calcium amount in 
cement system; therefore material, which is more 
durable to the sulphate attack, could be obtained [17]. 
The increased resistance to the sulphate attack of low–
calcium alkali activated material could be sulphate 
caused by low calcium content available for reactions. 
AAB based on fly ash could reach superior sulphate 
resistance compared with OPC materials or high 
calcium amount contained AAB systems [18]. 
Bakharev has reported that specimens made of low-
calcium AAB have increased durability to sulphate 
attack but it depends on type of activator used and 
cation type in sulphate media. At the end it was 
concluded that activator containing NaOH can lead to 
improved resistance of AAB to sulphate attack [15].  

Resistance to the sulphate attack of alkali activated 
materials depends from polymerization degree of the 
material structure; highly cross-linked aluminosilicate 
polymer structure will be more stable even in 
comparison with OPC system [19]. Intensity of 
polymerization reaction and development of 
specimens’ strength are affected by chemical 
composition of the system,  ratio of solid raw material 
and activator, concentration of activator as well as 
curing conditions [14] [20] [21] [22]. There are many 
variables that could affect sulphate resistance of AAB 
but information on tried and tested solutions for the 
best performance is not available in literature. 

The presented research focuses on a low-calcium 
alkali activated binders with high porosity and their 

resistance to the sulphate attack. Porous binders were 
obtained from metakaolin containing waste (WMK) 
by incorporation of industrial wastes from aluminium 
scrap recycling (ASRW) as foam forming agent.  

II MATERIALS AND METHODS 

Materials 

Low-calcium alkali activated binder (AAB) was 
obtained from industrial by-products and alkali 
activation solution. Waste metakaolin (WMK) was 
obtained from the expanded glass granule production 
plant “Stikloporas” UAB (Lithuania), where kaolinite 
clay is used as a substance for anti-agglutination in the 
final stage of expanded glass granule production and 
the obtained metakaolin containing material is defined 
as by-product. During processing WMK was calcined 
at 850 °C for about 40-50 minutes and fraction <0.25 
mm was used as base material for alkali activation. 
Glass waste (GW) received from the glass recycling 
factory “Lampu Demerkurizacijas Centrs” Ltd. 
(Latvia) was used to modify the composition of AAB. 
Aluminium scrap recycling waste (ASRW) received 
from aluminium scrap recycling industry facility 
“Dilers” Ltd. (Latvia) was used as a foaming agent for 
creating of porous AAB structure [23]. The amount of 
ASRW in the mixture composition of AAB can define 
the final physical and mechanical properties of the 
obtained material. Chemical composition of the raw 
materials is given in Table 1. In order to increase 
homogeneity and fineness of ASRW and WG, both 
raw materials were ground in planetary ball mill 
Retsch PM 400 with speed 300 rpm for 30 minutes. 

TABLE 1  

CHEMICAL COMPOSITION OF RAW MATERIALS, WT %  
 

CHEMICAL COMPONENT ASRW WMK WG 
Al2O3 63.2 51.7 1.0 
SiO2 7.9 34.4 68.1 
CaO 2.6 0.1 1.4 
SO3 0.4 - - 
TiO2 0.5 0.6 - 
MgO 4.4 0.1 - 
Fe2O3 4.5 0.5 0.2 
PbO -  20.0 
Na2O 3.8 0.6 8.0 
K2O 3.8 - 1.2 

Other 2.6 - 0.1 
LOI, 1000oC 6.2 12.1 - 

 
The activation of solid raw materials was done with 

modified sodium silicate solution. Commercially 
available sodium silicate solution from “Vincents 
Polyline” Ltd. (Latvia) characterized by the silica 
modulus Ms 3.22 was modified with sodium 
hydroxide flakes from “Tianye Chemicals” (China) 
with 99% purity and alkali activation solution with 
silica modulus Ms 1.67 was obtained 
 



 
 

Laura Sele, et al./ Environment. Technology. Resources, (2015), Volume I, 200-204 
 

 
 

202 
 

Methods 

Physical properties of AAB, such as density, water 
absorption, open and total porosity, were determined 
in accordance with EN 1097-6 and EN 1097-7. 
Flexural and compressive strength of hardened alkali-
activated mortar bars were tested according to LVS 
EN 1015-11 at the age of 28 days. Sulphate resistance 
test was performed according to SIA 262/1, appendix 
D: applicability and relevance for use in practice. 
40x40x160 mm prismatic specimens aged 28 days 
were used for expansion measurement and 
determination of compressive strength.  

Sample preparation 

The compositions of solid raw materials are given 
in Table 2. Two series of AAB were prepared: 
samples without WG in mixture composition (mixture 
composition with index G0) and samples with WG in 
mixture composition (with index G1, respectively). 
The incorporation of WG in the mixture composition 
of AAB increases the SiO2 content; therefore the 
obtained AAB can possess different properties. The 
ASRW in both series were added from 0 to 1.0 mass 
ratio calculated from the amount of WMK resulting in 
materials with different porosity.  

All dry components were weighted and mixed 
together to obtain homogenous powder, and alkali 
activation solution (AAS) was added to the mixture 
with a constant AAS/solid content ratio of 0.75. After 
mixing, the pastes were immediately poured into 
prismatic moulds measuring 4×4×16 cm. Moulds were 
covered to limit expansion of pastes and then placed 
in heating chamber at 80 °C for 24 h for the final 
setting in order to obtain porous AAB. 

TABLE 2  

MIXTURE COMPOSITION OF AAB  

MIXTURE 

COMPOSITIO

N 

COMPOUND MASS RATIO 

ASRW WMK WG 
AAS/SOLID 

RATIO 
0G1 0 1 1 

0.75 

0.1G1 0.1 1 1 
0.5G1 0.5 1 1 
1.0G1 1.0 1 1 
0G0 0 1 0 

0.1G0 0.1 1 0 
0.5G0 0.5 1 0 
1.0G0 1.0 1 0 

III RESULTS AND DISCUSSIONS 

Physical properties of AAB 

Due to the chemical reactions between ASRW and 
high alkalinity of the activation solution, gas 
evaporation was observed and porous structure of 
AAB was obtained (Fig.1). Highly porous AAB was 
obtained with the addition of ASRW even with 0.1 
mass ratio to WMK in mixture composition. The pore 
volume, pore structure and density depend from the 
amount of ASRW and WG used in the AAB 

composition. The physical properties of AAB are 
given in the Table 3.  

 

 

Fig. 1. Porous structure of AAB with ASRW (weight part 0.5) and 
without WG additives. 

Samples without ASRW in the mixture composition 
provide the highest density and the density greatly 
depends from WG (1400 kg/m3 for 0.0G0 and 1720 
kg/m3 for 1.0G1). Glass additive in mixture 
composition provides glassy and compact structure of 
AAB while structure of AAB without WG is more 
porous thus influencing porosity of the material (Table 
3). All samples with glass additive in the mixture 
composition have higher density in comparison with 
samples without glass. Most likely glass additive 
dissolves in the alkali media and fills microporous of 
the material structure. This phenomenon also explains 
the difference of water absorption among samples 
with and without glass additive. Thus samples with 
glass in the composition have significantly lower 
water absorption compared with the rest. Water 
absorption for samples with glass in the mixture 
composition was from 6 to 93% while for the samples 
without glass additive in mixture composition – from 
26 to 112%. Water absorption increases with the 
increase of open porosity of the samples which was 
determined by the amount of ASRW in the mixture 
composition. Porous AAB are characterized with high 
open porosity and it can be up to 44% (1.0G0). Glass 
additive in the mixture composition reduced open 
porosity which could be explained by the glassy 
structure of AAB. 

TABLE 3  

PHYSICAL PROPERTIES OF AAB 

MIXT. 
DESIGN 

DENSITY 

KG/M3 

WATER 

ABSORPTION 

% 

OPEN 

POROSITY, 
% 

TOTAL 

POROSITY, 
% 

0.0G1  1720 6±0.4 10±0.6 20±0.5 
0.1G1 770 17±0.7 12±0.4 64±0.3 
0.5G1 490 78±0.9 36±0.8 78±0.2 
1.0G1  390 93±2.0 37±0.3 83±0.4 
0.0G0 1400 26±0.3 30±0.8 31±0.7 
0.1G0 520 68±2.1 32±0.7 74±0.3 
0.5G0 430 86±1.3 35±0.7 80±0.3 
1.0G0 380 112±3.8 44±0.9 83±0.5 
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ASRW mass content increase in the mixture 
composition leads to significant decrease of density 
for all samples. Even 0.1 weight part of ASRW in the 
composition decreased density up to 60% (from 1720 
to 770 kg/m3 for samples with glass additive and from 
1400 to 520 kg/m3 without glass). By increasing the 
amount of ASRW in the composition to 1.0 weight 
part from the amount of WMK, the changes in sample 
density are less critical and it decreased to 390-390 
kg/m3. By increasing amount of ASRW in the 
composition, influence of glass additive on the 
physical properties of obtained samples decreased but 
density of samples decreased below density of water.  

Obtained samples with ASRW over 0.5 weigh part 
in mixture composition have total porosity around 
80% and it is explained by the specific pore structure 
where more than 50% of pores are closed. This 
phenomenon ensures floating of samples in the water 
for unlimited time. Comparing porosity of denser 
samples without ASRW and samples with minimal 
amount of ASRW (0.1 with parts) in the composition, 
total porosity increased more than 2.5 times. 

It can be concluded that WG and ASRW additives 
have great influence on the physical properties of 
samples made by alkali activation technology. 

Mechanical properties of AAB 

Compressive strength of hardened samples was in 
range from 0.5 MPa to 29.8 MPa and it strongly 
depends from composition (Table 4). Comparing 
series with and without WG in mixture composition, 
AAB samples with glass additive were with higher 
compressive strength compared (0.5 to 30 MPa) to 
AAB samples without WG (from 0.5 to 8 MPa). 

By increasing the amount of ASRW in the mixture 
composition, compressive strength decreased to 0.5 
MPa for both series of samples (Table 4). By 
incorporating ASRW even to 0.1 weight part to 
WMK, the compressive strength reduction was 
significant which can be explained by the increase of 
porosity for obtained material. 

TABLE 4  

MECHANICAL PROPERTIES OF AAB 

MIXT. 
DESIGN 

FLEXURAL 

STRENGTH, 
MPA 

COMPRESSIVE 

STRENGTH, 
MPA 

REDUCTION OF 

COMPRESSIVE 

STRENGTH AFTER 

SULPHATE ATTACK, 
% 

0.0G1 2.1 30.1 72 
0.1G1 0.9 3.2 25 
0.5G1 0.7 1.2 20 
1.0G1 0.4 0.5 5 
0.0G0 1.3 8.0 15 
0.1G0 0.6 1.1 4 
0.5G0 0.5 0.8 3 
1.0G0 0.4 0.5 2 

 

The flexural strength results were similar to the 
compressive strength and it strongly depends on WG 
content and ASRW ratio in the mixture composition. 

As it is shown in Table 4, the flexural strength of 
samples with WG additive was from 0.4 to 2.1 MPa 
but without WG additive – 0.3 to 1.5 MPa. Porous 
structure obviously affects flexural strength and the 
results of flexural strength test show that samples 
without ASRW provide 3 times higher flexural 
strength. 

The mechanical properties of AAB are strongly 
affected by physical properties of AAB. The 
mechanical properties of samples were defined with 
the amount of ASRW used in composition but 
influence of glass additive is essential in cases, when 
ASRW is not used or the amount of ASRW is low. 
The difference between series of samples with ASRW 
mass ratio to WMK from 0.5 to 1.0 was less 
significant and more comparable.  

Sulphate test 

Resistance to sulphate attack was tested for 28 days 
old samples (6 samples from each composition). 
Change of compressive strength after sulphate test is 
given in Table 4. The sulphate attack deteriorates the 
structure of AAB and the decrease of compressive 
strength was detected. Reduction of compressive 
strength was significant for AAB samples with WG in 
the mixture composition – compressive strength 
reduced even up to 72% (0.0G1) and the structure 
integrity of AAM was damaged. The strength loss of 
AAB made without WG and ASRW (0.0G0) was 
15%. 

Although ASRW provides porous structure and 
decreases compressive strength of AAB, the ASRW 
has significant effect on AAB resistance to sulphate 
attack. For sample series with WG in mixture 
composition the increase of ASRW reduced the 
compressive strength loss down to5 % (1.0G1) while 
for samples with 0.1 and 0.5 mass ratio of ASRW to 
WMK was 25 and 20% respectively. Samples without 
WG in mixture composition provided low strength 
loss after sulphate test even with low ASRW content 
in mixture composition (4% for 0.1G0); therefore 
ASRW not only increases porosity and reduces initial 
compressive strength but also increases the AAB 
resistance to sulphate attack. 

IV CONCLUSIONS 

Alkali activated binders (AAB) were obtained by 
using industrial by-products such as aluminium scrap 
recycling waste (ASRW), lead-silicate glass waste 
(WG) from recycling of florescent lamps and waste 
metakaolin (WMK) after using as a substance for anti-
agglutination in the final stage of expanded glass 
granule production as a secondary raw material.  

The obtained material was characterized by density 
from 380 to 1720 kg/m3. The density can be controlled 
by ASRW mass ratio and WG additive. Because of 
wide range of density, all physical and mechanical 
properties were varied depending on the mixture 
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composition. Compressive strength up to 30.1 MPa 
and flexural strength up to 2.1 MPa can be achieved 
by selecting appropriate mixture composition.  

Results of sulphate test evidently shows the effect 
ASRW and WG have on resistance to sulphate attack. 
Samples with higher proportion of ASRW have lower 
compressive strength changes. Samples with 
proportion of ASRW from 0.1 to 1.0 show 2-4% 
reduction of compressive strength after sulphate 
attack, while samples with the same proportion of 
ASRW and WG additives have 5-25% reduction.  

In further research it would be essential to improve 
mixture composition for samples with high SiO2 and 
low ASRW content to ensure high mechanical 

properties of AAB (compressive strength 30 MPa) 
after sulphate attack. It would also be necessary to test 
such durability properties as freeze-thaw resistance. 
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Abstract. The cracking properties in cement-based composites widely influences mechanical behavior of 
construction structures. The challenge of present investigation is to evaluate the crack propagation near the crack tip. 
During experiments the tension strength and crack mouth opening displacement of several types of concrete 
compositions was determined. For each composition the Compact Tension (CT) specimens were prepared with 
dimensions 150x150x12mm. Specimens were subjected to a tensile load. Deformations and crack mouth opening 
displacement were measured with extensometers. Cracks initiation and propagation were analyzed using a digital 
image analysis technique. The formation and propagation of the tensile cracks was traced on the surface of the 
specimens using a high resolution digital camera with 60 mm focal length. Images were captured during testing with a 
time interval of one second. The obtained experimental curve shows the stages of crack development. 

 
Keywords: cement-based matrix, fibre reinforced concretes, high performance concretes, PVA fibres. 

 
I INTRODUCTION 

The development of new types of concrete focuses 
on Extra Fine Aggregate Cement Composites (with 
the largest aggregate dimension ≤ 5 mm) (EFACC). It 
is a composite material in which certain characteristics 
are developed for a particular application and 
environment. These characteristics are not only 
strength, but improved durability, increased resistance 
to various external agents, high rate of hardening, 
better aspect, etc. This concrete is characterized by an 
enhanced postcracking tensile residual strength, also 
defined as toughness in the following, due to the fiber 
reinforcement mechanisms provided by fibers 
bridging the crack surfaces. Fibers in concrete provide 
improved mechanical and physical properties of the 
material [1, 2]. 

The durability and deformation characteristics of a 
material are just as important as its strength properties. 
Therefore, designers and engineers need to know 
those properties of concrete and must be able to take 
them into account in the structure analysis [2, 3]. 

This paper reports on an experimental investigation 
of the cracking resistance of several types of EFACC 
using the Compact Tension test. 

II MATERIALS AND METHODS 

The experimental work included the preparation of 
two EFACC compositions with polyvinyl alcohol 
(PVA) fibers constituting 2% of the total amount of 
cement with and without nanosilica. The EFACC 
mixtures consisted of cement, water, quartz sand 

(grain size 0.3 - 1 mm), silica fume, nanosilica, 
microsilika, plasticizer Sikament and two types of 
PVA fibers. PVA fiber properties are listed in Table 1. 
For the purposes of this paper, the batches containing 
microsilica were designated MS PVA, and the ones 
containing microsilika and nanosilica - NS PVA [4]. 

TABLE 1 

PROPERTIES OF PVA FIBRES 

 

The testing procedure developed for the present 
work consisted of applying a tensile load to a single-
edge notched specimen. The selected specimen shape 
resembles the one used for the evaluation of crack 
propagation behavior in metals (ASTM-E647 2005) 
[5], the so-called Compact Tension (CT) specimen, 
see Figure 1. 

Fibre type 
Ø 

[µm] 

L 

[mm] 

ft 

[GPa] 

E 

[GPa] 

MC 40/8 40 8 1.6 42 

MC 
200/12 200 12 1.0 30 
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Fig. 1. Geometry of the Compact Tension (CT) specimen 

With the purpose of maximizing the stress intensity 
at the tip of the notch, the notch thickness was reduced 
to 0.5 mm using a small diamond cutting disc. The 
depth of the specimen was also reduced, promoting 
the plain stress state. Summarizing, the dimensions 
adopted for the specimens were 150 mm by 150 mm 
(perpendicular and parallel to the notch) and 12 mm 
(thickness). The available path for progress of the 
initiated crack parallel to the notch was 30 mm. The 
distance between the loading axis and the tip of the 
notch was also 50 mm (see Figure 2). 

 

Fig. 2.  Preparation of Compact Tension specimens 

The testing sequence consisted of subjecting the 
specimens to a tensile load at a constant displacement 
rate, transmitted by two rods with a diameter of 20 
mm (see Figure 3). The use of the two rods allowed 
the transmission of the displacement while keeping 

free the rotation of the specimen with respect to the 
rods. The adopted displacement rate was 1µm/s [6]. 

 

Fig. 3.  Determination of tensile strength and uniaxial tensile 
crack development research 

The formation and propagation of the tensile crack 
was traced on the surface of the specimens using a 
high resolution digital camera positioned 70 mm away 
from the specimen. The lens with a 60 mm focal 
length allowed the observation of a 36 mm by 24 mm 
area on the surface of the specimen (see Figure 3). 
Shooting settings - lens aperture F11, shutter speed 
1/30, ISO 200. Images with a 24 megapixel resolution 
were captured during testing at an interval of one 
second. These images were subsequently used for 
continuous interpolation of the strain fields at the 
inspected surface of the specimen. Optimal conditions 
for the strain field interpolation were met with the 
need of applying a speckle pattern on the surface of 
the specimen. 

To experimentally measure the deformation during 
the CT tests, the ARAMIS software was used. 

In the present case, fluorescent lights were used and 
positioned in such a way that the intensity of the light 
reflected by the specimen surface was even. The 
images of the surface of the specimens were analyzed 
prior to testing and sufficient image correlation was 
obtained. Each facet was composed of 15x15 pixels. 
Each pixel covered a real area of 6x6 µm2. The total 
area of 36x36 mm2 was modeled by a facet mesh 
overlay composed of approximately 400x260 facets 
[6]. 

Before testing, to measure crack mouth opening 
displacement (CMOD), the extensometer with 
precision +/-2.5 mm was centrally and symmetrically 
positioned at the edge of the test plate’s notch. 

III RESULTS AND DISCUSSION 

Experimental durability tests clearly prove and 
confirm the hypothesis that by applying fiber 
“cocktail” higher material behavior and destruction 
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effectiveness is reached than when using only one 
type of fibers, as every length (type) of fibers has their 
own function: the short fibers strengthen cement 
matrix and perform clamping of long fibers, but long 
fibers connect large cracks, making a fiber bridge 
between edges of cracks [1] and does not allow brittle, 
instant failure of cement composite, which is 
extremely important in exploitation of load-bearing 
structures. Figure 4 and 5 show relationship of tension 
load and crack mouth opening displacement of several 
types of EFACC. 

 

Fig. 5.  Tensile strength and crack mouth opening displacement 
(CMOD) of different kind of cement composites 

 
Several stages of EFACC behavior can be 

identified, (see Figure 4).  
The Figure 6 shows the crack visibility to the 

human eye and by the system "Aramis". By human 
eye crack is visible when specimen is already 
collapsed but system “Aramis” allows the observation 
of how the cracks initiate and propagate in specimen. 
The crack becomes clearly visible, although their 
openings are very small. Detailed information about 
those experiments look for [4] 

The first stage 0A (from zero to about 60-80% of 
peak load) corresponds to the ascending linear elastic 
portion of the curve where the section is not cracked. 
The second stage AB (from about 60-80% of peak 
load to peak load) corresponds to the portion of the 
curve where cracking starts and during which crack 
formation stabilizes and the specimen reaches its peak 
load. A peak point – B where the maximum resistance 
is attained. The third stage BC (from peak load to 
about 60% of peak load) correspond to the portions of 
the curve where strain softening starts and where the 
load–strain curve response is almost linear elastic and 
crack widths increase and the fourth stage (from C to 
the end) is a non-linear portion where either or both 
materials are in their non-linear range and crack 
widths continue to increase (according to Naaman 
[7]).  

 

 

 
Fig. 4. Crack development of cement composite with nano silica 

mineral filler and the "cocktail" of two types of PVA fibers by using 
digital image-based monitoring system "Aramis" 

IV CONCLUSIONS 

Two Extra Fine Aggregate Cement Composites 
(EFACC) mixes with polyvinyl alcohol (PVA) fibers 
containing 2% of the total amount of cement by 
weight with and without nanosilica were prepared for 
a laboratory examination. The tensile load and the 
cracks mouth opening displacement (CMOD) were 
determined. 

The experimental study indicates that nanosilica 
does not have significant influence on the EFACC 
tensile strength and on the CMOD properties. 
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Wider use of this material permit the construction 
of sustainable next generation structures with thin 

walls and large spans that cannot be built using the 
traditional concrete. 

 

Fig. 6.  Crack visibility to the human eye and by system "Aramis" 
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Abstract. Limited raw materials and energy resources are actual national economy problems which can be solved 
by the decrease of weight, increase of span and durability of load bearing structures. The largest structural spans 
were achieved by application of cable structures. The roofs are one of the most widely used in practice type of cable 
structures.  However, increased deformability and necessity of the special methods of stabilizing are significant cable 
roofs disadvantages. The prestressing of one or several groups of cables is one of the probable methods for stabilizing 
of cable roofs. According to the recommendations available in the literature, all cables of the roof must be prestressed 
by the equal forces. But after applying of design vertical load, values of the forces, acting in the cables of the roof, 
changes within the wide limits. So, using of structural materials will not be rational in this case, taking into account, 
that the cables cross-sections are constant because the cables cross-sections were determined basing on the maximum 
axial force, acting in the all cables. 

Possibility to decrease materials consumption by the changing of prestressing forces for cables of the roof was 
checked on the example of saddle-shaped cable roof with the rigid support contour and dimensions 60x60 m in the 
plan. Initial deflections of main suspension and stressing cables of the roof were equal to 7m.  Suspension and 
stressing cables of the net were placed with the step equal to 2.828 m. Steel ropes with modulus of elasticity in 1.5·105 
MPa  were considered as a material of suspension and stressing cables of the roof. Suspension and stressing cables 
were divided into the groups, which are differed by the prestressing forces. Amount of cables groups changes within 
the limits from 1 to 27. Values of prestressing forces for cables groups change within the limits from 20 to 80% from 
the cables breaking force.   

The dependences of material consumption and maximum vertical displacements of cable roof on the amount of 
cables groups and prestressing forces were determined as second power polynomial equations. It was stated, that 
division of suspension and stressing cables on the 18 groups enables to decrease cables material consumption by 
19.2%. Values of prestressing forces for suspension and stressing cables of the roof were equal to 57 and 80 %, from it 
load-carrying capacity, correspondingly.  

 
Keywords: Cable net, prestressing force, saddle-shaped cable roof. 
 

I INTRODUCTION 

Limited raw materials and energy resources are 
actual problems of national economy at the present 
moment. The decrease of weight, increase of span 
and durability of load carrying structures are possible 
ways to fix the problem. The increase of structural 
efficiency could be achieved by the choice of 
prestressed tensioned structures, where stress 
distribution by cross-section is close to uniform [1], 
[2]. High strength structural materials are used in the 
full scale in this case. Prestressed saddle-shaped cable 
roofs take a special position among the prestressed 
long span structures (Fig. 1) because the saddle shape 
and prestressing enable to provide stability of the roof 
surface during the action of alternating loads and to 

essentially decrease the ratio between applied load 
and structural dead weight (Fig. 1, c). The decreased 
ratio between applied load and structural dead weight 
save raw materials and energy resources [3], [4]. 
According to the recommendations available in the 
literature, all the cables of the load carrying net must 
be prestressed by the same force [5], [6]. 

But this recommendation is in the contradiction 
with the requirements to decrease structural materials 
consumption, because the difference between the 
axial forces, acting in the cables of the net after 
design vertical loads application, will be significant. 
Possibility to decrease structural materials 
consumption by 46% by the prestressing of each 
cable of the 30x30 m in the plan saddle-shaped roof 
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by the individual force was stated in the following 
investigations [3], [7]. But the considered cable roof 
was with the compliant contour, which is 
characterized by the increased displacements after 
application of design vertical load. Increased 
deformability is the main disadvantage of saddle-
shaped cable roofs with compliant contour, which 
decrease the area of it application by the temporary 
buildings mainly. This disadvantage can be improved 
by using of the rigid contour [8], [9]. Amount of the 
cables groups in the net, which are differed by the 
level of prestressing and the level of prestressing of 
cables in the each group are the main parameters, of 
cables net prestressing. So, possibility to decrease 
materials consumption of saddle-shaped cable roof 
with the rigid contour by the prestressing of the 
cables by the different forces must be checked.  

 

 

 

 

 

 

 

 

Fig. 1.  Prestressed long-span cable structures: a – one-chord roofs, 
b – two-chord roofs, c  – saddle-shaped roofs, d – combined roofs 

(Truschev, 1983; Ermolov, 1991). 

Possibility to obtain a cable net, where stresses, 
acting in the all cables are the same also should be 
considered. Rational amount of the cables groups in 
the net, which are differed by the level of prestressing 
and the level of prestressing of cables in the each 
group, should be evaluated also. 

II APPROACH TO THE SOLUTION OF THE 

PROBLEM 

A. Structural solution of long-span prestressed 
cable roof 

Prestressed saddle-shaped cable roof 60X60 m in 
plan was considered as an object of investigation. The 
initial deflections of catenary and stressing cables 
were equal to 7 and 5 m, correspondingly [5], [6]. So, 
the height of the prestressed saddle-shaped cable roof 
was equal to 12 m. The distance between the catenary 
and stressing cables in the plan was equal to 2.828 m. 
The span of main catenary and stressing diagonal 
cables was equal to 84.85 m (Fig. 2). 

Supporting contour of the cable net was considered 
as a rigid one. The roofing consists from the two 
layers of timber boards, which were joined together 
by the nails, layer of heat insolation and layer of 
hydro insolation. Thickness of each layer of timber is 
equal to 33 mm and it strength class is C24. The two 
layers of timber boards can be created from the cross-
laminated timber (CLT) panels, which must be placed 
so as the fiber direction of outer layers is parallel to 
the elements of supporting contour. The heat 
insulation is presented by the mineral wool PAROC 
ROS 30 with density equal to 100 kg/m3 and 
thickness in 150 mm. The hydro insolation is 
presented by the three layers of prepared roofing 
paper with the surface density in 0.15 kPa.  

Steel cables with an elastic modulus of 1.5·105 
MPa and ultimate tensile strength of steel wire of 
1770 MPa [10], were assumed as a material for the 
catenary and stressing cables.  
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b)  

c)  

 
Fig. 2.  Scheme of cable net for roof with rigid supporting contour 

a) and main diagonal catenary b) and stressing c) cables with 
support reactions: 1 – supporting contour, 2 – catenary cables, 3 – 
stressing cables, ls and ln spans of main suspension and stressing 
cables, fs and fn – initial deflections of suspension and stressing 

cables, Fv and Fh – vertical and horizontal support reactions, N1 and 
N2 – maximum axial forces in suspension and stressing cables of 

the net. 

B. Method of analysis  

Possibility to decrease cable net's materials 
consumption for saddle-shaped cable roof with the 
rigid contour by the prestressing of the cables by the 
different forces is the major task of this paper. 
Possibility to obtain a cables net with decreased 
difference between the stresses, acting in the all 
cables [3], is considered as a condition, which must 
be satisfied to fix the problem. 

Three variants of cable net with the different 
amount of cables groups with the different 
prestressing force were considered. The variants 
contain from 1 to 27 groups of cables. The level of 
cables prestressing changes within the limits from 20 
to 80% from its load-carrying capacity. 
Maximum axial forces, acting in catenary and 
stressing cables, were determined for the different 
stages of cable net loading. Maximum axial forces, 
acting in catenary cables were determined when the 
cable net is loaded by the dead weight and snow loads 
[11] in combination with prestressing. Maximum 
axial forces, acting in stressing cables and maximum 
vertical displacements of the cable net's nodes were 
determined by the ANSYS program for the stage, 
when cable net was loaded by the prestressing only. 

Scheme of the cable net, which was created for it 
analysis by the ANSYS program, is shown in Figure 
3. Design vertical load is applied as a point wise force 
to the nodes of the cable net. 

 

Fig. 3.  Scheme of cable net loading. 

Metallic cross-sections of catenary and stressing 
cables were determined by the following equation 
[12]: 

 
,( )

, ( ) 1.5 n s R
m n s

uk

n
A

f


 

, (1) 

where Am,n,(s) – metallic cross-section of catenary and 
stressing cables; 
nn,(s) – maximum axial forces, acting in catenary and 
stressing cables; 
γR – partial factors; 
fuk  – characteristic value of tensile strength of steel 
wire. 
 

Ultimate limit state (ULS) and serviceability limit 
state (SLS) were taken in to account during 
determination of cable's cross-sections and 
comparison of three mentioned variants of cable net 
prestressing.  

Rational parameters of the cable net prestressing 
also must be evaluated in the work. Amount of the 
cables groups, which are differed by the level of 
prestressing (n), prestressing levels of catenary (N0,n) 
and stressing (N0,s) cables were considered as the 
main parameters of the cable net prestressing.  

The dependences of cable net materials' 
consumption (G), coefficient of effectiveness of cable 
net materials using (ψ), maximum vertical 
displacements of the cable net (δmax) on the main 
parameters of the cable net prestressing were 
determined. Each from the mentioned above main 
parameters of the cable net prestressing has three 
values: maximum, minimum and mean. It means, that 
the total number of treated variants was equal to 27. 
The dependences were obtained as a second power 
polynomial equations on the base of numerical 
experiment, which was carried out using the software 
ANSYS. 
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 (2) 

where G – cable net materials' consumption; 
n – amount of the cables groups, which are differed 
by the level of prestressing; 
N0,n  – prestressing level of catenary cables; 
N0,s – prestressing level of stressing cables. 
 

Rational from the point of view of materials 
consumption amount of the cables groups, which are 
differed by the level of prestressing, prestressing 
levels of catenary  and stressing were determined by 
the systems of equations, which were analogous to 
the system (3), which was written for cable net 
materials consumption (G). 

1 12 0, 13 0, 11

2 12 23 0, 22 0,
0,

3 13 23 0, 33 0,
0,

  +  2 b 0,   

2 0,

2 0,.

n s

s n
n

n s
s

G
b b N b N n

n
G

b b n b N b N
N

G
b b n b N b N

N

        
 
          


          


(3) 

The obtained results then were analysed and 
corrected by the inspection. 

III MATERIALS CONSUMPTION DECREASE 

FOR LONG-SPAN PRESTRESSED CABLE ROOF 

Design value of dead weight of the roofings was 
equal to 1.239 kPa. Snow load was determined for 
Riga climatical conditions. The snow load is 
considered as uniformly distributed by the horizontal 
projection of the roof. Design value of snow load was 
equal to 1.80 kPa. So the value of pointwise forces 
applied to the nodes of the cable net was equal to 
24.31kN. 

The tension stresses distribution in the cables of the 
net for the variant with the four cables groups, which 
are differed by the prestressing level, is shown in 
Figure 4. The values of tension stress changes within 
the limits from 535.83 to 1470MPa. The values of 
tension stresses for variants with one and twenty 
seven groups of cables changes within the limits from 
242.5 to 1129.6 MPa and from 104.9 to 1843.1MPa, 
correspondingly.  
 

 

 
Fig. 4.  Tension stresses distribution in the cables of the net for the 

variant with the four cables groups, which are differed by the 
prestressing level. 

The dependence of cable net materials' 
consumption on the amount cables groups with the 
different prestressing force was obtained and shown 
in Figure 5.  

 

Fig. 5.  The dependence of cable net materials' consumption on the 
amount cables groups with the different prestressing force. 

It was stated, that materials volume was equal to 
3.71, 3.24 and 2.67 m3 for the variants which contains 
1, 4 and 27 groups of cables, which are differed by 
the prestressing level, correspondingly. So, increase 
of cable groups amount with the different level of 
prestressing from 1 to 4 and 27 enables to decrease 
cable net materials consumption by 21.3 and 39.2%, 
correspondingly.  

IV EVALUATION OF RATIONAL 

PARAMETERS OF CABLE NET PRESTRESSING 

The dependences of cable net materials' 
consumption (G) coefficient of effectiveness of cable 
net materials using (ψ), maximum vertical 
displacements of the cable net (δmax) on the amount of 
cables groups (n), which are differed by the levels of 
prestressing and this level for catenary (N0,n) and 
stressing (N0,s) cables, were determined basing on the 
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results of numerical experiment, which was carried 
out using the software ANSYS. Stresses decrease (%) 
in the cables of the net due to changing of groups 
amount which are differed by the level of prestressing 
is considered as the effectiveness of cable net 
materials using (ψ).The variants contain 1, 4 and 27 
groups of cables. The levels of catenary and stressing 
cables prestressing were equal to 0, 40 and 80% from 
it load-carrying capacity. The coefficients of second 
power polynomial equations for materials' 
consumption (G) coefficient of effectiveness of cable 
net materials using (ψ) and maximum vertical 
displacements of the cable net (δmax) are given in 
Table 1. The values of obtained coefficients allow to 
analyze level of influence of the amount of cable 
groups and prestressing level of catenary and 
stressing cables on the cable net materials' 
consumption, coefficient of effectiveness of cable net 
materials using, maximum vertical displacements of 
the cable net. The amount of cables groups is the 
factors which most significantly influence the 

mentioned parameters of the cable net. Influence of 
prestressing level of catenary and stressing cables is 
significant also, but their levels of importance were 
form 7.17 to 6.21 times less than the same for the 
amount of cables groups. Absolute value of 
corresponding coefficients b1, b2, and b3 are 
considered as the levels of importance for amount of 
cables groups and prestressing level of catenary and 
stressing cables, correspondingly. 
Rational from the point of view of materials 
consumption, effectiveness of cable net materials 
using and maximum vertical displacements of the 
cable net amount of the cables groups, prestressing 
levels of catenary and stressing cables of the net were 
determined by the system of equations (3) and 
analogous systems. Rational values of the cables 
groups, prestressing levels of catenary and stressing 
cables of the net changes within the limits from 14 to 
18 and from 49.6 to 57.3%, correspondingly. 
 

TABLE 1 

THE COEFFICIENTS OF SECOND POWER POLYNOMIAL EQUATIONS  

Coefficients of second power 
polynomial equations 

Dependence for materials' 
consumption(G) 

Dependence for coefficient of 
effectiveness of cable net 
materials using (ψ) 

Dependence for maximum 
vertical displacements of the 
cable net (δmax) 

b0 1.08·10-3 374.70 489.52 

b1 -5.14·10-5 26.88 12.86 

b2 0 -8.89 -2.60 

b3 0 -6.92 2.07 

b11 1.43·10-6 -1.24 -0.36 

b12 0 0.11 0.01 

b13 0 0.07 0.03 

b22 0 0.04 -0.02 

b23 0 0.06 -0.02 

b33 1.08·10-3 0.03 -0.01 

 
The dependences of the effectiveness of cable net 

materials using from the prestressing level of 
catenary and stressing cables of the net and the cable 
net materials consumption on the amount of cables 
groups are shown in Figure 6 and Figure 7. The 
dependence of the net prestressing level of the 
catenary and stressing cables on the maximal vertical 
deflection is shown on Figure 8. 

The dependences which are shown on Figure 6 
and Figure 8 were obtained for the amount of cables 
groups equal to 18. The both dependences have non-
linear character. The dependences on Fig. 7 were 
obtained when the prestressing levels of catenary and 
stressing cables of the net were equal to 57 % and 
80% from its load-carrying capacity, 
correspondingly. This result was obtained by the 
method of inspection basing on the values, which are 
numerically obtained and indicated on the Figure 6 
and Figure 8. Character of obtained dependence did 

not allow getting the maximum effectiveness of cable 
net materials using by the analytical approach only.  

It was stated, that materials consumption for the 
cable net with 18 cables groups, prestressing levels of 
catenary and stressing cables of the net equal to 57% 
and 80%, correspondingly, is equal to 6.22·104 
m3/m2. So, materials consumption can be decreased 
by 16.17% in comparison with the variant of the net 
with 27 groups of cables, which are differed by it 
prestressing level.  

The prestressing level of catenary cables should be 
maximal to obtain the minimum deflections. So, 
increase of levels of prestressing for catenary and 
stressing cables from 20 to 80 % from its load-
carrying capacity enables to decrease the maximum 
vertical displacements from 600 till 200 mm for 
considered saddle-shaped cable roof with the rigid 
support contour and dimensions 60x60 m in the plan. 
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Fig. 6.  The dependence of the effectiveness of cable net materials 
using from the prestressing level of catenary and stressing cables of 

the net. 

 

Fig. 7.  The dependence of the cable net materials consumption on 
the amount of cables groups. 

 

Fig. 8.  The dependence of cable net prestressing level of catenary 
and stressing cables on maximal vertical deflection. 

 

V CONCLUSIONS 

Possibility to decrease materials consumption by 
the changing of prestressing forces for cables of the 
roof was checked on the example of saddle-shaped 
cable roof with the rigid support contour and 
dimensions 60x60 m in the plan. So, increase of cable 
groups amount with the different level of prestressing 
from 1 to 4 and 27, enables to decrease cable net 
materials consumption by 21.3 and 39.2%, 
correspondingly. Values of prestressing forces, which 
were applied to the groups of cables, changes within 
the limits from 20 to 80% from the cables breaking 
force. 

Rational from the point of view of cable net 
material's consumption amount of cables groups, 
which are differed by the levels of prestressing and 
prestressing level for catenary and stressing cables, 
were determined It was stated, that division of 
suspension and stressing cables on the 18 groups 
enables to decrease cables material consumption by 
19.2%. Values of prestressing forces for suspension 
and stressing cables of the roof were equal to 57 and 
80 %, from it load-carrying capacity, 
correspondingly. 
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Effect of spray dryer settings on the 
morphology of illite clay granules  
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Riga Technical University Institute of General Chemical Engineering, 

 P.Valdena Street 3, Riga, Latvia, e-mail of corresponding author:  
agnese.stunda-zujeva@rtu.lv  

Abstract. Spray drying is an effective and common method for powder drying, e.g. clay. The morphology and 
properties of spray dried granules depend on properties of slurry and operational conditions of spray dryer. The aim 
of this study was to investigate the effect of spray dryer settings on the morphology of illite clay granules.  

Laboratory scale spray dryer was used. Operational conditions: inlet temperature 190-220˚C, outlet temperature 
70-96˚C, spray dispersion is obtained using two-fluid nozzle where the slurry feed was varied from 4.5 to 15 ml/min 
and gas pressure 15-40 mm. Slurry was prepared from clay fraction under 2 µm without additives. Latvian illite clay 
from Iecava, Pavāri and Laža deposits was studied. Slurries with concentration 1, 8 and 15 mass% was used. The size 
and morphology was investigated by scanning electron microscopy, surface area and porosity by liquid nitrogen 
sorption. 

All obtained granules irrespective of spray dryer settings were well-rounded and dense without large pores or 
holes, however the surface was rough. The mean diameter of granules was in range of 2.6-5.4 µm, depending on slurry 
feed rate. The surface area of produced granules mostly depended on clay composition and was in a range of 70-92 
m2/g. Inlet temperature in a range of 190-220 °C was found to be appropriate to produce well dried clay granules 
(moisture content <10 wt%).    

 
Keywords: clay, illite, Latvian clay powder, spray-drying, slurry. 

 

I INTRODUCTION 

Spray-drying is a convenient process for 
producing a granulated powder. It is an effective 
and fast method for slurry drying because of large 
surface area of sprayed droplets. The advantages of 
spray dried clays are uniform particle size [1] and 
randomly oriented particles in each granule and 
therefore in obtained powder. This is important e.g. 
in mineral analysis by X-ray diffraction [2]. The 
only disadvantage is mass losses due to small 
particles flying away with air flow. Conversion of 
fine powder to coarser makes the material less 
dusty that is safer for workers and makes easier to 
handle the material.  

The most widespread clay mineral in Latvia is 
illite. The common use of illite clays is in building 
materials and pottery. However, it is worth to look 
for new applications, for example, as fillers in some 
composite materials or toners and thickeners in 
slurries, e.g. in cosmetics [3], in waste water 
purification from admixtures of organic dyes [4]and 
industrial waste treatment [5]. The influence of 
mineralogical composition, electrical conductivity 
and pH on the rheological properties of Latvian 
illite clays is described elsewhere [6], it was found 
that viscosity and plasticity can be influenced even 

by small differences between mineralogical 
compositions of sample. 

The morphology and properties of spray dried 
granules depends on slurry properties (e.g. surface 
tension, viscosity, density) and operational 
conditions of spray dryer (e.g. pressure and carrier 
gas velocity) [1]. The aim of this study was to 
investigate spray drying of some Latvian illite clay 
and the morphology of obtained clay granules. 

II MATERIALS AND METHODS 

Clay deposits. Latvian illite clays from Laža, 
Pavāri and Iecava deposits were investigated. 
Iecava is Devonian clay that is a byproduct of 
refining dolomite from deposits in Bauska district, 
Laža is Quaternary clay deposit in Liepāja district 5 
km to ZA from Aizpute. Pavāri is Devonian clay 
deposit in Cesvaine district. All deposits are 
economically feasible for use, they are under thin 
overburden layer or a byproduct in exploited 
deposit. 

Mineral composition. The mineral composition 
of these clays has been investigated before [3] by 
X-ray diffraction and Quanto software, chemical 
composition was analysed by Scanning electron 
microscopy and chemical analysis. Fraction under 
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63 µm contained following minerals: Iecava – 51% 
illite, 11% quartz, 26% feldspar, 8% muscovite, 4% 
dolomite; Laža – 34% illite, 11% kaolinite, 8% 
chlorite, 13% quartz, 16% feldspar, 8% calcite, 
dolomite 5% dolomite, 5% muscovite; Pavāri – 
35% illite, 4% kaolinite, 54% quartz, 7% feldspar. 
Pavāri clay did not contain carbonates that 
promotes aggregation and increase pH. 

Iecava clay is gray, (5Y 7/1 after Munsell color 
chart), Lažaclay – light brown (7,5YR 6/4), Pavāri 
clay – pink white (7,5YR 8/2). All clay contain iron 
ions, that can be dissolved using acid. [3]. 

Slurry. Clays were dispersed in distilled water, 
no additives (e.g. deflocculants) or other chemical 
treatment was used. Fraction under 2 µm was 
separated by slurry centrifuge. Slurry with clay 
mass fraction of 7–9 % was obtained after first 
centrifugation and 1–2 % - after second 
centrifugation. The concentration was measured by 
evaporative moisture analyzer Kern MRS120-3. 
Viscosity was analyzed by reometer RheolabQC 
(Anton Paar) at 200 rpm speed. 

Spray drying. Several operational conditions 
were tested. The criteria for suitable drying 
conditions were that no moist slurry droplets 
deposited in the lower part of drying chamber and 
dried particles reach cyclone and powder collecting 
chamber. 

Slurry concentrations used in spray drying were 
~ 1.5, 8, 15 and 20 %. Clays were spray dried in 
laboratory scale dryer - BUCHI Mini Spray Dryer 
B-290, spray dispersion was obtained in two-fluid 
nozzle, spray feed was ensured by peristaltic pump, 
aspirator worked in suction setting, so there was 
underpressure in the system. The yield of dryer is 
50–1000 mL/h. Operational conditions that varied 
were inlet temperature (maximal for equipment is 
225 ˚C), slurry feed rate, gas pressure. The constant 
settings were drying time and efficiency of cyclone 
that is determined by aspirator flow – 80% of 
power, fresh air humidity 32–40% and temperature 
18–22 ˚C. Experimental parameters are shown in 
table 1. 

Sample names. Sample names are made from 
Clay deposit (Iecava, Laža and Pavāri – Ie, La and 
Pa respectively), concentration and drying setting 
according to table I, e.g. Ie20%_4 is Iecava clay 
slurry with a solid mass fraction 20 % dried in 4th 
setting.  

Clay granule analysis. The size and morphology 
was investigated by high emission field electron 
microscopy Tescan Mira/LMU and microscopy 
image analyse software Image PRO. At least 1000 
granules were measured for each sample. 

The Surface area and porosity was measured by 
liquid nitrogen (77 K) absorption in automated 
analyser QuadraSorb SI. The analysed sample 

weight was 0.2 g, before sorption it was outgassed 
at 100 ˚C for 24 h. 

TABLE I 

SPRAY DRYER SETTINGS  

Setting 

No. 

Inlet temperature,

˚C 

Slurry feed pump, 

%/ mL/min 

Gas pressure, 
mm/normL/h 

1 220 25/6.7 15/ 192 

4 200 25/ 6.7 15/ 192 

5 200 25/ 6.7 25/ 301 

6 220 30/ 8.0 25/ 301 

7 190 30/ 8.0 25/ 301 

8 220 35/ 9.3 35/ 414 

9 220 40/ 10.7 30/ 357 

10 220 35/ 9.3 30/ 357 

11 220 50/ 13.3 40/ 473 

12 223 45/ 12.0 40/ 473 

13 190 30/ 8.0 40/ 473 

14 190 25/ 6.7 35/ 414 

III RESULTS AND DISCUSSION 

Viscosity of slurry. Concentrated clay slurry is 
non-Newtonian fluid [6]. As it can be seen in Table 
II the viscosity of clay slurry strongly depends on 
mixing rate (or shear rate). At the beginning of 
measurement the viscosity of Ie15% at 200 rpm 
was 15.4 mPa·s, but after 100 s it stabilized at 13.8 
mPa·s 

TABLE II 

THE VISCOSITY (mPa·s) OF Ie20% AFTER MIXING AT CONSTANT 

RATE FOR 10 MIN  

Repeat 40 rpm 60 rpm 80 rpm 200 rpm 

1 189 131 100 22.8 

2 182 127 99.5 22.4 

 
The viscosity of all samples was different, the 

most viscous was Laža clay slurry, and the lest 
viscous was Pavāri clay slurry (Fig. 1).  

 
Fig. 1. The viscosity of investigated clay slurries (after 10 min, 

mixing rate 200 rpm). 

 
The viscosity of La15% was 17.6 mPa·s at the 

beginning of measurement and after 65-115 s 
stabilized at 17.3 Pa·s that is 20% lower than 
Ie15%. The La20% was 3.6 times higher viscosity 
than La15%, 2.7 times higher than Ie20% viscosity 
and 7.3 times higher than Pa20%. First 
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measurement of La20% at the beginning showed 
the viscosity as high as 0.0873 Pa·s and after 10 
min it decreased to 68.6 mPa·s, repeating 
measurement after few minutes did not showed so 
rapid decrease of viscosity 68.8 to 65.0 mPa·s and 
in next repeating it decreased from 65.3 to 62.8 
mPa·s (the slopes are shown in Fig. 2). 

 
Fig. 2. The change of viscosity in time of La20% slurry in three 

following measurements 

 
Other studies have shown that suspensions exhibit a 
rapid increase of apparent viscosity, if solid 
concentration (fraction < 63 μm) is raised from 30 
to 35 wt% [6].  

To ensure the homogeneity and lower viscosity 
in slurry feed tube of spray drier, the slurry is 
intensively mixed on magnetic mixer before feed.  

The effect of concentration and viscosity on 
spray dried particle surface area and size. Surface 
area dependence on slurry concentration was 
observed for more viscous Laža slurry: La20% had 
the smallest average surface area 71 m2/g, La15% - 
74 and La8% - 76 m2/g. Surface area was 
practically not affected by settings of spray drier for 
La20%. For less viscous slurry La15% and La8% 
the impact of feed rate and nozzle gas velocity 
increased. La8%_13 surface area was 75 m2/g while 
La8% average surface area was 77 m2/g.  

All Iecava and Pavāri samples showed 
significantly larger surface area, the average surface 
area of  Iecava samples was 92 m2/g 
(StandardDeviation 2), Pavāri - 89 m2/g (StDev 3) 
while Laža - only 74 m2/g (StDev 2). For Iecava 
and Pavāri samples definite relationship between 
the investigated spray dryer parameters and surface 
area of granules was not found (Fig. 3).  

The role of inlet temperature. Inlet temperature 
in a range of 190-220 °C was found to be 
appropriate to produce dry clay granules (moisture 
content 3–10 wt%). The outlet temperature was 70–
96 °C. For the inlet temperature as low as 190 °C 
maximal slurry feed rate was 30% or 8 mL/min to 
achieve dry sample. 

 

 
Fig. 3. Surface area of Iecava clay granules obtained from 

slurries with various concentrations and spray dried at various 
settings. 

 
Sorption isotherms and porosity. The sorption 

isotherm of all samples was between Type II and 
type IV isotherms (Fig. 4) after IUPAC 
classification; that corresponds to "high surface 
energy solids" [7]. Type II isotherms  typically 
characterise non-porous or macroporous materials. 
Other authors have obtained similar sorption data of 
natural illite clay [5].  

The inflection point or knee of the isotherm 
(called point B) that indicates the stage at which 
monolayer coverage is complete and multilayer 
adsorption begins to occur was detected at relative 
pressure p/p0 was less than 0.04 for all samples. The 
absorbed volume at p/p0 0.04 was 18 cm3/g. 

The obtained clay granules mostly contain 
macropores (> 50 nm) as the adsorption isotherm 
rose rapidly near p/p0 = 1 and in the limit of large 
macropores exhibit an essentially vertical rise. 

 

 
Fig. 4. Adsorption-desorption isotherms of nitrogen on some 

Laža clay granules. 

 
A narrow hysteresis loop that is characteric 

mesopores (pore diameter 2–50 nm) was observed 
(Fig. 5). The size and shape of hysteresis loop was 
similar within the same clay type irrespective to 
spray drying conditions, but slightly differed for 
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each clay deposit. This can be due to flocculation of 
clay particles.  

 
Fig. 5. Hysteresis loop of adsorption isotherms on Pavāri clay 

granules. 

 
Total pore volume for pores with radius less than 

83.8 nm at p/p0 = 0.988418 was greater for less 
viscous samples: Ie8% - average is 0.3 cm3/g, more 
viscous Ie20% is around 0.2 and all Laža samples 
fit in range 0.1–0.2. The porosity and pore size 
depends on median diameter of primary particles, 
solid mass concentration and flocculation state; it 
does not depend on ambient air and initial droplet 
volume [8]. In studied case it can be concluded that 
porosity of clay granules is determined by mineral 
composition, e.g. impurities like iron containing 
minerals that increase flocculation of clay minerals. 

Size and shape of granules. The size of granules 
varied from operational conditions (Fig. 6.).  The 
largest granules were obtained in setting of drying 
No 4 that had lowest air flow and slurry feed rate, 
for Ie15%_4 size reached 5.2 µm (StDev 4.1) and 
the smallest was for La8%_8 and  La8%_13 – 2.6 
µm (StDev 1.4). The mean diameter of granules 
correlate with maximal diameter, the correlation 
coefficient was 0.992. The size distribution was 
similar for all samples (Fig. 7 and Fig. 8a and 8b). 

 

Fig. 6. The size of spray dried granules. Different clay types 
dried in various conditions. 

 

Fig. 7. The size distribution of granules. Iecava clay 15% slurry 
dried in different conditions. 

All obtained granules were dense without large 
macropores or holes (Fig. 8), however the surface 
was rough. Most of granules were well-rounded, 
but not all was ideally spherical. The size and shape 
of granules were similar irrespective of clay type or 
concentration or spray dryer settings (Fig. 8c, 8d 
and 8e). Plate-like surface structure can be seen 
especially for Iecava clay granules (Fig. 8c), 
however the plates are not a single clay particles 
(Fig. 8f). 

 

a)  Pa20%_4 



 
 

Stunda-Zujeva A., et al./ Environment. Technology. Resources, (2015), Volume I, 216-222 
 

 
 

220 
 

b) La15%_4 

 
 

c) Ie15%_14 

 
 

d) La15%_14 
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e) Pa15%_14 

f) Pa15%_14 

Fig. 7. Clay granules, SEM images

 

IV CONCLUSIONS 

The morphology of clay granules are not 
sensitive to operational conditions of spray dryer. 
The surface area depends mostly of clay 
composition while the mean diameter is 
significantly affected by slurry feed rate and air 
flow. The mean diameter of granules was 2.6. Inlet 
temperature in a range of 190-220 °C was found to 
be appropriate to produce well dried clay granules 
(moisture content <10 wt%).   All obtained spray 
dried samples had well-rounded granules.  
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RESEARCH INTO BIOLOGICAL 
CHARACTERICTICS OF DRIED 

SAPROPEL 
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Abstract. Microbiological characteristics of dried sapropel of Lake Rušona and Lake Ubagova and concrete 
containing sapropel and hemp sheaves (Ubagova Lake) have been studied. The antimicrobial activity was studied by 
the reference test cultures Staphylococcus aureus  ATCC 25923, Salmonella enteritidis ATCC 13076, Enterococcus 
faecalis  ATCC 29212, Bacillus cereus  ATCC 10876, Escherichia coli ATCC 25922, Candida albicans ATCC 10231. 
Antibacterial activity on Staphylococcus aureus reference test cultures is stated in Rušona Lake sample before 
treatment with UV rays. Antibacterial activity is not stated in Ubagova Lake sapropel sample. 20 minutes’ long UV 
ray treatment is not long enough to prevent the growth of sapropel materials. Both Rušona Lake and Ubagova Lake 
samples contain microorganisms that start growing and intensively reproducing in favourable conditions. When in 
contact with humidity, at the temperature from 18 to 37± 1 0C, mold colonies form on concrete containing sapropel 
and hemp sheaves, for this reason this material should not get in contact with humidity when used in construction.  

 
Keywords: bacteria, fungi, mold. 

 

I INTRODUCTION 

Sapropel is the sediment of freshwater lake mud, 
which is made up of more than 95% organic 
substances and is formed on the bottom of the body of 
water as a result of incomplete decomposition 
(oxidation) of dying and sunken biomass (different 
aquatic plants, phytoplankton and zooplankton, living 
organisms, pollen and spores of highest plants) under 
conditions of oxygen deprivation. The sapropel is 
strategic natural resources, numerous studies have 
shown the possibility of the effective use of sapropels 
in bio-energy, food industry, chemical industry, 
agriculture, cattle-breeding, forestry, construction 
industry, medicine (balneology, pharmacology, mud 
therapy) and cosmetics [1] – [9]. There are noticeable 
resources of sapropel in Latvia but insufficient study 
prevents the use of it.  Latvia has 2256 lakes with a 
total area of 1001 km2 or 1.5 % of the country. The 
total area of mires is 6401 km2 or 9.9 % of Latvia. 
Most lakes and bogs contain sapropel deposits. The 
State Geology Office of Latvia states that there are 
more than 750 million m3 of lake sapropel resources 
and about 1.5 billion m3 of sapropel reserves. There 
are about 2 billion m3 of joint sapropel resources in 

Latvia [10]. Nowadays issues concerning ecological 
construction and production of environmentally 
friendly materials are getting even more important. A 
noticeable part of social resources has to be invested 
in construction materials, thus it is very important to 
produce effective and environmentally friendly 
materials by using local resources. Development of 
ecological construction materials and increasing 
application of them in construction expands because it 
gives an opportunity to save resources during 
production and does not pollute environment. These 
materials are fully recyclable and decompose in 
relatively short period of time after the exploitation. 
As the interest in economics that uses local natural 
resources increases, the study of sapropel use in 
construction material production is getting more 
topical. Several scientists [8], [10], [11], [12] point on 
use of sapropel in construction. Gružāns [13] 
economical calculations show that sapropel-concrete 
could become one of the cheapest and most available 
construction materials in the whole Latvia. But solid 
sapropel is a new, almost unused material yet. To find 
maximally effective application for sapropel, its 
mechanical, physical, chemical and biological 
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characteristics should be known. The aim of this study 
is to determine the biological activity of solid 
sapropel materials. 

II MATERIALS AND METHODS 

In experiments Nr 1 to Nr 5 two samples were 
tested – the 1st sample is sapropel from Diunoklis 
gulf of Lake Rušona, collected from upper layer (0.3 - 
0.5 m in depth), the 2nd sample is Lake Ubagova 
sapropel, collected from deeper layer. The samples 
were dried at the temperature of 20 - 23 0C and 
preserved in laboratory conditions for 3 months. 
Experiments were carried based on CLSI M100-S23 
Performance standards for antimicrobial susceptibility 
testing [14]. In assessing of the antibacterial agents 
were used the following criteria: absence of zones 
around the wells for microbial growth inhibition or 
occurrence of zone areas. 

For the evaluation of antimicrobial activity in 
experiments 1 to 4 were used the following test 
strains: Staphylococcus aureus  ATCC 25923, 
Salmonella enteritidis ATCC 13076, Enterococcus 
faecalis  ATCC 29212, Bacillus cereus  ATCC 10876,  
Escherichia coli ATCC 25922, Candida albicans 
ATCC 10231. Reference test cultures were planted on 
PCA (Plate Count Agar) and incubated for 24 h in 37 
± 1 0C  temperature.   

In Experiment Nr 1 sapropel samples are divided 
into small pieces. MHA (Mueller-Hinton agar) is 
melted in boiling water bath, then cooled to the 
temperature of ~ 40 0C, obtained broth is poured in 
sterile 90 mm Petri dishes. The mixture is allowed to 
solidify for 20 minutes. Reference cultures are 
inoculated in TSB (Tryptone Soya Broth), to 0.5 
McFarland (the turbidity is evaluated by comparing to 
0.5 McFarland standard). Sterile cotton swab is 
soaked in inoculant, pressed against the inner wall of 
test tube, then densely draw stripes on the surface of 
MHA, this action is repeated two times turning Petri 
dish for 60 degrees each time. The Petri dish is left to 
dry for 15 minutes. Then small sapropel material 
sample is put and pressed in the dish using sterile 
pincers.  

 In Experiment Nr 2 after incubation reference 
cultures from PCA are inoculated in TSB, till 0.5 
McFarland (the turbidity is evaluated by comparing to 
0.5 McFarland standard) and incubated in thermostat 
for 1 h at 37 0C temperature in order to get ”refresh” 
substance. Sapropel samples are milled put into 
laminar and treated with UV rays. Sterile test tubes 
filled with MHA  are melted in boiling water bath, 
then cooled to the temperature of ~ 40 0C, add 
reference cultures 1 ml (incubated in TSB), mixed 
with electrical mixer (Vortex), obtained broth is 
poured in sterile 90 mm Petri dishes. The mixture is 
allowed to solidify for 20 minutes. Using sterile 
instrument a hole in the broth is made. Using sterile 
instrument the hole is filled with sapropel.  

In Experiment Nr 3 reference cultures are 
disseminated on PCA. Sapropel samples are milled 
put into laminar and treated with UV rays for 20 
minutes. MHA is melted in boiling water bath, then 
cooled to the temperature of ~ 40 0C, obtained broth is 
poured in sterile 90 mm Petri dishes. Agar is allowed 
to solidify for 20 minutes. Reference cultures are 
inoculated in TSB, 0.5 McFarland (the turbidity is 
evaluated by comparing to 0.5 McFarland standard). 
Sterile cotton swab is soaked in inoculated TSB, 
pressed against the inner wall of test tube, then 
densely draw stripes on the surface of MHA, this 
action is repeated two times turning Petri dish for 60 
degrees each time. The Petri dish is left to dry for 15 
minutes. Using sterile instrument a hole in the broth is 
made. Using sterile instrument ½ of the hole is filled 
with sapropel. 

In Experiment Nr 4 broth and reference cultures 
are made as in experiment Nr. 3.  Preparatory 
procedure of sapropel material is different - after 
treating with UV rays for 20 minutes, milled sapropel 
sample is poured out in sterile Petri dishes, saline is 
added, mixed, put in thermostat at 37 0C and is 
allowed to “maturate” for 30 minutes. Using sterile 
instrument a hole in the broth is made. Using sterile 
instrument the hole is filled with maturated in the 
thermostat sapropel.  

In experiment Nr 5 two microorganisms reference 
cultures have been used: Staphylococcus aureus 
ATCC 25923, Escherichia coli ATCC 25922. 
Reference cultures were planted on PCA and 
incubated for 24h at 370 C temperature. Sapropel 
samples are milled, put into laminar and treated with 
UV rays for 20 minutes. Reference cultures are 
inoculated in TSB, 0.5 McFarland (the turbidity is 
evaluated by comparing to 0.5 McFarland standard). 9 
ml of inoculant with sterile pipette is taken into 3 test 
tubes. To the 1st test tube 1g of the 1st sapropel sample 
is added, to the 2nd test tube 1g of the 2nd sapropel 
sample is added, the 3rd test tube – control. All test 
tubes substance is mixed. Test tubes are incubated in 
for 24 h at 37 0C temperature. Dilution from incubated 
TSB is made till 10-10 degree. 90 mm Petri dishes are 
filled with 1 ml dilution from 10-6 till 10-10. It is 
melted on PCA, cooled to the temperature of ~ 400 C. 
Dilution is poured with PCA, mixed and agar is 
allowed to solidify for 20 minutes. It is incubated for 
24 h at 37 ± 1 0C temperature. Then colonies are 
counted. 

In experiments Nr 6 – 9 concrete containing 
sapropel and hemp sheaves have been tested. 

Experiments are carried out based on standard 
LVS EN ISO 4833-1:2014 – enumeration of 
microorganisms. 

In experiments Nr 6 and 7 10 ± 0.01 g of sample 
in a sterile bag is weighed out, then add 90 sodium 
chloride peptone solution. Substance is being mixed 
with electrical mixer Stomaher™ for 3 minutes, then 
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allow the biggest parts to settle. From the obtained 
solution dilution from 10-3 - to 10-10 is made (with 
sterile pipette suspensions are taken into another test 
tube with 9 ml sodium chloride peptone solution). 1 
ml of tested sample dilution (from 10-2 -10-10) is taken 
on each of 2 sterile Petri dishes, then about 12 - 15 ml 
PCA is poured on each dish, when cooled till 44 - 47 
0C, is carefully mixed and allowed to solidify. 
Incubate for 72 ± 4 h at 30 ± 1 0C and 22 ± 1 0C. 
Calculate colonies (for calculating are chosen the 
dishes which contain less than 150 colonies). 

Calculate the number N of mesophilic aerobic and 
facultative anaerobic microorganisms using the 
equation: 
 

ܰ ൌ
∑஼

௏∙ሺ௡భା଴.ଵ	∙௡మሻ∙ௗ
  (1) 

 
where ܥ- sum of the colonies counted, V- the volume 
of inoculum applied on each dish (1 ml), n1-  the 
number of dishes retained at the first dilution, n2 - the 
number of dishes retained at the second dilution, d -  
the dilution factor – 1. 
 

In experiment Nr 8 2 ± 0.01 g of sample is 
weighed out on 4 sterile Petri dishes. 2 ml of sterile 
water is poured on each dish, then mixed. Incubate at 
22  ± 1 0C, 30 ± 1 0C, 37 ± 1 0C, at room temperature 
which fluctuates from 18 0C till 23 0C. Every 24 h 
growth control is made, in order to avoid material 
desiccation, 1ml sterile water is added.  

In experiment Nr 9 2 ± 0.01 g of sample is 
weighed out on 4 sterile Petri dishes. 2 ml of sterile 
water is poured on each dish, then mixed. Dishes are 
taken into ”Whril-pack” sterile bags, closed 
hermetically. Incubate at 220 ± 1 0C, 30 ± 1 0C, 37 ± 1 
0C, at room temperature. Growth control is made 
every 24h. 

III RESULTS AND DISCUSSION 

In experiment Nr 1 checking the antibacterial 
activity of sapropel materials on Staphylococcus 
aureus, Salmonella enteritidis, Enterococcus faecalis, 
Bacillus cereus, Escherichia coli , Candida albicans it 

has been noticed that  Rušona Lake sapropel materials 
have Staphylococcus aureus 2 mm growth delay, in 
other reference cultures - Salmonella enteritidis, 
Enterococcus faecalis, Bacillus cereus, Escherichia 
coli, Candida albicans growth delay has not been 
stated. In its turn, the development of growth delay 
zone has not been noticed in any of Ubagova Lake 
sapropel material of applied reference cultures. 
Intense growth on broth of both studied materials has 
been noticed, colonies are large, with rugged edges, 
tarnished, white and cream-coloured. 

In experiment Nr 2, in order to evaluate growth 
delay and suppress the growth of sapropel natural 
microflora, sapropel was pulped and treated with UV 
rays; as a result, the development of delay zone has 
not been noticed neither in Rušona Lake sapropel 
materials, nor in Ubagova Lake sapropel materials 
with any of applied reference cultures. Findings are 
difficult to be read and interpreted, as sapropel has 
maturated and increased its volume ~2 times. Part of 
materials has been electrified and stuck to Petri dishes 
covers. Growth of both studied materials on broth has 
been noticed, colonies are large, with rugged edges, 
tarnished, white and cream-coloured. 

In experiments Nr 3 and 4, in order to prevent 
volume increasing, which disturbs to evaluate results 
effectively, moistened material has been used and the 
hole ½ filled with studied material. As a result the 
development of delay zone has not been noticed 
neither in Rušona Lake sapropel materials, nor in 
Ubagova Lake sapropel materials with any of applied 
reference cultures. Findings are clearly to be read. 
Growth of both samples on broth has been noticed, 
colonies are large, with rugged edges, tarnished, white 
and cream-coloured. 

In experiment 5, adding Rušona Lake sapropel 
material and Ubagova Lake sapropel material to 
Staphylococcus aureus and Escherichia coli 
suspensions, after 24 h period of incubation a number 
of microorganisms has not decreased, is observed the 
decreasing of the number of microorganisms 
comparing to control sample.  Results of the study of 
antibacterial activity of test samples, presented in the 
Table 1. 

 
TABLE 1. 

ANTIBACTERIAL ACTIVITY OF TEST SAMPLES 

Reference test cultures Rušona Lake sapropel sample  
(kvv/1ml) 

Ubagova Lake sapropel 
sample 

(kvv/1ml) 

Control 
(kvv/1ml) 

Staphylococcus aureus 14 x 108 15 x 108 10 x 108 

Escherichia coli 16 x 108 14 x 108 12 x 108 

 

In experiment Nr 6, studying concrete 
containing sapropel and hemp sheaves after 72 h of 
incubation at 30 ± 10C temperature, the number of 
mesophilic aerobic and facultative anaerobic 
microorganisms is 7.5 x 106 kvv/1g (Table 2).   

In experiment Nr 7, after 72h of incubation at 
22 ± 10C temperature, the number of mesophilic 
aerobic and facultative anaerobic microorganisms is 
6.3 x 106 kvv/1g   (Table 2). 

In experiment Nr 8, incubating concrete 
containing sapropel and hemp sheaves without 
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broth  with added water, at all checked 
temperatures (22  ± 10C, 30 ± 10C, 37 ± 10C, room 
temperature, which fluctuates from 18 0C till 23 
0C), after 7 days  is observed the increasing of  
mold colonies (Table 2).   

In experiment Nr 9, incubating concrete 
containing sapropel and hemp sheaves without 

broth  with added water in a sterile polyethylene 
bag, the increasing of mold colonies is observed at 
all checked temperatures (22  ± 1 0C, 30 ± 1 0C, 37 
± 1 0C), room temperature, which fluctuates from 
18 0C till 23 0C after 5 days (Table 2).   

 
TABLE 2. 

BIOLOGICAL CHARACTERISTICS OF CONCRETE CONTAINING SAPROPEL AND HEMP SHEAVES  

Microorganisms 22  ± 1 0C 30 ± 1 0C 37 ± 1 0C Room temperature 
18 0C – 23 0C 

Number of mesophilic aerobic 
and facultative anaerobic 
microorganisms 

6.3 x106 7.5 x106 not checked not checked 

Mold colonies (Pates ”Whril-
pack”) 

positive positive positive positive 

Mold colonies (Plate) positive positive positive positive 

 
 

Platonov at al. [2] states that sapropel protective 
antibiotic activity against E.coli, St.aureus, 
C.diphterie and fungi Candida was demonstrated. 
Strus at al. [15] studies have shown a slight 
antibacterial activity of sapropel against selected test 
cultures (Escherichia coli ATCC 25922, 
Pseudomonas aeruginosa ATCC 27853, Bacillus 
subtilis ATCC 6633, Proteus vulgaris ATCC 
4636, Candida albicans ATCC 885/ 653).  However, 
in this study, antibacterial activity of Rušona Lake 
sapropel sample has been observed only on 
Staphylococcus aureus, but Ubagova Lake sapropel 
sample has not shown anti-bacterial effect on any of 
applied microorganisms reference cultures. 
Stankeviča, Kļaviņš [10] point out that anti-bacterial 
effect is characteristic of fresh sapropel. Also 
Marčenko and Gurinovich [16] mention that 
microorganisms that educe antibiotics, which are 
antagonistic chain of pathogenic saprophilic 
microorganisms have been found in fresh sapropel.  In 
this study dried sapropel has been studied. 

The research shows that sapropels contain an 
extremely large amount of microorganisms – in 1 g of 
fresh sapropels there are 12 billion microorganisms in 
its top layer. In the lower layers, starting from around 
0.6 - 1.0 m from the lake bed surface the amount of 
microorganisms decreases [17]. In Latvia, in 1965 
Stūris [18] in his research of Kaņiera Lake and 
Babītes Lake stated that microorganisms distribution 
and biochemical activity directly depend on the depth 
of sapropel layer and season.   

In this study sapropel samples have been taken 
from different lakes and depths, as a result its 
biological activity is different.  

Also Stankeviča and Kļaviņš [10] point out that 
content and characteristics of sapropels from various 
deposits are very different and depend on the 
productivity of the water body, characteristics of the 
aboveground water flow, and climatic conditions. 
Before using concrete containing sapropel in 

construction, its biological characteristics and 
chemical content must be studied. Specific features of 
biological activity correlate with chemical content of 
substances [2]. Antibiotics and sulphanilamide in 
sapropels are synthesized by fungus and 
actinobacteria. 

Possibly, chemical characteristics of fresh and 
dried sapropel are different, natural microflora 
changes and it does not show typical antibacterial 
characteristics. In order to approve this hypothesis, 
chemical characteristics of fresh and dried sapropel at 
different depths from several lakes must be studied. 

While incubating Rušona and Ubagova Lakes 
sapropel samples on broth the growth has been 
noticed, which points out that not only fresh sapropel, 
but also dried samples have microorganisms that are 
able to grow. This characteristic has been observed 
after treatment with UV rays, so 20 minutes’ treatment 
with UV rays do not eliminate all natural microflora 
of  samples.  

Studying concrete containing sapropel and hemp 
sheaves construction materials it has been stated that 
they contain a big number of microorganisms. When 
in contact with humidity, at the temperature from 18 
0C to 37 0C, mold has developed on sapropel and 
hemp sheaves construction materials. The mold is a 
significant risk factor for health, especially in relation 
to the diseases affecting the human respiratory and 
immune system. Overall four types of health problems 
are observed in relation to moisture and mold 
exposure - allergic diseases, respiratory irritation, 
infections and toxicological effects [19].  

IV CONCLUSION 

1. Both Rušona Lake and Ubagova Lake dried 
sapropel samples contain microorganisms, which 
begin to grow and reproduce intensively in 
enabling circumstances.   
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2. 20 minutes’ treatment with UV rays is not enough 
to eliminate the growth of sapropel made 
samples. 

3. Rušona Lake sapropel test sample has 
antimicrobial activity on Staphylococcus aureus 
reference culture before it is treated with UV rays. 

4. Ubagova Lake sapropel test sample does not have 
antimicrobial activity. 

5. When in contact with humidity, at the 
temperature from 22 ± 1 0C, 30 ± 1 0C,   37 ± 1 
0C, room temperature (18 0C till   23 0C), mold 
colonies form on concrete containing sapropel 
and hemp sheaves, for this reason this material 
should not get in contact with humidity when 
used in construction.  
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Abstract. It is shown that metal nanoparticles with thin atomic surface layer can be used as laser active 
medium. Significant narrowing of the emission band in the spectrum of the particle with a surface layer 
was found.   
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I INTRODUCTION 

The relevance of the study is conditioned by the 
need to create materials for lasers on nanoparticles. 
The possibility of laser design based on nanoparticles 
coated with dielectric shells was demonstrated, for 
example, in [1], [2]. The purpose of this work is to 
suggest a way of fabrication of nanolaser active 
medium including nanoparticles with thin atomic 
surface layers. 

II THEORETICAL APPROACH 

We consider surface excitations of a spherical metal 
particle with inverse population of atoms in a thin 
surface layer (one or two layers of atoms on the 
particle surface) as an active medium. The possibility 
of significant deformation of the surface collective 
excitations’ spectrum of spherical particles with a thin 
surface layers was shown in our work [3]. The atoms 
of the surface layer directly interact with the radiation 
and the particle (see details in [3]). Dielectric layer is 
not formed in a thin surface layer of atoms. If one 
examines surface dielectric layer, the spectrum of 
surface excitations of the particle is weakly deformed. 

In the presence of a thin surface layer (one or two 

atomic layers) polarizability  AR3 of a spherical 

particle can be represented in the following form [3]: 
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where the particle radius R is much smaller than the 
characteristic absorption wavelength in the particle’s 
material and in the atoms of the surface layer, 
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Here  3R  represents polarizability of a spherical 

particle in vacuum,    is the dielectric constant of 

the particle substance. The surface layer is described 
by the function 
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2
 , 

where aN  is the population of the state number a in 

the atoms of the surface layer,  ωαa  represents 

polarizability of an atom in a - state with regard to its 
short-wavelength interaction with the particle surface. 
If the atoms of the surface layer are described in three-
level approximation, the function  K  can be 

represented in the form 
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where 0 , 1 are the transition frequencies in the 

atoms of the surface layer; these values can be shifted 
as compared with the transition frequencies of the free 
atom due to the short-wavelength interaction (e.g., 
chemisorption) with the particle;   represents the 

attenuation frequency of the transition, 10 ,aa  are 

parameters, which are proportional to the difference 
between the populations of the transition levels in the 
atoms of the surface layer. 
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III RESULTS AND DISCUSSION 

An example of the absorption (or radiation) 
spectrum (imaginary part of  A ) of the particle with 

a thin surface layer is shown in Fig. 1.  
The emission spectrum of atoms in the surface layer 

of the particle (imaginary part of the first term in the 
expression for  A ) is shown in Fig. 2. The 

parameters of the surface layer 

are 54.00 
p


, 11 

p


, 050.
p





, 0125.00 a   

(population inversion),  025.01 a . The choice of 

parameters is made for the sake of the clarity of the 
demonstration effect. The dielectric constant of the 
substance of the particle is described in the 
hydrodynamic approximation: 

 
Fig. 1. Absorption (or radiation) spectrum of the particle with a thin 

surface layer. 

   P

P

ig



1 , 

where P  is the plasma oscillation frequency, Pg  

represents the damping frequency of the plasma 
oscillations in the substance of the particle (g = 0.1).  

From the spectra in Figs. 1 and 2 one can observe 
significant narrowing of the emission band in the 
spectrum of the particle with a surface layer by many 
orders of magnitude as compared with the width of the 

emission band of the atoms in the surface layer as well 
as with a typical absorption bandwidth of the particle 
without the surface layer. The lifetime of collective 
surface excitations in the particle with the surface 
layer also significantly increases. Narrow radiation 
band (long lifetime) of surface excitations in the 
particle demonstrates the possibility of lasing by 
nanoparticles possessing thin surface layers of atoms 
with inverse population. 
 

 
Fig. 2.  The surface layer contribution to emission spectrum. 

IV CONCLUSIONS 

The possibility of radiation generation and 
amplification by metal particles with thin surface 
layers has been theoretically demonstrated. 
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Abstract. Novel nanocomposite materials Ag / opal have been prepared by electro-thermo-diffusion of silver in opal 
template. Optical properties of these photonic crystals have been studied by angle-resolved reflectance spectroscopy. 
Interpretation of the observed optical spectra has been made on the basis of the Bragg diffraction and the Fano 
resonance between diffracted in Ag / opal composite photonic crystal electromagnetic waves and those resonantly 
scattered by silver dendrites.  
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I INTRODUCTION 

Architectures combining conductive network and 
photonic crystal functionality pave a way for novel 
generation of efficient solar cells and lighting devices. 
To meet this demand we prepared the respective 
nanocomposite Ag / opal by electro-thermo-diffusion 
of silver in opal template.  

 

Fig. 1.  SEM image of the opal matrix under study. 

Self-assembled synthetic opals consist of silica or 
polymer beads that are assembled in closely packed 
face centered cubic (FCC) lattice [1] (Fig. 1). Since 

the diameters D of beads are in the range of hundreds 
nanometers, opals and opal-based metal-dielectric 
composites are widely used as 3-dimensional photonic 
[2] and hybrid plasmonic-photonic crystals [3] for the 
visible light.  

II MATERIALS AND METHODS 

Silica opal samples were characterized by «VEGA 
// LMU Tescan» Scanning Electronic Microscope in 
the Daugavpils University. According to  SEM images 
(Fig. 1), the mean sphere diameter of the bare opal 
under study is 288nm.D    

The electro-thermo-diffusion of silver in the opal 

matrix ( 310 10 2mm   slab) has been carried out 

under electric field of E=1.7 kV/cm  at temperature of 

T=(664 2) K.  The electrolysis process lasted for 2.5 

hours. During this time the electric current was 
increased from 2.6 μA up to the saturation value of 

1.3 mA. Therefore one can estimate the silver ion 

concentration after electrolysis as 20 3~ 10 cm . 

Angle-resolved reflectance spectra of the parent 
opal matrix as well as those of the opal-based 
nanocomposite Ag / opal have been measured under 
illumination by white light from a tungsten lamp. 
Reflection spectra have been acquired by USB650 
Red Tide spectrometer (Ocean Optics). 
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III  RESULTS AND DISCUSSION 

Normalized to the maximum value reflectance 
spectra of opal template and those of nanocomposite 
Ag / opal at two different angles of light incidence are 
shown in Fig. 2. 

Reflectance spectra of all the samples demonstrate 
the zero order diffraction resonance that depends on 
the angle of light incidence . The shift of the central 
wavelength   of the Bragg resonance (Fig. 3) obeys 
the combined Bragg 2 cos / effa n   and Snell’s 

( sin sineffn   ) laws:  

2 2 2 2 24 4 sineffa n a   ,  

 

Fig. 2.  Normalized reflectance spectra of opal template (1, 3) and 
those of nanocomposite Ag / opal (2, 4) at the angles of incidence 

15 (1, 2) and 35  (3, 4). 

where 0.816a D  is the interplane distance for (111) 
planes of the FCC lattice and effn  represents the 

effective refractive index of the photonic crystal.  
The reflectance maxima in the Ag / opal 

nanocomposite spectra are shifted to the longer 
wavelengths as compared with those in the spectra of 
parent opal matrix, because the effective refractive 
index of composite ( composite 1.44n  ) is higher than 

that of the opal template ( opal 1.33n  ).  

The striking observation is the pronounced 
distortion of diffraction resonance band in the 
reflectance spectra of Ag / opal composite (Fig. 2, 
curves 2, 4) that contrasts to quite symmetric Bragg 
resonance shape in the spectra of bare opal (Fig. 2, 
curves 1, 3). To our opinion, this phenomenon is the 
manifestation of the Fano resonance [4] – [7] between 
diffracted in Ag / opal composite photonic crystal 
electromagnetic waves and those resonantly scattered 
by silver dendrites. 

Under this assumption, the resonance profile could 
be approximated by Fano formula  

2

2

( )
,  where 

1

q D
R

 



 


  

is the reduced energy (wavenumber or frequency), q 
represents the phenomenological parameter describing 
the relative strength of the Bragg resonance and the 

 

Fig. 3.  Angular dispersions of the (111) Bragg resonances in the 
opal template and in the Ag / opal photonic crystal. 

 

Fig. 4.  Reflectance spectrum of composite Ag / opal at the angle of 

incidence 15  and its approximation with Fano formula (q=-2). 

broadband dendrite plasmon scattering. 
 Fig. 4 demonstrates rather good agreement between 

the Fano theory and our experimental results. 

IV CONCLUSIONS 

The light diffraction in Ag / opal photonic crystals 
prepared by electro-thermo-diffusion of silver in opal 
matrix is affected by the light scattering at silver 
dendrites. This interaction leads to Fano-type 
distortion of the Bragg resonance shape.  
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Abstract. Nowadays liquid tuned dampers are used in high-rise buildings and many others “dynamically 
sensitive” engineering structures. Liquid damper properties can be widely changed using different shapes 
of water containers, additional barriers inside, different types of liquid etc. Different types of liquid 
dampers exist or are proposed by researchers. Main types of liquid dampers are observed and compared 
in the paper. 

One of the main disadvantages of the majority of liquid dampers is that only one main oscillation 
frequency is damped, that is not enough for the structures, where different vibrations modes are essential 
simultaneously. Existing solutions of this problem are examined in the paper. 
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I INTRODUCTION 

Nowadays tuned dampers are the essential part of 
high-rise buildings and many others “dynamically 
sensitive” engineering structures. They are widely 
used in the world’s highest buildings for the damping 
of wind and seismic induced mechanical vibrations 
and improvement of building dynamic behavior. As a 
result, higher and more flexible engineering structures 
can be built. 

Main idea of vibration damper is that damper mass 
oscillates in counter phase to main structure. As a 
result amplitudes of main structure oscillations are 
reduced due to summation with damper oscillations. 

So called tuned mass dampers – dampers where 
main mass is solid body elastically or viscoelastically 
connected with the main structure – are more widely 
distributed in engineering structures [31]. Connection 
stiffness is specially adjusted (tuned) to the particular 
structure vibration frequency to obtain the damping 
effect. The most straightforward type of tuned mass 
damper – a heavy sphere suspended on a cable at the 
top of the tower. This type of damper is widely used in 
high-rise building. 

In the last decades, the idea of tuned liquid dampers 
(TLD) got an extension and development. Liquid – 
mainly water – is used as damping mass in this type of 
dampers. TLD is a cheap, simple in construction and 
environmental friendly damper type. Such dampers 
also can be used as an additional water reserve for the 
building water supply and the fire-fighting systems. 

The use of TLD in high-rise building started to 
increase in the last decade. Main types and ways of 
improvement of TLD are observed in consequent 
sections. 

II OVERVIEW OF TUNED LIQUID DAMPERS 

Liquid motion is a complex process with many 
parameters and effects that generally is described with 
the fluid dynamics laws. TLD properties can be 
widely changed using different shapes of water tanks 
with or without additional barriers inside. 

Usually liquid dampers are strictly connected to the 
main structure. Liquid motion inside the damper 
causes oscillations in counter phase to main structure 
and corresponding damping effect. 

A. Tuned liquid column dampers (TLCD) 

One of the most widespread types of liquid dampers 
is tuned liquid column damper (TLCD). TLCD is U-
shaped tube filled with liquid. Liquid flows from one 
vertical column to the other creating horizontal 
damping force due to impact on vertical walls and 
friction between liquid and tube in horizontal part. 
Liquid motion in TLCD can be well described by 
hydraulic laws. Due to this TLCD are well 
investigated and used in engineering practice. 

For some time similar dampers are used in naval 
architecture for ship stability and are called antiroll 
tanks. In this case, special pipes connect two tanks 
along sides of the ship. 
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Fig. 1. Principal structure of TLCD [25]. 

 
Natural oscillation frequency of tuned liquid 

column damper is 

lg /2        (1) 

where l is total length of a water column. Therefore, 
the adjustment of such dampers to particular structure 
is simple, by adding or draining some water from it. 

However, this simple damper type also has its 
disadvantages. Firstly, TLCD is planar structure that 
works only in one direction. Therefore, for real 
structures that oscillate in all directions improvements 
should be made. Secondly, TLCD produces relatively 
small damping force to their own mass comparing to 
other damper types. Thirdly, TLCD oscillates and 
creates a significant damping effect in only one 
frequency. Studies have shown that considerable 
TLCD damping effect is obtained only if damper and 
main structure oscillation frequencies ratio does not 
exceed 0,9…1,1 interval [3]. 

Therefore, TLCD are suitable for wind turbines, 
simple geometry towers and other structures with one 
dominating oscillation frequency. 

Consequently, researchers propose different 
modifications of TLCD to improve its effectiveness. 

B. Modified Tuned Liquid Column Dampers 

Theoretical proposal of TLCD modification is 
offered by many researchers to raise it effectiveness 
and range of application.  

Placing two TLCD in orthogonal directions 
damping effect in both main vibration directions will 
be assumed. Such system is called double tuned liquid 
column damper (DTLCD) [11]. 

Circular/torsional tuned liquid column dampers 
(CTLCD/TTLCD) are proposed for the torsional 
movement of eccentric structures [1]. In this case 
damper tube is shaped in circle and should be 
combined with DTLCD to provide damping effect for 
all types of main construction motion. 

The problem of unidirectional effectiveness of 
TLCD also can be solved by placing one TLCD on 
rotating platform that is controlled by electronics. This 
electronic control provides right orientation of TLCD 
to ensure damping in the largest oscillation direction. 
Such damper is called hybrid tuned liquid column 
damper (HTLCD) [11]. 

 
 

 
 

Fig. 2. Scheme of Circular/Torsional TLCD [1]. 

 
Of course even more complex shapes of TLCD can 

be developed and used. Dampers can consist not only 
from one tube, but from 2 containers connected with 
different cross section tubes. In this case oscillation 
frequency depends not only on liquid column length, 
but on containers and connecting tube geometry. Such 
dampers sometimes are called liquid column vibration 
absorbers (LCVA). 

To increase the horizontal damping force obtained 
from liquid motion TLCD can be supplemented with 
orifices – additional barriers (fig. 1 and fig. 2). These 
barriers can be fulfilled not only as a plate with 
openings, but also as a steel ball inside damper [20] or 
in the other ways. 

Valve that changes free tube cross section can be 
used instead of an orifice. Such valve allows easy to 
control damper parameters. The valve can be made 
with computer control which will change damper 
parameters according to the dominating structure 
oscillation mode at the moment [30]. Computer 
controlled dampers with variable properties are called 
semi-active dampers, opposite to the passive dampers 
without real time control. 

If we hermetically seal both TLCD ends, we will 
ensure air pressure changes in the end zones during 
oscillations. Practically additional gas spring to water 
column in the damper is provided. Such dampers are 
called pressurized tuned liquid column dampers 
(PTLCD) or tuned liquid column gas dampers 
(TLCGD) [13]. This damper type extends frequency 
range of TLCD. 

Some researchers propose to replace tight 
connection between damper and main structure to 
elastic. It can be fulfilled by hanging platform with 
TLCD with ropes to main structure. In this case, 
pendulum type liquid dampers are obtained [12]. 
Actually, it is a combination of TLCD and mass 
damper and it functions according to the more 
complex motion laws. 

To provide effective damping at many frequencies 
multiple tuned liquid column dampers (MTLCD) are 
proposed – a series of liquid column dampers of 
different sizes simultaneously connected to the main 
structure. It is an unsophisticated approach to multi-
frequency problem and it corresponds with multiple 
mass damper idea, which is fulfilled in some high-rise 
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buildings. In this case, several different dampers can 
be located along height of building on different levels. 
Size of each damper can be consequently reduced and 
their parameters can be optimized for the particular 
structure oscillation mode. 

Some researchers offer to use magneto-rheological 
fluid or electro-rheological fluids in TLCD [5, 11, 19]. 
In this case, electromagnetic field generating devices 
can be placed around TLCD tube. Electromagnetic 
field can cause changes of rheological properties of 
fluid and as a result changes of damper mechanical 
properties. This process under computer control 
allows adjusting damper properties to most critical 
structure oscillations at the particular moment. These 
types of dampers are called magneto-rheological 
dampers (MR-TLCD) or electro-rheological dampers 
(ER-TLCD). Similar idea of the damper properties 
adjustment is used in modern top class vehicle semi-
active suspensions. 

Mentioned examples show that there are many 
different routes for TLCD development. At the 
moment it is hard to predict, what approach will be 
most effective and which will get practical application 
in construction industry. 

C. Sloshing liquid dampers (SLD) 

Sloshing dampers have the simplest construction 
comparing to the other types of liquid dampers. 
Generally, it is a rectangular or barrel-shaped 
container with commensurable all three dimensions 
that is partly filled with liquid. Liquid impacts 
sidewalls of container generating damping force. Due 
to simple construction, sloshing dampers are often 
meant by the term tuned liquid dampers in literature 
and papers. 

However, simple damper construction does not lead 
to the simple understanding of its mechanic. In SLD 
happens sloshing - liquid has free surface where 
waves can arise. Effects of waves, sloshing viscous 
damping and suppression, sloshing–structure 
interaction and others occur in this case. Considering 
that liquid sloshing dynamics is complex developing 
discipline, precise solution of SLD movement can be 
hardly obtained in practical case [2]. 

 

 
 

Fig. 3. SLD with additional slat screens (baffles) [23]. 
 

 

As a result, investigations of SLD often are based 
on experimental studies or simplified calculation 
models. Widespread SLD simplified calculation 
model is a tuned mass damper analogy – water in 
container is represented as solid body suspended on 
cable (simple pendulum). Such pendulum motion 
model is well known, but it roughly describes liquid 
motion. 

Development of more accurate practical calculation 
methods of SLD is an actual objective for researchers 
and civil engineers [21]. 

SLD can be divided into shallow or deep dampers 
according to their dimensions. Liquid motion 
mechanic differs in these cases. Generally damper 
effectiveness significantly decreases if water depth to 
tank length ratio is less than 0,10…0,15 [10, 16]. 

Natural water oscillation frequency in shallow 
rectangular SLD without barriers according to the 
linear water wave theory is [15, 16] 







 


l

h

l

g  tanh     (2) 

where l is length of damper in the direction of 
oscillations, h is water depth and g is acceleration of 
free fall. Any changes of damper geometry 
accordingly changes oscillations frequency. 

To improve SLD effectiveness and enlarge 
damping force construction can be supplemented by 
additional slat screens (baffles) – additional barrier in 
the container, which receives a part of liquid motion 
force. Such baffles make liquid motion in damper 
even more complex, but its effectiveness is generally 
proved [9, 24, 27]. Additional barriers can increase 
energy dissipation up to 60% [2]. 

Most suitable structures for SLD practical 
application are high-rise towers, where damper is also 
additional water tank for fire-fighting system. 

D. Bi-directional liquid dampers (BLD) 

For TLCD it is possible to use U-shaped tank with 
considerable dimension transverse to damper working 
plane instead of a tube (fig. 4). In this case in TLCD 
transversal direction sloshing effect occurs. Such 
dumper works in one direction as TLCD, but in other 
as SLD. This construction is called a bi-directional 
liquid damper (BLD) or combined liquid damper [6, 
29]. 

Main practical advantage of this damper is that one 
damper ensures practical effect in both directions and 
effectively uses space. 
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Fig. 4. Bi-directional liquid dampers (BLD) [6]. 

 

Additionally, to use space even more effectively, in 
the middle of BLD can be placed one more 
rectangular liquid container – sloshing damper. 
Practically it will be one big liquid rectangular 
container divided by inner walls into separated 
different type dampers. 

III WAYS OF IMPROVEMENT OF TUNED 

LIQUID DAMPERS 

One of the main disadvantages of currently 
examined liquid dampers is that only one main 
oscillation frequency is damped. This is not enough 
for the structures, where simultaneously different 
vibration modes are essential. Even for structures with 
one main oscillation mode multi-frequency dampers 
should be useful, because structure oscillation 
frequency can be variable in some range due to 
different factors and it can be hard to perfectly tune 
damper for specific structure. Therefore, creating an 
effective multi-frequency liquid damper is a relevant 
problem. 

Some authors offer using multiple liquid dampers – 
simple incensement of damper amount with different 
properties. Consequently size of one damper and it 
effectiveness reduces, but total required space 
increases. This is a main disadvantage for this 
approach, especially noting that damper mass and 
structure mass ratio should reach definite values to 
provide considerable damping effect (3…4% [4, 18]). 
In addition, it is important to notice that the damper, 
which has positive effect on one frequency, could 
create negative oscillations increasing effect on the 
other frequencies. This feature obliges to choose 
MTLCD separate damper parameters especially 
carefully. 

Other way to multiply oscillation frequencies 
damping is semi-active damper creation – damper 
with computer adjustable properties at any particular 
moment for the most critical oscillations. Properties 
adjustment can be done by changing orifices or slat 
screen dimensions or position, or using magneto-
rheological / electro-rheological fluids with variable 
electromagnetic field. It is complicated to fulfill this 
elegant idea technically in practice. Semi-active 
damper should have interconnected oscillation sensors 

strictly strengthened to main structure in different 
places, movable or variable details in damper and 
computer control with corresponding software. 
Practical realization of such damper would be a 
serious task in any particular case. 

Using more complex shapes of water dampers, with 
special barriers, could be one of the ways to solve the 
problem and create multi-frequency dampers. 

Sloshing damper divided with significant slat 
screens (baffles) into several partitions combines 
different liquid motions – a part of motion energy 
causes waves inside each partition, but another part 
causes waves along whole damper [24]. Choosing 
relevant shape and amount of barriers inside SLD 
dampers could help to develop passive multi-
frequency damper. 

Impact of sloshing damper container and barrier 
shape changes on damping properties is less 
investigated. Some researcher investigated influence 
of SLD slope bottom on its properties. It was found 
that slope bottom decreases waves and makes liquid 
motion more uniform [14, 28]. This example shows 
how even small changes of damper container shape 
significantly affects oscillation parameters. 

 

 
 

Fig. 5. SLD with sloped bottom [14]. 

 
Developing of dampers and barrier shapes could 

help in using more complex liquid motion modes for 
oscillation energy dissipation and damping of main 
structure. This approach would demand complex 
investigation of new forms of damper containers and 
barriers using fluid dynamics computational and 
experimental studies together with structural dynamics 
studies. 

Also, one additional disadvantage of all liquid 
dampers should be noted – water, liquid that is mainly 
used in dampers, freezes at negative temperatures. 
This problem is not essential in heated rooms or can 
be solved using other liquids or antifreeze additives, 
but this measure reduces practical advantages of liquid 
dampers. 

Generally, effectiveness of a damper increases 
together with damper and structure masse ratio. Some 
studies show that dampers mass must be at least 3-4% 
of structure mass to provide significant effect [4, 18]. 
This factor limits application area of liquid dampers – 
for example, for heavy reinforced concrete high-rise 
building large damper, which that requires a lot of 
space and produces additional load on columns and 
foundation, is necessary. On the other hand, relatively 
small damper will be enough for light structures – 
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steel masts and lattice towers, footbridges etc. Damper 
most effective mass ratio investigation would be a 
relevant research aim. 

Practical application of TLD to different 
structures – high-rises [22, 23], bridges [8], wind 
turbines [26], floating platforms [17] etc. is 
investigated. However, less attention is paid to light 
lattice towers vibration damping, where oscillation 
problem is relevant. Such towers often are used as 
communication or observation towers and 
correspondingly have high allowable deformation 
requirement from telecommunication industry or 
human comfort viewpoint [7]. Simple and reasonably 
cheap TLD for light lattice tower would find wide 
practical application. 

Generally two main approaches for liquid damper 
development can be marked out – creation of more 
complex semi-active or active dampers with 
parameters adjustable for instant moment oscillations 
and development of more effective shapes of simple 
passive dampers. 

IV CONCLUSIONS 

Nowadays liquid oscillation dampers are in active 
development stage. Researchers and engineers seek 
for optimal form and construction of liquid dampers. 

Comparing large amount of research articles 
dedicated to liquid dampers it is possible to claim, that 
more attention is given to tuned liquid column 
dampers and their development, than to sloshing 
dampers. I suppose, that it can be explained with more 
simple and clear TLCD functioning principles. 

Two main liquid damper development directions 
that cloud provide multi-frequency damping can be 
marked out. First is - creating more complex semi-
active or active dampers under computer control with 
parameters adjustable to most critical oscillations 
mode at instant moment. In this case, different 
techniques to adjust damper parameters are proposed 
and examined. 

Second way is developing effective shapes of 
containers and inner barriers of passive dampers, 
which provide more complex liquid motion modes for 
oscillation energy dissipation and damping of main 
structure. This approach is not investigated well and 
seems perspective; however, it demands complex 
studies of dampers with fluid dynamics and structural 
dynamics methods as well as development of practical 
but precise calculation procedure. 

Passive liquid dampers could be effective solution 
for excessive vibration reduction in light lattice 
towers. 
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